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Characterization of localized hole states in Pr1¿xBa2ÀxCu3O6¿y by nuclear magnetic resonance
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We investigated the charge distribution in Pr11xBa22xCu3O61y crystals at liquid-He temperature by means
of 63,65Cu and 141Pr-NMR and nuclear quadrupole resonance. The electric-field gradients determined for the
different oxygen coordinations of Cu~1! on the chains confirm the model that the hole states are localized in the
O2pp orbitals of the CuO2 planes. The intensity and line-shape analysis of the Cu~1! and Pr resonances in the
oxygen doping series (x'0,y50•••1) and in the Pr/Ba solid-solution series~at y51) allows us to assign the
Pr resonance to Pr at rare-earth~RE! sites. Therefore we can investigate the charge distribution in the
CuO2-Pr-CuO2 layers by crystal-field analysis of the Pr signal. To consistently describe our results with
neutron-scattering data we propose that two Pr states are present in the RE layer, and ascribe them to Pr with
and one without a hole localized in the oxygen coordination shell. NMR detects only the former, with a
virtually nonmagnetic singlet ground state, while space-integral techniques are dominated by the latter, due to
a quasidoublet ground state and antiferromagnetism of its Pr moments at low temperature.
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I. INTRODUCTION

PrBa2Cu3O7 is the one insulating member of the isostru
tural series REBa2Cu3O7 of high-Tc superconductors1 ~RE
5rare earth, Y, La, abbreviated below RE123!. Simulta-
neously the magnetic properties of Pr differ dramatica
from the reasonably well understood 4f magnetism of all
other rare earths in this structure. This extraordinary beh
ior of Pr attracted considerable interest from experimen
and theoretical physics throughout the last decade becau
might shed some light on the microscopic origin of high-Tc
superconductivity in the cuprates. From the point of view
applied physics it is important to understand the phys
properties of the material because of its potential use
superconductor-insulator heterostructures.

There is a general consensus that the structural key
ment of the cuprate superconductors are the CuO2 planes.
The undoped CuO2 plane is an antiferromagnetic charg
transfer insulator: Photoemission spectroscopy shows
the on-site correlation energy of the Cu-dx22y2 electrons is
large enough to push the lower Hubbard band below
2p-oxygen band.2 Upon hole doping an insulator-metal tra
sition ~MIT ! takes place, with a superconducting grou
state in a certain range of hole concentrations. The dep
dence of the superconducting transition temperatureTc on
the hole concentrationnh in the CuO2 plane follows a uni-
versal law close toTc /Tcmax512@(nh2nopt)/Dn#2, where
this has positive solutions3,4 ~note that other dependencie
have been proposed, e.g., the trapezoid shape in Ref. 5!. In
contrast to the large differences in the maximum transit
temperatureTcmax between cuprates, the variations of t
optimum hole concentrationnopt'0.3/CuO2 unit and the
threshold concentrationDn for superconductivity appear t
PRB 620163-1829/2000/62~2!/1392~16!/$15.00
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be rather small. The fact that Pr123 is an antiferromagn
insulator instead of metallic and superconducting like
other members of the RE123 series may then be due to e
a suppression of the doping, or a detail of the electro
structure loweringTcmax dramatically.

There is no obvious and generally accepted param
connected withTcmax of the cuprates. In RE123 one find
nearly independent of the RETcmax59364 K. Magnetic
pair breaking by the Pr-4f moments, enhanced by a hybrid
ization with the bands in the CuO2 planes, has been invoke
as a mechanism to suppress superconductivity by lowe
Tcmax. A phenomenological combination of Abrikosov
Gorkov pair breaking and hole depletion can successf
describe the dependence of the superconductingTc on the Pr
concentration in PrzRE12z123,6,7 and it has been argued tha
the exceptionally high ordering temperature of the Pr sub
tice, TN512–18 K compared to 2.1 K for Gd, also suppo
this view.8 However, the results cannot be described by p
breaking alone, it is necessary to take hole depletion i
account. Otherwise Pr would not suppress superc
ductivity and the MIT at the same critical Pr concentratio
and Tc would drop linearly at smallz, which is not
observed.7,6,9 Furthermore, there is evidence against p
breaking,10 and it is possible to modelTc(z) without mag-
netic pair breaking under the assumption that the influenc
Pr on the doping depends on its concentration.9,11 Even if
one agrees that pair breaking is indicated experimentall
least near the critical Pr concentration, it is not obvious t
a Pr moment is involved since near the MIT localized C
moments in the CuO2 layers may be candidates for pa
breakers as well.

