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Superconducting clusters and phase separation in Pr1¿xBa2ÀxCu3O7¿d :
A 63,65Cu nuclear quadrupole resonance and zero-field NMR study
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We present a study on the effect of the Pr31 substitution for Ba21 in the Pr11xBa22xCu3O71d system, where
small superconducting fractions have been observed in some of the samples withx in the range 0.1,x,0.6.
Copper nuclear quadrupole resonance~NQR! and zero-field NMR are reported for thex50.3 sample
Pr1.3Ba1.7Cu3O71d in which the largest superconducting fraction has been detected below 90 K.63,65Cu NQR
in this sample shows the presence of a fraction of metallic copper in the CuO2 planes and confirms that the
substitution of Pr onto Ba sites leads to oxygen interchain sites O~5! occupancy. The existence of two different
magnetic Cu~2! sites is evidenced forx50.3 from the comparison of the Cu~2! zero-field NMR in thex50 and
x50.3 samples. The whole set of results is interpreted in the framework of a phase separation mechanism in
the CuO2 planes induced by the Ba/Pr substitution. Three characteristic domains are involved, in which
respectively localized holes are present, no holes are transferred, and mobile holes reside. We present a model
where the observed superconductivity is due to a segregation of local defects in the structure which gives a
distribution of clusters containing mobile holes. A local weakening of the Pr4 f-O2p hybridization by the Pr/Ba
substitution is argued to explain the presence of these clusters.
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I. INTRODUCTION

The possibility of superconductivity in PrBa2Cu3O7 ~Pr-
123!, which has been considered up to now as an insulato
currently a very active field of research. A large number
experimental and theoretical works have been devoted
give a consistent picture of the insulating state of this co
pound. The earlier attempt to understand this anomaly in
RBa2Cu3O7 (R5rare earth) family of cuprates has been t
investigation of the Y12xPrxBa2Cu3O7 system in which the
superconducting critical temperature decreases progress
as a function of Pr(x) concentration and disappears for
critical valuexc>0.55. Several models have been propos
magnetic pair breaking by Pr,1 hole-filling1 by Pr41, chain-
disorder induced by Ba/Pr substitution2 and hole localization
in Pr4 f-O2pp orbitals.3,4 The three first models fail to consis
tently explain a large number of experimental observatio
In the last one proposed by Fehrenbacher and Rice3 the holes
are effectively doped in CuO2 planes, but are localized in
Pr4 f-O2pp orbitals. This assumption has been confirmed
many studies such as x-ray absorption experiments,5 17O
NMR,6 or charge density study7 and has been up to now
widely accepted as the most plausible model to explain
lack of superconductivity in Pr-123. Nevertheless neither
progressive decreasing ofTc in the Y12xPrxBa2Cu3O7 sys-
tem nor the recent reports on superconductivity in Pr-1
thin films8,9 and crystals10,11 are explained by this mode
alone. Concerning the last point, the situation is especi
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complicated by the lack of consensus concerning the syn
sis conditions leading to superconductivity in Pr-123. On
one hand, some authors8,11 have emphasized the role of dis
order induced by Pr31 on the Ba21 sites, and concluded tha
the key to obtaining superconducting Pr-123 was to prep
samples under synthesis conditions that minimize the amo
of Pr31 on Ba21 sites. In this way, Blacksteadet al.8 have
reported the observation of inhomogeneous supercondu
ity ~detected by surface resistance measurements at m
wave frequencies! below T

C
'90 K in thin films, and a

Meissner effect has been observed by Shuklaet al.11 below
the same temperature in small crystallites. On the other h
bulk superconductivity~associated with zero resistivity a
low temperatures! has been observed by Zouet al. only in
the case of inhomogeneous samples,10 in which there is a
doubt about the oxygen stoichiometry and the degree
Ba-Pr substitution. Moreover, in these samples,T

C
is smaller

(;80 K at ambient pressure! than that reported for well-
ordered samples, and is anomalously enhanced u
pressure.12

Independently of the effect of the synthesis conditions
the superconducting character of Pr-123 samples,
et al.13 have pointed out the crucial role of Ba substitution
isovalent Sr ion, on the restitution of superconductivity, in
initially nonsuperconducting Y0.4Pr0.6Ba2Cu3O7 sample.
Both metallic conductivity and superconductivity were o
served in Y0.4Pr0.6Ba22xSrxCu3O7 at x>0.75, accompanied
by an orthorhombic to tetragonal transition. More recen
4334 ©2000 The American Physical Society
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PRB 61 4335SUPERCONDUCTING CLUSTERS AND PHASE . . .
Muroi et al.14 underlined the inhomogeneous character of
superconductivity observed in the Y12xPrxBa22ySryCu3O7

system, arguing that the main effect of Sr substitution for
was the weakening of the Pr4 f-O2p hybridization near the
substituted site through a local structure change.

In the present work we show that the effect of Ba par
substitution by Pr in the Pr-123 system can generate su
conducting clusters and we study the mechanism of ph
separation which is present in the CuO2 planes. Varying the
Pr concentration in the Pr11xBa22xCu3O71d system fromx
50 to x50.6 ~the limit of solubility!, we observed the great
est fraction of superconductivity forx50.3. We focus our
study on the two samples~fully oxygenated! with x50
where no superconductivity was detectable andx50.3 in
which a significant superconducting fraction was extrac
below Tc;90 K from SQUID susceptibility measurement
For this investigation we have used NQR and zero-fi
NMR as local probes ideally suited for the observation of
electronic state and the environment of copper atoms in
Cu~1! chain sites and Cu~2! plane sites. NQR is sensitive t
the local electric field gradient~EFG! value, and provides
valuable information about ionicity, bonding and loc
charge state. The zero-field NMR spectra which are typ
of well defined magnetic local structures, give a direct e
mate of the local hyperfine magnetic fieldHh f and EFG val-
ues on Cu~2! site in the AF ordered state of CuO2 planes.

From copper NQR measurements in the sample witx
50.3 ~see Sec. IV B!, metallic Cu(2) siteswere identified in
the CuO2 planeswhose low density corresponds to the fra
tion of superconductivitydetected by susceptibility measur
ments. We also observed various oxygen coordinations
the chain copper sites and particularly the oxygen antich
sites O~5! occupancy. For the analysis of these result,
used a comparison with the copper NQR spectrum in
La1.3Ba1.7Cu3O71d compound which is isostructural t
Pr1.3Ba1.7Cu3O71d but exhibits bulk superconductivity (Tc
548 K!.

In addition to the presence of a small fraction of meta
Cu~2! sites, we observed using copper zero-field NMR
Pr1.3Ba1.7Cu3O71d ~see Sec. IV C! two other distinct Cu(2)
sites characterized by different local hyperfine field valu.
These findings microscopically demonstrate the presenc
an in-plane magnetic phase separation. Furthermore the
per zero-field NMR spectra measured in fully dop
PrBa2Cu3O7 and in oxygen-depleted PrBa2Cu3O6.9 are com-
pared with those reported in the literature for PrBa2Cu3O61x
~Ref. 15! and Y1Ba2Cu3O6.16,17 This comparison gives evi
dence for a strong sensitivity of this data to the oxygen s
ichiometry.