Therefore the current attempts to explain the role of
focus on the suppression of the hole doping. There is c
1392 ©2000 The American Physical Society
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PRB 62 1393CHARACTERIZATION OF LOCALIZED HOLE STATES . . .
experimental evidence that Pr does not simply fill the h
states with its 4f electrons. Various techniques,12–14 includ-
ing inelastic neutron-scattering~INS! ~Refs. 15 and 16! and
our own previous NMR work,17,18 show that the valence o
Pr is close to 3, the same as for the other RE, and s
constant independent of the oxygen contentx.19 Furthermore,
spectroscopic methods sensitive to the density of O-2p hole
states detect similar amounts in Pr123 as in the o
RE123.20,21

The by now generally accepted model for the suppress
of hole doping was proposed by Fehrenbacher and R
~FR!. In their model the holes become localized in the an
bonding O-2pp orbitals of the planes.22 These states ar
favorable to the 2ps states populated in the absence of
due to their hybridization with the 4f 2 shell of Pr. This view
has been supported and extended by band structure cal
tions of Liechtenstein and Mazin, showing that with increa
ing radius of the RE just for Pr a different band with 4f
character crosses the Fermi level,23,24and by Wang, Rushan
and Su, who explicitly included a third band from the cha
layers to describe the hole concentration as a function of
Pr concentration in the RE layer.11 As an alternative to the
hybridization models it has been discussed that Pr m
push the hole states in a band associated with the a
oxygen.25,26

Experimentally, the hybridization shows~among other
techniques! in detailed Pr-O bond-length analysis,27 in the
strong broadening of the crystal-field transitions in INS,15,16

and x-ray absorption.28,29 Using polarized x rays Merzet al.
were recently able to show that the orientation of the 2p-hole
states in the structure is indeed different in Y123 and Pr1
giving very strong support to the hybridization model30

Clearly, a microscopic characterization of the localized h
states is very desirable in order to distinguish between
models and address open problems such as the mechani
the carrier localization or of the role of the Pr and Cu ma
netism at low temperature.

In RE123, doping of the CuO2 planes is achieved by
variation of the oxygen content of the chain layer, and one
the basic ingredients of hybridization models is that this d
ing mechanism is independent of the RE ion. A model
the dependence of the hole countnh on the oxygen concen
tration in the chainsy has to address two problems, name
the distribution of oxygen in the chains, and the hole co
induced by a given oxygen configuration.31 The nonrandom
oxygen distribution in the chain layer is best described by
asymmetric next-nearest-neighbor Ising model.32,33 It de-
scribes the various superstructures observed at intermediy
~most important the formation of chains in Y123 aty50.5)
which depend strongly on the RE ion. Lu¨tgemeieret al.have
shown that Cu~1!-~chain-!site NQR is a suitable method t
investigate this distribution,34,35 but they did not include
Pr123 in their studies, so we analyze this case below in s
detail.

The dependence of the hole count on the oxygen confi
ration with the chain length as the most prominent param
has been subject to detailed theoretical studies in Y123.36,26

On the experimental side the electric-field gradient~EFG! at
the Cu~1! sites is a sensitive probe of the charge bala
between the planes and the chain layer.37 Ohno, Koyama,
and Yasuoka used this to estimate the number of mo
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carriers in the planes of metallic, fully oxidize
PrzY12z123.38 Below we use the Cu~1! EFG at various oxy-
gen contents to verify experimentally the assumption und
lying the FR model, that the CuO chains dope holes into
CuO2-RE-CuO2 layers, independent of the presence of Pr

One might expect that the special arrangement of cha
in the hybridized state proposed by Fehrenbacher and R
shows in the crystal-field parameters of the 4f shell of Pr.
Unfortunately, the lines from crystal-field transitions in IN
are severly broadened, giving rise to large uncertainties
the symmetry as well as in the energies of the low-lyi
crystal-field levels.15,16 NMR is very sensitive especially to
the symmetry of the ground state and the position of
lowest excitations.39 In a previous work we reported mea
surements of the141Pr resonance in Pr123 fory51.18 Most
remarkably, we found a different ground-state symmetry
Pr31 from the one used to describe the INS spectra. Mo
over, the virtually nonmagnetic state of Pr at low tempe
tures which is without doubt what is observed in our NM
measurements is in clear contrast to the antiferromagneti
order detected by neutron diffraction and the homogene
susceptibility.40–42,8

Our interpretation of the NMR data has been stron
questioned because of these findings,43,41,8but no consistent
explanation for both the NMRand the neutron data has bee
proposed up to now. Therefore we extended the investiga
of the Pr resonance to crystals over the whole rangey
50 –1 of oxygen concentrations, and to crystals with diffe
ent concentrations in the Ba/Pr solid-solution system. On
basis we confirm our initial assignment of the Pr resona
to Pr on regular RE sites. In view of the strong doubts o
brief description of the 4f ground state in Ref. 18 did en
counter we give below a rather detailed discussion of
determination of the crystal-field ground states of Pr in t
structure. This leads us to a consistent description of
NMR and neutron experiments, basically by assuming t
the interpretation of both has been correct, and assigning
different electronic states of Pr to the conflicting experime
tal observations.

Finally we discuss the impact of this model on the und
standing of the low-temperature magnetism of Pr and
other rare earths in this remarkable material. As indica
above, the Pr magnetism with its Ne´el temperature up to 18
K in Pr123 and in related cuprates40,44–47is as outstanding as
the suppression of superconductivity. It is tempting to rel
the two effects by the argument that the 4f -2pp hybridiza-
tion suppresses superconductivity by switching on p
breaking at Pr moments, and simultaneously induces the
TN via a substantial enhancement of the 4f -4 f exchange.8

We would like to caution about this argument: While there
ample evidence for the hybridization itself and we pres
more below, the contribution of pair breaking to the suppr
sion of superconductivity is much less clear~see above!, and
the role of the 4f exchange in Pr magnetic order seems ev
more open. In fact the exchange is known to be small for
other rare earths, the ordering of the other 4f moments is
mostly due to dipolar interactions.48 This is most convinc-
ingly demonstrated by the small dependence ofTN on mag-
netic dilution in the rare-earth sublattice for all magnetic R
ions.49–51All magnetic RE, including the exceptional single
ground-state Pr, order well above the 40% percolat
threshold for dilution of the square lattice with neare



t
hs
he
if

t,

s
tiv

of
th
e
r.
sp

-
t
p

r

g
-

s
g

O
w
lu
th
-
em

ed
s
it

o
o

en
ut
-
ra
s
ly

n
, t
s
tu

of
ra-

tals
i-

re
s
ute
a

The
i-
e

s
ers

l

ting

ys-

few
lid
s
ase
to

1394 PRB 62M. W. PIEPER, F. WIEKHORST, AND T. WOLF
neighbor exchange. The order is therefore ascribed to
long-range dipolar coupling of the magnetic rare eart
which is clearly not an option in the case of Pr123. T
dependence ofTN on oxygen content is also puzzling,
hybridization enhanced exchange is the origin. Aty50,
where there is no hybridization of hole states,TN is still as
high as 12 K. In Pr123,TN increases with the hole coun
while it decreases for Nd in Nd123.48 In the concluding sec-
tion of the discussion we show that the increase ofTN of Pr
is even more puzzling in view of our NMR data, and discu
induced magnetism of the Pr sublattice as an alterna
model.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Sample characterization

The main difficulties in the experimental verification
the models arise from the complex doping mechanism in
RE123 series on the hand, and from the strong influenc
crystal preparation on the material properties on the othe
remarkable example is the preparation of crystals under
cial conditions that do become superconducting, withTcmax
even higher than in the other RE123 (.100 K under
pressure!.52,53 In order to provide a reliable basis for com
parison of results obtained with other samples we presen
this subsection a rather detailed description of the sam
preparation.

High quality Pr123 crystals of a size suitable for NMR
(>10 mg) are still very difficult to prepare. One majo
problem is the contamination of the Cu~1! sublattice with Al
from Al2O3 crucibles~up to 30%!, because this has a stron
influence on the oxygen distribution54 as well as on the mag
netic structure of the Cu~2! sublattice at low temperature.55

We avoid the Al contamination by use of MgO crucible
which results in a much smaller contamination by M
('1%) because of the higher melting point of MgO.56 The
best stoichiometric crystals available are grown in BaZr3
crucibles, but they have been too small for NMR up to no

A second problem is the existence of a finite solid so
tion range for the RE/Ba sublattices for the light rare ear
~Nd, Pr, La!.57–60 The solid solution range is a four
dimensional volume in the phase diagram spanned by t
peratureT, partial oxygen pressurep(O2), and the two-
dimensional~2D! triangle of cation concentrations, sketch
for fixed T and p(O2) in Fig. 1. The stable composition
form the surface of this volume in the phase diagram w
the ellipses in Fig. 1~top! indicating cross sections. Als
shown are the liquidus surfaces and the conoidal lines c
necting them to the solid solution systems at two differ
p(O2). In the absence of other metals which may substit
for Cu ~e.g., Al from the crucibles! one may assume a con
stant Cu content. In this case the ellipses in Fig. 1 degene
to horizontal lines at the concentration
RE11xBa22xCu3O61y , and the solid solution range has on
the three degrees of freedomT, p(O2), andx.

The accessible range ofx depends on temperature, oxyge
partial pressure, and on the rare-earth radius. In general
RE contentx increases with increasing oxygen partial pre
sure and rare-earth radius, and with decreasing tempera
at least in the vicinity below the peritectic temperature. W
grew Pr123 crystals by the slow cooling method.61 The Pr/Ba
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ratio of the growing crystals was set by the Cu/Ba ratio
the flux via the conoidal line to the solidus surface. Tempe
ture and oxygen pressure for variations ofx were chosen as
marked by the dots in the phase diagram to obtain crys
with high and low Pr content along the conoidal lines ind
cated in the figure~see also Table I!.