We show~in Sec. V! that the three types of planar Cu
sites arise from distinct structural environments involvi
the various oxygen coordinations of the chain copper s
and the substitution of Pr onto Ba sites; these enable charg
transfer between chains and planes that produce various
doping situations in the planes~so-called alpha, beta an
gamma sites!. We discuss the occurrence of local superco
ductivity in the framework of microphase separation in t
CuO2 planes induced by Pr substitution on Ba sites and
formation of clusters where the charge transfer from cha
to planes is active while the Pr4 f-O2p hybridization is sup-
pressed. Finally we briefly discuss the connection of our
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sults with previous work bearing on phase separation in
prates.

The paper is organized as follows. The next section
views the NQR/zero-field NMR background necessary to
derstand results and discussion. Section III provides so
information on the experimental techniques including t
characterization of samples. In Sec. IV we present and a
lyze our data obtained by susceptibility measurements~Sec.
IV A !, copper NQR~Sec. IV B! and zero-field NMR~Sec.
IV C!, followed by a discussion in Sec. V and a summary
Sec. VI.

II. ZERO-FIELD NMR AND NQR THEORETICAL
BACKGROUND

In NMR experiments, one considers the interaction b
tween the nuclear spinI and ~i! the static applied magneti
field H0, ~ii ! the local hyperfine magnetic field, and~iii ! the
local electric field gradient~EFG!. The total Hamiltonian of
the nuclear spinI can be written as

H5HZeeman1Hhyperfine1Hquadrupole, ~1!

with

HZeeman52gn\HW 0• IW ~2!

and

Hquadrupole5
eQVzz

4I ~2I 21! F3I z
22I 21

h

2
~ I 1

2 1I 2
2 !G . ~3!

We do not discuss the hyperfine Hamiltonian in detail,
it does not contribute directly to NQR spectra, and sin
usuallyH0 is set equal toH int in the Zeeman Hamiltonian to
account for the static part of the internal fieldH int in zero-
field NMR experiments. In the case of NQR, one setsH0
50, and the quadrupole part of the Hamiltonian gives rise
doubly degenerate energy levels. In the particular case o
with I 53/2, a single NQR line is observed for the two is
topes 63Cu ~69%! and 65Cu ~31%!:

63,65nQ5
63,65QeVzz

2h
A11

h2

3
, ~4!

where Q stands for the nuclear quadrupole mome
Vaa (a5x,y,z) for the principal components of the loca
electric field gradient tensorV, andh5(Vxx2Vyy)/Vzz is the
asymmetry parameter of the EFG. A doublet is theref
expected for the63,65Cu NQR line, with frequencies corre
sponding to the ratio of the nuclear quadrupole mome
63Q/65Q51.08, and with amplitudes in the ratio of natur
isotopic relative abundances65A/63A50.45.

In crystalline solids, the EFG is usually described by o
site and lattice contributions:

eq5~12g`!eqlattice1~12RQ!eqon-site ~5!

(g` and RQ are the Sternheimer anti-shielding factors; f
more details see Ref. 18!. In the particular case of copper i
high-Tc superconductors, the NQR frequency is sensitive
two factors: the first is related to the Cu oxygen environme
and the second to the hole density in the Cu-O orbitals. T
first effect mainly concerns the Cu~1! chain site~see Fig. 1!.
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4336 PRB 61B. GRÉVIN, Y. BERTHIER, P. MENDELS, AND G. COLLIN
In RBa2Cu3O7, three neighboring configurations for th
Cu~1! site are possible with twofold, threefold, and fourfo
oxygen coordinations, each being characterized by a nar
range of NQR frequencies, which can slightly vary depe
ing on the RE ionic size.16,19,20. For example, one gets63nQ
values between 30.2 MHz and 29.9 MHz for Cu~1!-O2 sites,
whereas Cu~1!-O4 in full chains are characterized by low
values, ranging from 21.8 MHz to 23 MHz~for more details,
see Lütgemeieret al.20!. On the other hand, in the case
the Cu~2! plane site with the coordination Cu~2!-O4, band
structure calculations have shown that the EFG is sensitiv
on-site contributions.22–24Zhenget al. have given a detailed
analysis of Cu~2! 63nQ values reported for different high-Tc
superconductors.25 They concluded that the hole-density
Cu 3dx22y2 and O 2ps orbitals are key parameters, whic
are to be considered to account for the Cu~2! EFG variations
from one high-Tc superconductor to the others. Last of a
we want to underline the fact that in the case of Cu~1! in
full-oxygenated chains, the hole-doping level of the Cu
orbitals should be considered in a way similar to that used
Zheng etal. for the analysis of the Cu~2! EFG. The Cu~1!
quadrupolar frequency is very sensitive to the doping leve
CuO3 chains, as shown by the comparison between the v
in Y-123 hole-doped chains@;0.5 hole per Cu~1! in the 3d9

configuration, and63nQ'22.2 MHz at 300 K in this study#
and the lower one obtained by Takigawa26 et al. in the quasi-
isostructuralinsulatingchain of Sr2CuO3 @Cu~1! in the 3d9

configuration, and63nQ'3.7 MHz at 280 K#.
In zero applied field NMR experiments, the static field

the Hamiltonian is equal to the local internal magnetic fie
H05H int , and thusHquadrupole!HZeeman. For each Cu iso-
tope, a central line is expected from the (1 1

2 ,2 1
2 ) transition,

and two satellite lines from the (6 1
2 ,6 3

2 ) transitions. The
central line frequencies for65Cu and63Cu are in the ratio of
the magnetic moment of the two isotopes:65g/63g51.07,
resulting in a higher frequency for the65Cu lines. Six peaks
are therefore observed resulting from the quadrupolar s
ting of 63Cu and65Cu Zeeman levels, generally overlappin
each other, with amplitudes and frequencies that depen
the relative values ofH int and yQ . In principle, a careful

FIG. 1. Schematic drawing of theR11xBa22xCu3O71d structure
~the buckling of CuO2 planes is not represented!. Light R31 ions
are known to be soluble on Ba21 sites, leading to oxygen O~5!
antichain occupancy.
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analysis of zero-field NMR spectra allows the values ofH int
andnQ to be extracted, as well as the angleu betweenH int
and thec axis.

.

III. EXPERIMENTAL DETAILS

A. Sample preparation

Our experiments were carried out on powdered samp
The PrBa2Cu3O7 sample was carefully prepared in order
avoid Pr/Ba substitution and oxygen defects on the chain
previously described in Ref. 27 . The effects of a system
substitution of barium by praseodymium i
Pr11xBa22xCu3O71d have been studied for 0.1,x,0.6. The
main difference in the synthesis process concerns the hi
temperature of reaction in air between the three oxi
Pr6O11, BaO2, and CuO, which varies from 930 °C forx
50 to 990 °C forx50.6. The evolution of the lattice param
eters as a function ofx, obtained from a Rietvelt adjustmen
of the x-ray diffraction patterns~Cu Ka), is shown in Fig. 2.
The transition from an orthorhombic to tetragonal structu
occurs for 0.1,x,0.2, and the limit of the solid solution is
reached forx.0.6, in agreement with previous diffractio
studies.28,29 A similar procedure of synthesis was used f
the La1.3Ba1.7Cu3O71d sample and the tetragonal structure
also demonstrated with a53.9101(1) Å and c
511.7485(5) Å . Finally, PrBa2Cu3O6.9 ~oxygen depleted!
and YBa2Cu3O7 (TC

midpoint;89.5 K! samples were obtaine
by conventional preparation methods.

B. NQR and zero-field NMR spectroscopies

The zero-field NMR and NQR experiments were pe
formed using a standard pulse spectrometer. In NQR
zero-field NMR experiments, the quantization axis for t
nuclear energy levels are respectively given by the princ
axis of the EFG tensor and the local internal field directio
This allows accurate studies on powders, as there is no
broadening due to the axis orientation dispersion, contrar
the case of NMR experiments. Zero-field NMR and NQ
63,65Cu spectra were obtained plotting the integral of the e

FIG. 2. Lattice constant parameters~in Å! of our
Pr11xBa22xCu3O71d samples:a ~full circles!, b ~squares!, and c
~open circles! as a function of Pr concentration. Standard deviatio
are included in symbols.
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PRB 61 4337SUPERCONDUCTING CLUSTERS AND PHASE . . .
oes versus the applied radio frequency~rf! after a p/22t
2p rf pulse sequence. The spin-echo signal was average
least 103 times, in order to increase the signal to noise ra
and a phase alternation of the rf pulses was used to obta
ringing free echo signal. Zero-field NMR and NQR signa
were normalized with respect to 1/vL

2 , wherevL is the Lar-
mor frequency. The Cu~1! NQR spectra were obtained be
tween 4.2 K and 300 K, whereas the Cu~2! zero-field NMR
spectra were obtained below 4.2 K, owing to the increas
spin-spin relaxation rate 1/T2 at higher temperatures@this
rate, when given as in Fig. 9~b!, was estimated by a singl
exponential fit#.

C. SQUID susceptibility measurements

Zero-field-cooled~ZFC! and field-cooled~FC! magnetic
susceptibility measurements were performed using a SQ
susceptometer for different low applied magnetic fields~few
Gauss to 100 Gauss, depending on the sample under in
tigation!. This allowed one to single out the superconduct
transition temperature and the screening fraction in a relia
manner. Indeed for higher fields, the paramagneticlike c
tribution due to Pr ions, which is proportional to field, ove
comes and masks the superconducting contribution, wh
on the contrary, decreases with increasing field.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Susceptibility measurements

Systematic susceptibility measurements were perform
on all our Pr11xBa 22xCu3O71d fully oxygenated samples
for x varying betweenx50 andx50.6 in order to search fo
bulk superconductivity in relation to the Pr/Ba substitutio
For x>0.4 no trace of superconductivity was observe
which is in contrast withx,0.4 where some samples pr
sented traces of superconductivity. Only one batch, fox
50.3, yielded a sizeable diamagnetic contribution of 0.2
We discuss next thex50 and x50.3 cases which have
been studied in great detail.

The susceptibility curvex(T)[M /H for PrBa2Cu3O7 un-
der H5103 Oe ~FC mode! is shown in Fig. 3. The curve
exhibits a deflection point atTN'1761 K, which is easily
attributed to Pr AF ordering. This result is in good agreem
with other studies1. In the case of Pr1.3Ba1.7Cu3O71d , a dia-
magnetic effect is present below 90 K, and anegative Meiss-
ner effectis clearly deduced from the typical curves obtain

FIG. 3. SQUID susceptibility measurements in PrBa2Cu3O7 un-
der 103 Oe ~field cooled mode!.
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for H55 Oe~ZFC and FC, Fig. 4!. Here, the negative value
of the magnetization belowTc dominates the paramagnet
Pr contribution in the temperature range 90 K.T.70 K.
This allows a direct estimate of the superconducting fracti
and we deduce the values of the order of 0.2% for the shi
ing fraction ~ZFC! and of 0.08% for the Meissner fractio
~FC!, under 5 Oe. Other fields up to 100 G yielded simi
shielding fractions whereas the Meissner effect was foun
decrease by a factor;4 between 1 and 100 G. The signatu
of the Pr lattice magnetic ordering atTN'12 K can also be
observed. We conclude that a very small fraction underg
a superconducting transition below 90 K in thex50.3
sample, whereas no sizeable effect was observed in thx
50 sample.

It is worth noting that for a similar composition for th
rare earth ions, the La1.3Ba1.7Cu3O71d system exhibits bulk
superconductivity at much lower temperature (TC54861
K!, with a superconducting fraction roughly equal to 50
~corresponding to a susceptibility decrease of 631023 emu/
g!.

B. 63,65Cu copper NQR

1. The Cu NQR spectrum of thePrBa2Cu3O7 sample (xÄ0)

The 63.65Cu~1! spectra at 300 K and 4.2 K in
PrBa2Cu3O7 are shown in Fig. 5. A doublet is expected f
the NQR line, with frequencies corresponding to the ratio
the nuclear quadrupole moments,63Q/65Q51.08, of the two
isotopes63Cu ~69%! and 65Cu ~31%!, and in the absence o
metallic Cu~2! sites the frequency range of the whole NQ
spectrum is limited to the usual range 19–24 MHz. Howev
the line shape is strongly broadened at low temperatu
mainly due to a charge density wave occurring in the Cu3

FIG. 4. SQUID susceptibility measurements
Pr1.3Ba1.7Cu3O71d : ~a! ZFC under 102 Oe ~black squares! and ~b!
FC and ZFC under 5 Oe~filled circles!.
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chain below 120 K, as reported in a previous paper.27 In an
earlier study, Nehrkeet al.30 reported a large63,65Cu(1)
NQR linewidth, constant between 4.2 K and 25 K, and
tributed this effect to crystallographic disorder. Our measu
ments at 300 K however, show that at higher temperatu
the 63,65Cu(1) doublet is better resolved. This makes p
sible a safe comparison to be made between Pr-123 and
RBa2Cu3O7 compounds (R5Rare earth).20 The value ob-
tained for the quadrupolar frequency (63nQ521.36 MHz! is
not very far from that observed in theRBa2Cu3O7 com-
pounds with small rare earth ions like YBa2Cu3O7. This
might seem contradictory with the dependence of the Cu~1!
NQR frequency on the ionic radiusr of the rare earth, ob-
served by Lutgemeieret al.20 as Pr presents a larger value
r than Y. We must in fact recall that in PrBa2Cu3O7 the
distance between the different Cu-O layers are seve
modified by the Pr-O~2,3! orbital hybridization and this lead
to a similar crystallographic environment for the Cu~1! at-
oms in Y-123 and Pr-123 systems. Following this rema
the NQR frequencies observed confirm that the chain dop
in PrBa2Cu3O7 and in YBa2Cu3O7 is similar, bearing in
mind that 63nQ for Cu~1! is very sensitive to the hole densit
in Cu-O orbitals. This result is in good agreement with oth
studies31,32 using different techniques.