The two crystals prepared to obtain off-stoichiometricx
were oxidized in 1-bar flowing oxygen in the temperatu
range 600–300 °C to obtainy51. The crystals of the serie
with various oxygen content were prepared along the ro
denotedx50 in the table, the oxygen content was set in
similar tempering step under suitable oxygen pressure.
oxygen concentrationy expected from the tempering cond
tions is in all cases in accord with the relative NMR-lin
intensities of the Cu~1!-O coordinations in the chains~see
below!. The error iny estimated from the NMR spectra i
5%. We expect that we may not reach the end memb
~especiallyy50) by approximately that margin, but wil
nevertheless denote them for brevity withy50 and y51,
respectively. We did not succeed to prepare superconduc
Pr123 along this route, all samples are semiconducting.

FIG. 1. Top: Schematic phase diagram of the Pr-Ba-Cu-O s
tem at 940 °C in 1-bar O2 ~solid lines! and in 63-mbar O2 ~dotted
lines!. Stoichiometric phases are indicated by filled squares. A
conoidal lines connecting the liquidus surface with the Pr/Ba so
solution system~Pr123ss! are shown with the starting composition
for the crystal growth marked by the dots. Bottom: Schematic ph
diagram along the horizontal line corresponding
Pr11xBa22xCu3O72y in the upper part, again for 1-bar O2 ~solid!,
and 63-mbar O2 ~or 300-mbar air, dotted!.
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PRB 62 1395CHARACTERIZATION OF LOCALIZED HOLE STATES . . .
At this point we would like to note that the local Pr/B
ratio of a given sample with fixed overallx can be influenced
by an additional heat treatment at higher temperature as w
but the composition of the resulting crystal is inhomog
neous. For small deviations from the equilibrium surface
crystal may decompose into a member of the solid solu
system with a different RE/Ba ratio, and either other sta
phases like BaCuO2, or a second member of the solid sol
tion system. Larger deviations from equilibrium may lead
a spinoidal decomposition where, for example, the Pr/Ba
tio varies laterally and changes with time. The final state
these decomposition reactions depends on the initial RE
ratio and whether or not this cation ratio is located inside
four-dimensional volume of the solid solution system. In t
case of a spinoidal decomposition the regions of differ
Pr/Ba ratios within a sample are very close to each ot
~10–100 nm!, and any integral chemical analysis will repr
duce the composition of the untreated sample.

Unfortunately, the substitution of Ba by Pr~abbreviated
@Pr#Ba below! is hard to detect by standard scattering te
niques because of the similar scattering cross sections o
and Ba. We have therefore up to now in our preparation li
quantitative control ofx. A unique way to determine the
@Pr#Ba concentration is the magnetic signal in polarized n
tron scattering from these defects.62 Crystals prepared alon
the route denotedx50 were analyzed by Markvardet al.
using this technique, and a@Pr#Ba concentration near 5% wa
detected.63 We therefore expectx'0.05 in the crystals we
tempered to obtain various oxygen contents.

Neutron diffraction showed that Pr on Ba sites is not
sponsible for the extraordinary suppression of supercond
tivity in Pr123. Krameret al. report that@Pr#Ba and @Nd#Ba
have similar influence on the materials properties.64 The RE
ion binds oxygen on otherwise empty neighboring O~5! oxy-
gen sites between chains, disrupting the chain order in
process.65 The defect is expected to reduce the hole coun
the planes and provides a strong scattering center in
chain layer, where it may contribute to suppress o
dimensional~1D! conductivity in the chains.66–68 However,
the experiments indicate that the influence of the defect

TABLE I. Preparation parameters and characterization of
crystals. The flux composition is given in the first block, followe
by the preparation atmosphere and the temperature program, w
slow decrease at the indicated rate in the given interval, an
quench or slow cooling to RT. The morphology and possi
growth twins are indicated in the last block.

x,0 x50 x.0

at. % Pr 2 2 2
at. % Ba 37 30 28
at. % Cu 61 68 70

300-mbar air 1-bar air 1-bar O2

@°C# 970→906 1000→939 1000→948
@°C/h# 20.4 20.5 20.35

quench slow cool quench

orthor. orthor. tetr.
~100!/ ~010! ~010! ~111!
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limited to the chains, an independent mechanism not ac
in Nd123 must be present in Pr123 to suppress the MIT
superconductivity in the CuO2 planes.69 We emphasize,
however, that@Pr#Ba may well influence the low-temperatur
magnetic structure of the Cu~2! sublattice by inducing mag
netic moments on Cu~1! sites.70,71NMR and neutron diffrac-
tion consistently showed that Cu~1! moments induced by
~nonmagnetic! Al couple the planes ferromagnetically alon
the c axis and can induce a rotation transition of the Cu~2!
moments~AF-II structure! to avoid Cu~1! frustration.72,55 A
similar magnetic transition in Al free, semiconductin
Nd123 may well be due to Nd on Ba sites,48,73 and Rosov
et al. reported ordered Cu~1! moments in Pr123 at low
temperature.74 Magnetic Cu~1! is not detected in Cu~1! NQR
~see below and Ref. 75! and is therefore most probably lo
calized at defect sites in the structure.