2. NQR spectrum in the substitutedPr1.3Ba1.7Cu3O71d sample
(xÄ0.3)

The 63,65Cu NQR spectrum observed at 4.2 K in the pa
tially Ba/Pr substituted Pr1.3Ba1.7Cu3O71d sample is shown
in Fig. 6. It is highly broadened, and ranges from 17 MHz
40 MHz revealing new sites when compared to the previ
spectrum of PrBa2Cu3O7. Moreover, the high frequency ex
tension of the spectrum beyond 30 MHz is unusual for Cu~1!
sites alone and poses the question of the presence of me
Cu~2! sites despite the fact that an antiferromagnetic orde
observed in the CuO2 planes. A natural consequence of th
magnetic ordering is that most of the Cu~2! sites must appea
at higher frequencies between 80 and 120 MHz due to
characteristic local internal field.

FIG. 5. 63,65Cu(1) NQR spectra at 300 K~a! and 4.2 K~b! in
Pr1Ba2Cu3O7 ~open circles! and in YBa2Cu3O7 ~filled circles!. The
origin of the vertical scale of the Pr1Ba2Cu3O7 spectrum at 300 K is
shifted up for clarity.
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For the assignment of the lines and for the discriminat
between Cu~1! and Cu~2! sites we will use a systematic com
parison with the spectrum observed in the isostructural
perconducting La1.3Ba1.7Cu3O71d compound (Tc548 K!,
where the Cu~1! site environments are similar and whe
superconducting Cu~2! sites exist. The La31 ionic radius is
close to that of Pr31 and its substitution on Ba21 sites is
supposed to induce the same perturbation on the charge
ervoir layer as in Pr1.3Ba1.7Cu3O71d . Furthermore the non-
magnetic character of the La sublattice simplifies the sp
trum analysis as any extra transferred hyperfine field on
Cu~1! sites is excluded. We will also use the reference of
Cu~1! and Cu~2! spectrum in YBa2Cu3O61x ~Refs. 16 and
19! and in LaBa2Cu3O61x ,20,21 where Cu~1! sites having
different oxygen coordination have been studied in detail
NQR. In YBa2Cu3O61x the oxygen coordination dependen
on the NQR frequency for the Cu~1! is the following: 30.1
MHz, 24 MHz, and 22.05 MHz for the Cu(1)2 , Cu(1)3, and
Cu(1)4 sites, respectively, where the subscript denotes
number of oxygen coordination. Furthermore, the Cu(12
sites present a longer spin lattice relaxation time than
Cu(1)3 and Cu(1)4 sites. The NQR results obtained by Go
et al.21 in the LaBa2Cu3O61x system are also of particula
interest for our analysis as the substitution of La31 ion on the
Ba sites was always present in all of their samples and
independent of the oxygen stoichiometry. An extra set
lines, not observed in the other R-123 systems, is presen
their spectrum even forx57.06 at the frequencies of 3
MHz and 30.50 MHz for the two63,65Cu isotopes, respec
tively. These lines could be associated to Cu~2! sites just
above a Cu~1! site surrounded by oxygen atoms on the O~5!
sites~along thea direction! .

The copper NQR spectra of La1.3Ba1.7Cu3O71d obtained
at 4.2 K and for two different repetition times in the sp
echo sequence, are presented in Figs. 7~b! and 7~c! together
with a typical spectrum of LaBa2Cu3O6.93 reported by Lu¨t-
gemeieret al.20 In the La1.3Ba1.7Cu3O71d spectrum, obtained
using a slow repetition rate@Fig. 7~b!#, a line appears at 30.2
MHz which is not present when a fast repetition rate is us
as in the spectrum in Fig. 7~c!. The same feature was typ
cally observed for YBa2Cu3O6.5 and reveals the presence
Cu(1)2 sites where O~1! neighbors are missing and wit

FIG. 6. 63,65Cu NQR line shape at 4.2 K in Pr1.3Ba1.7Cu3O71d

with t rep525 msec~full circles!. The 63,65Cu spectrum obtained in
La1.3Ba1.7Cu3O71d using the same experimental conditions is re
resented~open circles! with the echo amplitude normalized at 2
MHz for comparison.
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PRB 61 4339SUPERCONDUCTING CLUSTERS AND PHASE . . .
copper atoms in the 3d10 configuration. The absence of
magnetic moment on these copper atoms is responsible
the long spin-lattice relaxation rate measured at these s
The presence of these Cu(1)2 sites shows that the substitu
tion of an La31 ion on the Ba sites introduces a large diso
der in the Cu-O chains and that the number of oxygen ato
on the O~1! sites decreases by a large amount. The hig
frequency range of the spectrum between 26 and 37 M
observed using a fast repetition time~25 msec! can be as-
signed to the Cu~2! sites where copper atoms are in the 3d9

configuration. The dominant characteristics of the spectr
is the overlapping of different lines corresponding to seve
Cu~2! sites with a maximum of amplitude near 32.5 MHz.
is likely that this frequency corresponds to the extra pe
observed in the Cu~2! site spectrum of the LaBa2Cu3O61x

system withx56.93 @see Fig. 7~a!# and x57.06,21 when
compared to the YBa2Cu3O7 compound. It can be tentativel
attributed to Cu~2! sites just above Cu~1! sites surrounded by
oxygen in the O~5! site which are present in LaBa2Cu3O7.05.
The best fit of this part of the spectrum, obtained us
Gaussian line shapes with the appropriate ratio for the
plitude and the frequencies corresponding to the two Cu
topes is shown in Fig. 7~c!. A set of weak63Cu-65Cu reso-
nance at 26.5 MHz and 28.6 MHz overlaps with a stron
set at 32.4 and 30 MHz and a sharp set at 35 and 32 M
These three subsets of lines correspond to Cu~2! sites above
Cu~1! sites with different oxygen environments that we c
tentatively assign to Cu(1)3 , Cu(1)5 with oxygen neighbors
in the O~5! sites and Cu(1)4. It is not possible, through this
indirect effect on the structure of the Cu~2! spectrum, to go
into more details on the possible configurations of
Cu(1)4 and Cu(1)5 environment in the presence of oxyge
atoms on the O~5! sites@like Cu(1)4 with two O~4!, one O~1!
and one O~5! oxygen neighbors and Cu(1)5 with two O~4!,
two O~1! and one O~5! oxygen neighbors#. Nevertheless, the
amplitude of the lines set at 32.5 MHz and 30 MHz is co
sistent with a strong occupancy of the O~5! sites. The low
frequency part of the spectrum 20–26 MHz corresponds
Cu~1! sites with copper in the 3d9 configuration. A large
broadening with several lines overlapping each other is
served in contrast with the Cu~1! respective line shapes ob
served in LaBa2Cu3O7.05. The poor resolution of the spec
trum due to the extreme sensitivity of the Cu~1! EFG to
structural disorder does not allow the identification of t
different oxygen environments for the Cu~1! sites. This
broad spectrum is however consistent with the presenc
three different Cu~1! sites corresponding respectively to th
three sets of Cu~2! lines at higher frequencies. The larg
weight observed in the La1.3Ba1.7Cu3O71d spectrum around
23 MHz when compared to the LaBa2Cu3O7.05 spectrum can
be explained by a63Cu-65Cu line set corresponding to th
contribution of Cu~1! sites surrounded by O~5! oxygen at-
oms. Finally the comparison between the copper NQR sp
trum of LaBa2Cu3O7.05 and of La1.3Ba1.7Cu3O71d evidences
the increasing occupancy of O~5! sites withx in the chain
layers. It is also interesting to note that when the crysta
graphic structure changes from orthorhombic to tetragona28

the Cu~1! and Cu~2! lines shift in opposite directions, whic
is consistent with the respective evolution of the Cu~1!-O~4!
and Cu~2!-O~4! distances.
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The NQR spectrum of Pr1.3Ba1.7Cu3O71d obtained using
a fast repetition rate~25 msec! is represented in Fig. 6. Its
analysis is now easier in light of the previous investigati
on La1.3Ba1.7Cu3O71d . The low frequency part correspond
ing to the 3d9 Cu~1! sites is quite similar for the two com
pounds and reveals the presence of Cu(1)3 , Cu(1)4 and
Cu(1)5 sites, the latter being surrounded by oxygen atoms
the O~5! sites. This indicates that La31 and Pr31 substitu-
tions on the Ba21 sites induce a similar disorder including
charge compensation by O~5! oxygen sites occupancy. Th
absence of shift and of additional broadening in the Cu~1!
spectrum of the Pr compound compared to that of the
compound, indicates that no hyperfine field is transferred
to magnetic Pr31 ions even at low temperature. Such a fie
would be present if any local magnetic order was effect
on the substituted Pr sublattice .

The higher frequency part of the spectrum~26–38 MHz!
is the most remarkable result of those measurements
shows the presence of 3d9 copper on the Cu~2! sites of the
CuO2 planes which are largely dominated by AF order w
TN5285 K. The frequency range of these63,65Cu nuclei is a
clear signature of metallic copper among the Cu~2! sites.
Indeed their frequency range is compatible with the differ
site assignment made in La1.3Ba1.7Cu3O71d for the supercon-
ducting Cu~2! lines. The low signal to noise ratio did no
allow a significant measurement of the spin-spin relaxat
time in order to give a safe estimation of the relative weig
for the sites occupancy. However, a comparison of the N
signal intensities~in the 32–36 MHz frequency range! in the

FIG. 7. 63,65Cu(1) and Cu~2! NQR spectra at 4.2 K respectivel
in ~a! LaBa2Cu3O6.93 ~La1.0! from the data of Lu¨tgmeier et al.
~Ref. 20!, ~b! La1.3Ba1.7Cu3O71d ~La1.3! with a pulse sequence
repetition ratet r5250 msec, and~c! La1.3Ba1.7Cu3O71d with t r5
25 msec. The solid line represents the fit of the part of the spect
assigned to the Cu~2! sites~see text! and dotted lines show the thre
sets of Gaussian line shapes corresponding to the63,65Cu isotopes
for the three unequivalent Cu~2! sites.
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La1.3Ba1.7Cu3O71d and Pr1.3Ba1.7Cu3O71d samples gives a
rough estimate of the superconducting fraction of 2%. T
small fraction is in agreement with the order of magnitu
deduced from the susceptibility measurements.

C. 63,65Cu zero-field NMR

1. The magnetic Cu(2) plane sites spectrum inPrBa2Cu3O7Àd

as a function ofd

Before investigating the enhanced Pr substitution effec
Pr1.3Ba1.7Cu3O71d , we have carefully studied the zero fie
NMR spectrum of the stoichiometric compound (x50) with
a particular attention concerning the role of the oxygen c
centration upon the magnetic AF order in the CuO2 planes.
Figure 8 shows the zero-field NMR spectra of the Cu~2! sites
in PrBa2Cu3O7 ~A, fully oxygenated! and PrBa2Cu3Oy'6.9
~B, oxygen depleted!, whereas Fig. 9 presents the results
Pr1.3Ba1.7Cu3O71d . In the case of copper with a nuclear sp
I 53/2, six peaks are expected in the zero-field NMR sp
trum resulting from the quadrupolar splitting of63Cu and
65Cu Zeeman levels. These lines generally overlap e
other, with amplitudes and frequencies that depend on
relative values ofH int andyQ , and at most six well resolved
peaks are obtained.

In the fully oxygenated PrBa2Cu3O7 sample@Fig. 8~a!#,
the fitting of the spectrum to the hyperfine parameters (63yQ ,
H int , andu) was made assuming that the Cu~2! value of the
EFG asymmetry parameterh was equal to zero, as in prev
ous studies in PrBa2Cu3O61d . We obtainedH int563 kOe,
which agrees well with a previous study by Reyeset al.33 It
is interesting to compare this value with those reported in
literature forRBa2Cu3O61d ~see Table I!. In the case of the
insulating compound PrBa2Cu3O6, the usual value is simila
to those reported for YBa2Cu3O6 ('80 kOe!. In contrast,

FIG. 8. ~a! 63,65Cu(2) zero-field NMR spectra at 1.8 K in
Pr1Ba2Cu3O7. Dashed curves correspond to quadrupole-s
63,65Cu lines, simulated with parameters given in Table I. The so
line displays the whole corresponding spectrum.~b! 63,65Cu(2)
zero-field NMR spectra at 1.8 K in Pr1Ba2Cu3O6.9; the solid line is
simulated with parameters given in Ref. 30.
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the low valueH int.53263 kOe has been reported by man
authors15,30,33 for PrBa2Cu3O7. The AF states in PrBa
2Cu3O7 and in YBa2Cu3O6 are very different. It is likely
that the hole localization models for PrBa2Cu3O7 explain
this difference. Furthermore, this rules out the hypothesis
a pure hole-filling mechanism by Pr41, as one would expec
the same AF ordering as in YBa2Cu3O6 in this case.

As emphasized by Nehrkeet al.,30 there are significant
differences between the various zero-field NMR spectra
ported by many authors for PrBa2Cu3O7. Assuming a low-
ering of Pr point symmetry, Nehrkeet al. deduced two types
of Cu~2! site in PrBa2Cu3O61d . They used two different
hyperfine fields values to fit their data, as shown in Table
Nevertheless, they were not able to make a clear distinc
between this approach and the traditional assumption o
unique Cu~2! site. Our spectrum obtained in a fully oxygen
ated sample PrBa2Cu3O7 does not reproduce the feature

it
d

FIG. 9. ~a! 63,65Cu(2) zero-field NMR spectrum at 1.8 K in
Pr1.3Ba1.7Cu3O71d ; ~b! spin-spin nuclear relaxation rate 1/T2 vs
temperature at 1.8 K in Pr1.3Ba1.7Cu3O71d . Dashed curves and
dashed-dot curves represent respectively thea phase andb phase
63,65Cu lines, simulated with parameters given in Table II. The so
line displays the whole spectrum.