While x is always positive for Nd, the accessible range
the Pr/Ba solid solution system may extend to the Ba-r
side, as is the case for La/Ba in La123.59,27Substitution of Pr
~13! by Ba ~12! should increase the hole count in th
planes, and, in fact, it has been suggested that the supe
ductivity in Pr123 crystals prepared by Zou an
co-workers76,52,77might be due to heavy Ba doping of the P
sublattice.52,78 Note that disorder on the Pr sublattice
smaller defect concentrations has been invoked as a vi
mechanism to localize the hole states in t
4 f -2pp-hybridization band.23

The symmetry and the morphology of the oxidized cry
tals depend in a characteristic way onx that we also find in
La123 and Nd123. Ba-rich and stoichiometric crystals e
hibit an orthorhombic structure with twins, whereas the P
rich crystal kept its tetragonal structure even after additio
oxidation treatments under high oxygen pressures. This
sult was expected because the extra oxygen ions on the~5!
sites between the Cu~1!O chains reduce the orthorhombicity
The morphology of the crystals changes with increas
RE/Ba ratio from isometric blocks, sometimes with add
tional ~101! faces, formed by stoichiometric samples, to t

FIG. 2. Inverse low temperaturea,b-plane mass susceptibilitie
showing the low-temperature magnetic transition. The Cu~2! sub-
lattice orders antiferromagnetically near room temperature. Be
TN2 ~arrows! Pr carries a moment of 0.3–0.9mB .79,40,41The transi-
tion is very sensitive to sample quality; Umaet al. observed a tran-
sition in two steps in high-purity crystals grown in BaZrO3

crucibles.42
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1396 PRB 62M. W. PIEPER, F. WIEKHORST, AND T. WOLF
formation of ~100!/~001! growth twins and, finally, even to
~001!/~111! growth twins at largex. All orthorhombic crys-
tals investigated in this work are twinned with respect to
a andb axes, but we find no indication forc-axis twins in the
NMR spectra.

In Fig. 2 the low-temperature susceptibility in a field of
T perpendicular to thec axis clearly displays the cusp ass
ciated with the reorientation transition in the Cu~2! sublattice
and the appearance of the Pr moments at various oxy
concentrations. The size and shape of the feature is
sensitive to sample quality and even depends on magn
history of the sample.80 In clean samples the transition tem
perature drops from near 17 K aty51 to 12 K at y50,
similar to what we find in our crystals. The transitions occ
at 14.9 and 12 K for the Ba-rich and the Pr-rich samp
respectively~not shown!.

B. Cu„1…-O chains

Figure 3 shows the zero field spectra, Fig. 4 shows
field sweep spectra in Pr123 at various oxygen concen
tions y. The spin-echo spectra were taken at 4.2 K and
comparably long pulse distances ('40 ms) to suppress the
contribution of the Cu~2! sites. The frequency range o

FIG. 3. Zero-field NQR spectra of the Cu~1! sites in Pr123. The
assignment of the lines to the two-, three-, and fourfold oxyg
coordination of Cu~1! corresponds directly to the one for the oth
RE123. The insets show the temperature corrected echo ampl
at constant excitation conditions versus temperature to illustrate
systematic change in the influence of the fluctuations atTN2 ~ar-
rows, see text!.
e

en
ry
tic

r
,

e
a-
t

19–33 MHz for the NQR spectra of the Cu~1! sites in the
antiferromagnetic RE123 (REÞPr) and the assignment o
the lines to the different oxygen coordinations of Cu~1! is by
now well established.35,34 The line positions and the relativ
intensities are similar to the ones observed in the ot
RE123, so we can safely use the same assignm
@Cu(1)4521.8 MHz, Cu(1)3523.3 MHz, and Cu(1)2
530.1 MHz for 63Cu]. The subscripts denote the number
oxygen in the Cu~1!-coordination shell, four for Cu~1! in a
full chain, three for a chain end position, and two for t
apex oxygen in an empty chain position.