TABLE I. Cu~2! hyperfine fieldH int , nuclear quadrupole fre-
quency 63yQ , and angleu between thec axis andH int , extracted
from zero-field NMR data in Y1Ba2Cu3O6 , GdBa2Cu3O6, and in
Pr1Ba2Cu3O61d .

Sample H int ~kOe! 63nQ ~MHz! u ~deg! Reference

YBa2Cu3O6 79 22 90 16
GdBa2Cu3O6 76.761.5 25 90 30
PrBa2Cu3O6 78 13–16 75–90 15
PrBa2Cu3O6 7363 4–15 90 30

8563 4–15 90
PrBa2Cu3O7 59 18–20 75–90 15
PrBa2Cu3O7 6562 17.261.5 78.861.1 33
PrBa2Cu3O7 5363 '12.7 90 Ref. 30

6563 '12.7 90

PrBa2Cu3O7 6361 14.561 7565
Present
work
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TABLE II. Cu~2! zero-field NMR parametersH int ,
63yQ , u, and Cu lines FWHMG, for the a and b

phases in Pr1.3Ba1.7Cu3O71d .

Sample H int ~kOe! 63vQ ~MHz! u ~deg! G ~MHz!

Pr1.3Ba1.7Cu3O71d PHASEa 6061 13.561 7565 3.7560.25

PHASEb 7361 9.561 8065 3.060.25
s

r-
tio
r
R
le

e
o-
on
th

c

ith

hi
itic
le

/
y-
m

o
W

c

in

ra

e
u

ac-

ra

-
-

in
The
in-
ich

ole

as

o

n
in

hat
e
of

on

nd
d

ture
the
re-

the
g

ht
nd
on-

and
two different Cu~2! sites, and only one hyperfine field wa
used to simulate it, as in previous studies by Yoshimuraet
al.15 and Reyeset al.33 Suspecting some significant diffe
ences between the samples due to variations in the condi
of synthesis, such as the degree of Ba substitution by P
the oxygen stoichiometry, we studied the zero-field NM
spectrum of a slightly oxygen-depleted samp
PrBa 2Cu3Oy'6.9. We obtained a spectrum@see Fig. 8~b!#
that is very similar to that reported by Nehrkeet al., and we
simulated it well using the parameter values given in th
paper.30 This result calls for a careful analysis of the zer
field NMR data in nonstoichiometric samples, and dem
strates that chain structure and defects strongly affect
magnetic ordering of the CuO2 planes.

2. The magnetic Cu(2) plane sites in Pr1.3Ba1.7Cu3O7¿d

In the Pr1.3Ba1.7Cu3O71d zero-field NMR spectrum
shown in Fig. 9~a!, the line shape displays an unusual stru
ture, with seven well-resolved peaksbetween 45 MHz and
110 MHz. No consistent solution to fit this line shape w
only one set of hyperfine parametersH int ,

63yQ , andu was
found. We conclude that there are two types of Cu~2! sites in
our sample, with different hyperfine field parameters. At t
stage, it is important to rule out the possibility of a paras
phase in our sample. We therefore measured the nuc
spin-spin relaxation rate at 1.8 K@Fig. 9~b!#, and found a
roughly constant value in the whole frequency range, 1T2
.5462.5 kHz. Thus, our results exclude the impurity h
pothesis as~i! all the nuclear spins are connected by the sa
spin-spin interaction (1/T2 is constant!, ~ii ! we detected no
parasitic phase in the x-ray diffraction pattern~with a typical
threshold of 1%!, and ~iii ! the relative amplitudes of the
peaks are not consistent with such a phase, as one w
expect a smaller amplitude for the parasitic phase peaks.
therefore used two sets of hyperfine field parameters to
our data:H int

a , 63yQ
a , andua for the low frequency part of

the line shape andH int
b , 63yQ

b , andub for the high frequency
part, the labelsa andb referring to the two distinct magneti
phases. The parameters of thea phase~see Table II! are very
close to those we reported for Pr1Ba2Cu3O7 while those of
the b phase are closer to those reported for Pr1Ba2Cu3O6 in
other studies.

Another key parameter for the understanding of the
plane electronic state is given by the Cu~2! quadrupolar split-
ting, deduced from the fit of the zero-field NMR spect
Yoshimura et al.15 compared the 63yQ found in
PrBa2Cu3O61d for d50 and d51 with 63yQ in other
RBa2Cu3O61d systems. To analyze their results, they us
the simple phenomenological model proposed by Shimiz18,
in which

63yQ5Aeqlatt1B, ~6!
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where eqlatt is the lattice contribution to the EFG (A is a
scaling factor related to the Sternheimer antishielding f
tor!, and B is an on-site contribution due to 3d electronic
orbitals of the Cu ion. From their calculations, Yoshimu
et al. claimed that the scaling factorA was the same in
YBa2Cu3O61d and PrBa2Cu3O61d , but that the on-site con
tribution B was markedly different in the two structures. In
deed, the Cu~2! quadrupolar frequency is anomalously low
the Pr-123 structure, compared to the Y-123 system.
contribution of the Cu wave function to the quadrupole
teraction was found to be reduced in the Pr system, wh
was related to Pr-O-Cu hybridization and to in-plane h
localization. In the particular case of Pr1.3Ba1.7Cu3O71d , we
found for the two phases respectively63yQ

a 513.5 MHz and
63yQ

b 59.5 MHz. Thea phase value is roughly the same
that we give for PrBa2Cu3O7 (63yQ514.5 MHz!, whereas
the smallerb value is consistent with a local EFG similar t
the PrBa2Cu3O6 situation.

In conclusion, the zero-field NMR spectrum i
Pr1.3Ba1.7Cu3O71d gives evidence for a phase separation
the sample. Some Cu~2! sites are located in domains~the a
phase! where the hyperfine parameters are similar to t
found in well-ordered PrBa2Cu3O7, whereas a second phas
~theb phase! reflects the existence of domains reminiscent
the CuO2 planes in nondoped PrBa2Cu3O6.

V. DISCUSSION

A common feature reported in the previous studies
nonstoichiometric R11xBa22xCu3O71d systems ~with
R5La, Nd, Pr! is the disorder present in the chain layers a
the occupancy of O~5! interchain sites. Though the observe
superconducting state in this study forR5Pr is anomalous,
the mechanisms which perturb the crystallographic struc
and the chain to plane hole transfer are similar whatever
rare earth element is. In this context it is important to ca
fully compare the case of La11xBa22xCu3O71d and
Nd11xBa22xCu3O71d systems where the Ba21/R31 substi-
tution depresses the superconducting properties, with
case of Pr11xBa22xCu3O71d where a small superconductin
fraction appears as a function of the substitution ratex. We
will discuss our results on the latter compounds in the lig
of the information available on the former compounds, a
we will show that the same basic mechanisms are to be c
sidered.

A. Structural effects due to theR3¿ substitution
for Ba2¿ in R1¿xBa2ÀxCu3O7¿d „RÄLa, Nd, and Pr…

The substitution of trivalentR ions on the Ba sites is
particularly important in theRBa2Cu3O7 cuprates when the
rare earth atomic radius is large as in the case of La, Nd,
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Pr. For these three rare earth based compounds, the stru
changes observed by x-ray and neutron diffraction meas
ments as a function ofx are similar and show a progressiv
reduction in the orthorhombicity of the structure due to t
O~5! sites occupancy.29,34,28,35An orthorhombic to tetragona
transition arises for substitution ratesx between 0.1 and 0.2
For a moderate substitution rate, according to the chem
bonding in the chain layers, the extra oxygen O22 ions oc-
cupying the O~5! sites prevent the charge unbalance gen
ated by the trivalentR31 ions on the Ba21 sites. Neverthe-
less, for large values ofx, the charge balance is no long
preserved as the excess of oxygen saturates: the copper
valence is therefore modified.

B. Effect of La3¿ and Nd3¿ substitution for Ba2¿

on the charge transfer and the superconducting
properties in La1¿xBa2ÀxCu3O7¿d

and Nd1¿xBa2ÀxCu3O7¿d systems

When La and Nd are substituted for Ba in th
R11xBa22xCu3O71d system, theTc is smoothly depresse
for x,0.2 and decreases with a larger slew rate forx.0.2. A
large reduction in the screening fraction is also observedx
increases.29 The last point clearly indicates that the corr
sponding superconducting state is inhomogeneous. For l
values ofx the Tc diminution is well understood as arisin
from a hole-depletion due to the charge unbalance gener
by R31/Ba21 substitution. Nevertheless, for moderate valu
of x, this simple picture fails to consistently account for t
decrease inTc and in the screening fractions. To illustra
this point, if we consider the oxygen contentD(x)571d in
Nd11xBa22xCu3O71d deduced from the data of Krame
et al.,29 a simple application of the charge balance ru
would give forx,0.3 a plane hole-doping quite constant a
therefore a value ofTc roughly unaffected.36 A better under-
standing of theTc variation with x is achieved, taking into
account the local inhibition of the charge transfer by t
disorder introduced in the charge reservoir layer. For sm
values ofx, the degree of disorder is weak and the cha
balance is preserved by the presence of O~5! oxygen atoms.
Such a situation corresponds to a smoothly reduced valu
Tc as observed experimentally in La1.1Ba1.9Cu3O71d ~Ref.
35! and Nd1.12Ba1.88Cu3O71d ,37 whereTc>90 K. For higher
substitution rate values, the disorder increases and the v
of the excess of oxygend saturates: as a result, the char
transfer between chains and planes is locally suppresse
the vicinity of the most strongly perturbed chain sites. T
simultaneous reduction in the screening fractions and in
Tc reported by several authors is therefore better explain
considering a progressive growth of insulating areas ins
the superconducting planes rather than taking into accou
simple homogeneous decrease in the hole doping. The
tion of these insulating areas which corresponds to local
turbations of the charge reservoir increases withx, and the
superconducting regions become coupled through w
links. This situation is similar to that described by Mur
et al.14 in the Y12xPrxBa22ySryCu3O7 system and results in
an inhomogeneous character of the superconducting s
The systematic decrease in Meissner fraction with increa
x reported by Krameret al.38 in Nd11xBa22xCu3O71d sup-
ports this picture. Finally we must point out the importan
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of the synthesis conditions of theR11xBa22xCu3O71d
samples which govern the O~5! site occupancy and the sta
tistics of the distribution of the substituted Ba sites. W
respect to the last point, a tendency for there to be a pai
of substituted Nd on adjacent Ba sites was noted by Kra
et al.38 in Nd11xBa22xCu3O71d . Using electron diffraction
which provides a high degree of spatial resolution, they h
shown that forx.0.25, an increasing number of substitut
Nd atoms were adjacent to other substituted Nd atoms. T
situation keeps a local charge balance with one O on
intermediate O~5! site and increases the number of fourfo
coordinated Cu’s on the chain which governs the cha
transfer. For a given substitution rate, these parame
strongly depend on the sample preparation conditions s
as the temperature or the oxygen partial pressure. As an
ample, Salluzo et al.37 observed a Tc590 K in
Nd1.12Ba1.88Cu3O71d when for the same substitution leve
Krameret al.38 claimed aTc value of 50–60 K.

C. Effect of Pr3¿ substitution for Ba2¿

on the charge transfer in Pr1¿xBa2ÀxCu3O7¿d

Our NQR data on the Cu~1! chain sites in PrBa2Cu3O7
show that the doping of the chains and consequently
charge transfer are the same as for YBa2Cu3O7. The major
difference with this last compound is the hole localizati
through Pr4 f-O2p orbitals hybridization. This hybridization is
mainly oriented along theb-axis ~chain direction! as shown
in PrBa2Cu3O7 orthorhombic samples by neutron diffractio
studies39 and NMR measurements of the electric field gra
ent at the oxygen plane sites.6

The Cu~1! NQR spectrum evolution which is observed
Pr1.3Ba1.7Cu3O71d confirms the disorder introduced in th
charge reservoir layer by the O~5! site occupancy as in
La1.3Ba1.7Cu3 O71d . The implications of this disorder on
the magnetism of copper in the Cu~2! plane sites are probe
by the 63,65Cu zero-field NMR spectrum. This data show
the coexistence of regions without holes~as in PrBa2Cu3O6),
with regions in which the holes are localized~as in
PrBa2Cu3O7). The first ones are correlated to the presence
a strong perturbation in the charge reservoir and the last o
to clusters where the CuO3 chains are unperturbed~i.e., the
charge transfer is not depressed!. Furthermore, the observa
tion of a small superconducting fraction by DC SQUID me
surements and the presence of superconducting Cu~2! sites
detected by NQR, indicate that regions where holes are
bile also exist.