The lines are significantly broader than in the oth
RE123 systems, where widths well below 100 kHz are o
served in the homogeneous end members. The broade
may be due to structural defects inducing a distribution in
electric-field gradients~EFG!, and to inhomogeneities in th
magnetic structure of the Cu~2! lattice inducing inhomoge-
neous internal magnetic fields. The two cases can be dis
guished from spectra obtained in a large external field, wh
the frequency of the central transition is to first-order ind
pendent of the EFG, so its linewidth is dominated by inh
mogeneities of internal magnetic fields, while the distan
between the satellites and the central transition is determ
by the component of the EFG tensor along the magn
field, so the satellites are broadened by both, distribution

n

de
he

FIG. 4. Field-sweep spectra of the Cu~1! sites in Pr123 at 81
MHz and 4.2 K with the field along the~twinned! a and b axes.
Together with similar spectra with the field along thec axis ~not
shown! the positions of the quadrupole satellite transitions de
mine the electric-field gradient tensor, their intensities the distri
tion of oxygen in the chains.
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PRB 62 1397CHARACTERIZATION OF LOCALIZED HOLE STATES . . .
the EFG and in the internal magnetic field. In fact, both ca
have been observed, Nehrke, Pieper, and Wolf found a
nificant narrowing of the Cu~1! lines aboveTN2 at y50, a
clear indication that magnetic disorder is present at low te
peratures, while Grevinet al. confirmed our result that the
magnetic transition atTN2 does not influence the linewidth a
y51, instead they find that the linewidth is due to the fo
mation of a charge density wave at 100 K.17,75

The fluctuations at low temperature confirm, howev
that the transition atTN2 in our crystals is magnetic.17 The
insets to Fig. 3 display the systematic change of this beha
with increasing oxygen content. The insets show
63Cu(1)-signal intensity, corrected for the Curie law
nuclear magnetization, versus temperature, measured a
TN2 ~arrows!. The spin echo is measured at low temperatu
with a repetition time shorter than the relaxation timeT1 for
equilibration of the nuclear-spin system. Under such circu
stances one expects that the amplitude increases whe
relaxation time decreases, as is expected near a mag
phase transition. The stoichiometric crystal aty50 ~top!
clearly shows this behavior.T1 decreases with increasin
temperature and a pronounced minimum ofT1 at TN2 leads
to a peak in signal intensity. With oxygen dopingT1 be-
comes shorter in the low-temperature phase, leading
higher signal than aboveTN2, and the relaxation induce
peak at the transition is lost, presumably swamped by
large background of fluctuating fields in the ordered pha
At y51 finally, no significant effects of the transition cou
be detected in this simple way. However, we found evide
for two contributions to the fluctuations in this temperatu
range for the fully oxidized crystal in fullT1 measurements
One component is almost independent of temperature
may be quadrupolar or magnetic, the other shows a br
minimum at TN2 and is ascribed therefore to magne
fluctuations.81

The point symmetry of the Cu~1! sites implies that the
principal axes of the EFG tensor for all oxygen coordinatio
are along the crystallographic axes. The full tensor
thereby, determined by the assignment of the eigenva
Vx ,Vy ,Vz ~in ascending order of absolute values! to the
axes, by the size of the largest eigenvalueVz , and by the
asymmetry parameterh5uVx2Vyu/Vz . We determined
these values from fits to the field-sweep spectra with the fi
along thec axis, and along thea andb axes. The values ar
compared in Table II with the ones observed in Y123. W
cannot distinguish between thea andb axis in our twinned

TABLE II. Comparison of the largest eigenvalueVz ~in
10221 V/m2), the asymmetry parameterh, and the eigenvalue o
the EFG along thec axis, for the three Cu~1! coordinations in Y123
and Pr123.

RE5Y RE5Pr

Site Vz ic h Vz ic h

Cu(1)2 11.81 Vz 0.0 11.74 Vz ,0.05
Cu(1)3 9.25 Vy 0.3 8.84 Vy 0.4
Cu(1)4 8.4 Vx .0.98 7.9 Vx 0.9(6.1)
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crystals, therefore we give only the EFG component alonc.
The tetragonal symmetry of Cu(1)2 implies h50, as is ob-
served.

In Fig. 5 we compare the field-sweep spin-echo Cu~1!
spectra of the three fully oxidized crystals, again with t
external field applied along thea and b axes. The fourfold
coordination Cu(1)4 characterized by the EFG tensoriVzzi
'iVyyi or h'0.9 is the only one which we could identify in
our crystals, as is expected for filled chains. All Cu~1! spec-
tra are centered at the Cu resonance of the metal, show
that the Cu-chain sites detected in NMR carry no momen
these crystals. We emphasize that this means only that t
is no homogeneous magnetization on the Cu~1! sublattice.
Cu~1! moments localized at defect sites in the structure m
well be undetectable by NMR due to short relaxation tim

The spectrum of the Pr-rich sample~top! shows a larger
splitting than the stoichiometric one~bottom!, an inhomoge-
neous broadening of the satellite lines, but no signific
broadening of the central line. The high-field shoulder at
T of the 63Cu-central transition can be assigned to the~111!
growth twins mentioned above. As discussed above,