Let us now discuss the mechanisms which could exp
the presence of such mobile holes in the CuO2 planes. Two
fundamental points are to be considered in a crude phen
enological approach. The first one concerns the presenc
an effective charge transfer from chains to planes. T
mechanism is essentially governed by the presence of f
fold coordinated copper atoms in the chains and is pertur
by oxygen vacancies on the O~1! sites and by the presence o
uncompensated oxygen bonding on O~5! sites. The breaking
of the Pr4 f-O2p hybridization is the second important poin
This orbital bonding which localizes the holes depends
the Pr-O~2,3! atomic distance and also on the local orth
rhombic symmetry. In the framework of these two co
straints we propose two phenomenological explanations
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the existence of mobile holes in thex50.3 sample. In a first
general approach, if we consider~by analogy with the case o
La11xBa22xCu3O71d and Nd11xBa22xCu3O71d) that x
50.3 is slightly over the limit of a moderate substitution ra
(x50.2) for which theTc depression is not drastic, the pre
ence of undisturbed chain segments where the charge t
fer is fully effective becomes highly probable. Furthermo
near the frontier of the orthorhombic to tetragonal transiti
a local decrease in the orthorhombic symmetry in the ba
plane could delocalize the holes in the Cux22y2-O2p orbitals.
We must here emphasize that a natural consequence o
Ba21/Pr31 substitution is a variation in the positions of th
neighbors O~1! and O~4! atoms around the substituted site.
further microscopic approach can be proposed conside
the pairing occurrence of adjacent Pr atoms substituted
Ba sites on both sides of CuO3 planes as observed ex
perimentally by Kramer et al.38 for Nd atoms in
Nd11xBa22xCu3O71d . This situation keeps the fourfold co
ordination of copper in the Cu~1! site surrounded by the two
adjacent Pr atoms~as explained in the previous section f
Nd atoms! and locally increases the distance between Pr~lo-
cated inside the CuO2 bilayers! and the O~2,3! oxygen at-
oms. This local distortion of the structure contributes to
decrease in the Pr4 f-O2p hybridization.

In summary, the three following situations could b
present for the copper environment in the chains:~i! the Ba
site is not substituted;~ii ! the Ba site is substituted by a P
ion with an extra oxygen atom on the O~5! site; ~iii ! two Ba
sites adjacent to a Cu~1! site are substituted with a singl
extra oxygen atom on the O~5! site. In the first two cases
independent of the chain to plane charge transfer existe
the Pr4 f-O2p hybridization is active and prevents any mob
ity for holes in the CuO2 planes. The last case could corr
spond to the coexistence of an active charge transfer and
inhibition of the Pr-O hybridization.

D. The formation of superconducting clusters
in Pr1¿xBa2ÀxCu3O7¿d

If we compare our experimental results with the data
substituted R-123 systems withR5La and Nd, some of the
features that are observed are similar as to those of the o
rhombic to tetragonal transition for a critical value ofx and
of the phase separation which takes place in the C2
planes, but a strong divergence appears on the evolutio
the Tc as a function ofx. All the superconducting fraction
observed in our Pr11xBa22xCu3O71d samples present aTc
590–80 K with a sharp diamagnetic signal. This exclude
percolative nature of the superconducting transition as
granular systems where theTc and the width of the transition
depends on the weak link bonding.

For a moderate substitution rate, a phase separation o
microscopic scale takes place in the CuO2 planes of
Pr11xBa22xCu3O71d systems with a statistic distribution o
three characteristic regions which we label respectivelya)
in which localized holes exist, (b) without holes, and (g)
where mobile holes reside. For high substitution rates,
charge transfer is totally inhibited by the large disord
present in the charge reservoir and the CuO2 planes remain
completely insulating.
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If we assume the validity of the mechanisms proposed
the previous section with respect to the origin of mob
holes in the CuO2 planes, a last step to understand the s
nature of the diamagnetic signals observed by DC SQU
measurements concerns the statistics of the substituted
with different Pr environments. The observation by Kram
et al.,38 using electron energy loss spectroscopy, of a twe
pattern in a Nd1.25Ba1.75Cu3O71d sample, suggests the pre
ence of a local ordering of the substitutedR31 ions in these
systems. Such a tendency to segregate into clusters fo
substituted Ba sites by Pr increases the probability of find
adjacent Pr31 ions forming pairs. It is worth noting that clus
tering must produce fivefold copper atoms in the Cu~1! sites,
a feature which was observed in our NQR spectrum. The
of these clusters is dependent on the degree of local st
tural distortion. There is however a limit to the distortion th
can be obtained before the structure becomes instable. N
ertheless, when their dimensions reach the critical value
responding to several time the superconducting correla
length, a superconducting state can be present. Of course
mechanisms involved in this phenomenological model
very sensitive to the synthesis conditions as the process
perature, the O2 partial pressure and the details of the anne
ing treatments.

As regard to the mechanism of phase separation in
prates, the coexistence of magnetic and superconding or
and the interplay between local structural distortion and
presence of the superconducting clusters observed
Pr1.3Ba1.7Cu3O71d present a great interest. There are obvio
similarities with the physics of phase separation actively
vestigated in lanthanum cuprates.40–43 In these systems wer
a substantial fraction of the doped holes localize in Cu2
planes, a relationship between ordered phase separation~like
stripes! and structural features that pin these objects h
been demonstrated. Nevertheless, in Pr1.3Ba1.7Cu3O71d the
spatial order and the size of the different domains cor
sponding to thea, b, and g phases remains to be invest
gated in more detail before going further in the comparis

VI. CONCLUSION

The main result of this investigation is the microscop
evidence that the small superconducting fractions obser
below 90 K in the Pr11xBa22xCu3O71d system are induced
by the local structural change associated with the substitu
of Ba by Pr. We have focused our study on the sample w
x50.3 for which the superconducting fraction was ma
mum. From copper NQR measurements we show that
hole doping of the chains and the charge transfer betw
chains and planes is similar for YBa2Cu3O7 and the nonsub-
stituted compound PrBa2Cu3O7. The copper chains Cu~1!
NQR line shape obtained for Pr1.3Ba1.7Cu3O71d which
spreads over a wide frequency range~between 19 and 30
MHz! provides evidence for the disorder introduced in t
CuO3 chains by oxygen vacancies and the oxygen interch
sites O~5! occupancy resulting from the Ba21/Pr31 substitu-
tion. At higher frequencies, in the 30–39 MHz frequen
range, a tiny signal associated with metallic copper on
CuO2 plane Cu~2! sites is detected. A comparison betwe
the zero-field NMR spectrum of magnetic Cu~2! sites in
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PrBa2Cu3O7 and Pr1.3Ba1.7Cu3O71d reveals that Ba21/Pr31

substitution leads to the existence of two magnetic pha
thea phase with localized holes~as in PrBa2Cu3O7) and the
b phase without holes present~as in PrBa2Cu3O6). The com-
bination of these results are discussed in terms of a ph
separation which takes place in the CuO2 planes with a sta-
tistic distribution of three characteristic domains: (a) in
which localized holes are present, (b) where no holes have
been transferred from the chains, and (g) presenting mobile
holes. The presence of mobile holes is phenomenologic
interpreted as resulting from a tendency for the Pr31 substi-
tuted atoms on the Ba sites to segregate and form p
around the Cu~1! sites. This locally keeps the charge trans
active and breaks the Pr4 f-O2p hybridization. In this model,
the weak superconducting fractions observed find their or
G
s.
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in the existence of such clusters when their size reache
threshold value corresponding to the existence of severa
ementary CuO2 cells. Further experiments are needed to p
vide a deeper understanding of the nature of this def
induced superconductivity, such as varying the oxyg
stoichiometry and the synthesis conditions of the sample
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