FIG. 5. Comparison of the field-sweep spectra of Cu~1! at 81
MHz in Pr123 aty51 prepared in different oxygen atmospher
~see Table I!. The vertical lines at the center transitions mark the
resonance from the wire of the pick-up coil, and at the63Cu satel-
lites the position in the stoichiometric sample~bottom!. The full
lines are simulated spectra~see text for parameters!. For the sto-
ichiometric sample the decomposition into four subspectra~two iso-
topes in a field along the localx or y axis of the EFG! is also
indicated.
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1398 PRB 62M. W. PIEPER, F. WIEKHORST, AND T. WOLF
broadening of only the satellite lines shows directly the pr
ence of disorder in the charge distribution of the chain lay
clear evidence for the substitution of divalent Ba by tetra
lent Pr and the disorder this defect site induces in the oxy
chains. On the other hand, the unchanged central linew
proves the absence of internal magnetic fields at the C~1!
site, indicating that the magnetic structure of the Cu~2! sub-
lattice is not affected by the defects.

The spectrum of the nonstoichiometric Ba-rich crys
~center! is, in contrast, best described by two subspectra. O
with approximately 30% relative intensity is the same as
the stoichiometric crystal, accordingly the environment
1/3 of the Cu~1! sites is unchanged. A significant broadeni
of the central transitions together with a severe broadenin
the satellites shows the presence of inhomogeneous mag
fields together with charge disorder for the majority of t
Cu~1! sites. The inhomogeneous width of the central tran
tion corresponds to internal magnetic fields of'0.2 T, in
full agreement with the transferred hyperfine fields from
Cu~2! moments at the Cu~1! site ('0.1 T) that are known
from studies of the so-called AF-II structure in Al-dope
Y123.55 The defects in this crystal do therefore introdu
inhomogeneities in the magnetic structure of the Cu~2! sub-
lattice.

The most plausible explanation for the fact that the size
the internal fields agrees well with the known transferr
hyperfine field from the Cu~2! moments is that the divalen
Ba dopes a hole state into thedx22y222ps band of the
CuO2 planes, similar to the well known case of Ca doping
the RE site in RE123. One might expect that this will form
low Ba concentrations in the RE sublattice a localiz
Zhang-Rice singlet, which in turn would lead to a Cu~2!
moment missing in the configuration of the neighbori
Cu~1! site. The intrinsic superconductivity of Pr123 crysta
prepared under special conditions discussed recently i
view of these results most probably due to these holes
coming mobile at higher Ba concentrations, just as in
other high-Tc cuprates.

C. Pr resonance

We observed Pr resonances very similar to the ones
ported in Ref. 18 in all crystals except one specimen with
nominal concentrationy50. In a second reduced crystal w
found the signal, but its intensity is very small. Figure
shows the field sweep spectra aty50.2, Fig. 7 shows the
gyromagnetic lines for all samples. The signal is clearly d
to 141Pr since this is the only ion in the structure which m
show van Vleck paramagnetism and the corresponding
isotropic enhanced gyromagnetic ratiosge f f ~the slopes at
high fields, see below!.

ge f f is almost indendent ofy, only for y50 we find a
higher value than in doped crystals with the field along thc
axis, and a relatively small one with the field in plane. T
fully oxidized, stoichiometric crystal is the only one whe
an orthorhombic distortion is detected by a splitting of t
Pr-resonance line at low external in plane fields~see Ref. 18
for a detailed discussion of this effect!. This does not prove
however, that the symmetry is tetragonal on a local scale
y<0.7 in our crystals. A splitting similar to the one report
for y51 might be hidden, because the smaller Pr signa
-
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lower y overlaps with the very complicated Cu~1! spectrum.
The linewidth is seen to be roughly proportional to the fr
quency or the optimum field, indicating that the inhomog
neous broadening is due to a distribution of the local gy
magnetic ratios with a width of approximately610%. There
is no indication of any unresolved quadrupole splitting li

FIG. 6. Field-sweep spectra of Pr in slightly doped (y50.2)
Pr123 with the field along thec axis ~top!, and thea and b axis
~bottom!. At frequencies below'40 MHz there is increasing over
lap with the Cu~1! spectra, especially Cu(1)2 at small oxygen con-
centrations.

FIG. 7. Field dependence of the Pr-resonance frequency
the field applied along thec axis ~right!, and along thea andb axes
~left! for the different oxygen concentrationsy. The full lines were
calculated for the van Vleck paramagnetism of the Pr-4f shell in
the crystal field as described in the discussion. See Nehrkeet al. for
a detailed discussion of the line splitting in small in-plane fields
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PRB 62 1399CHARACTERIZATION OF LOCALIZED HOLE STATES . . .
the one observed in Pr2CuO4,39 presumably because the EF
is even smaller at the nearly cubic Pr site in the Pr123 st
ture. We point out that the Pr linewidths turn out to be ind
pendent of oxygen content, in contrast to the Cu~1! reso-
nances.

Comparison of the Pr spectra in the three fully oxidiz
crystals in Fig. 8 shows immediately that the effective gy
magnetic ratios and the linewidths of the stoichiometric a
the Pr-rich sample are identical. The intensities of the t
signals have been scaled to the same maximum for this c
parison. The result shows most clearly that the local e
tronic state of the Pr ions contributing to the signal is t
same in the stoichiometric and the Pr-rich crystal. As in
cated above, there is no additional broadening in the Pr s
trum for off-stoichiometric oxygen concentrations, in co
trast to the obvious inhomogeneous broadening of the C~1!
resonance. This gives strong support to our earlier ass
ment of this signal to Pr on regular RE sites and not to
@Pr#Ba defect, because the regular site is shielded from
structural disorder in the chain layer by the CuO2 planes.

In contrast to the similarities of the Pr resonance on
Pr-rich side of the solid solution system we have scarc
been able to detect any Pr resonance in the Ba-rich sam
Again this supports our assignment of the Pr signal, since
substituting for Pr introduces disorder in the RE sublatt
and it has to be expected that large changes in the effec
gyromagnetic ratios of the neighboring Pr sites will effe
tively wipe out the Pr signal from that region.

III. DISCUSSION

A. Hole doping

The hole doping mechanism of the CuO2 planes with in-
creasing oxygen content of the chains in the RE123 struc
must be analyzed in two separate steps. First, the distribu
of oxygen on the chain sites has to be determined, then
number of holes induced by the various Cu~1!-O configura-
tions has to be found. Summation over the cluster proba
ties times the corresponding hole counts should then y
the overall hole concentration for a given oxygen concen
tion y.31 Cu~1! NQR may, in principle, contribute to bot

FIG. 8. Pr-field-sweep spectra at 102 MHz, 1.3 K, in a fie
B0ic. The amplitudes are scaled to allow comparison of the l
shapes. The signal in Pr123 is smaller by more than one orde
magnitude.
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questions. The resonance frequencies determine the qua
pole splittings and reflect the charge distribution, the relat
intensities of the lines correspond to the probabilities of
different oxygen coordinations of Cu~1!, so they give infor-
mation on the oxygen distribution.

The EFG at Cu~1! sites depends sensitively on the char
distribution on the chains. It is hard to calculate the EFG i
correlated electron system from first principles, but for t
chain layer local-density calculations show convinci
results.82 The main contributions arise from the charge d
tribution within the first Wigner-Seitz cell. This justifies th
phenomenological ansatz to separate the EFG tensor in
contribution from the incompletely filled Cu-dx22y2 orbital
and one from thep orbitals of the neighboring oxygens
Ohno, Koyama, and Yasuoka use for the Cu~1! site a 3d
contribution of 117 MHz/hole andn4pnQ

4p5267 MHz for
the contribution from n4p holes on the four oxygen
neighbors,38 making the quadrupole splitting very sensitiv
to the charge distribution in the chain layer. Neverthele
from Table II the EFG of Cu~1! in Y123 and Pr123 is very
similar for all oxygen coordinations.Vz in Pr123 is system-
atically smaller by'5%, which might well be due to the
differences in the lattice constants, andh of Cu(1)4 is some-
what reduced in Pr123, which might be connected to
relatively large defect concentrations. Furthermore, we fou
no evidence that the EFG at any of the Cu~1! coordinations
depends on the oxygen content, in contrast to the expe
tions in case of a localization of the carriers in the 1D chai
We conclude that the results strongly support the ansatz
the substitution of Y by Pr has very little influence on th
carrier concentration in the chain layer.

Cu~1! lines from sites in CuO clusters of different size
are not resolved, so a direct determination of the clus
probabilities from the Cu~1! line intensities is not possible
Following the procedure described by Heinmaaet al.34 we
may estimate, however, the mean chain length^n&51
12I 4 /I 3 from the relative intesitiesI 4 /I 3 of the three- and
fourfold coordination. Note that there is no model for th
oxygen distribution on the chain sites involved in this eva
ation of ^n&. The small size of the crystals introduces a re
tively large error in the orientation which has a strong infl
ence on the field sweep spectra especially for Cu(1)3. To
check for consistency we compare the intensities with
concentrationy5I 3/21I 4. If we consider only spectra which
could be fitted consistently in this sense we arrive at
dependence of the chain length ony compared in Fig. 9 with
the corresponding results from Lu¨tgemeieret al.35

Systematic errors for̂n& are due to the overlap of th
broad lines and to the assumption that no Cu~1! contributions
are missing in the experimental spectrum. It is quite poss
that part of the Cu~1! sites cannot be detected in NMR, eith
due to very large line broadening from an inhomogene
EFG distribution, or due to fast relaxation induced by slow
fluctuating on-site moments. As indicated above an orde
moment has been assigned to the chain sites in Pr123
neutron diffraction. We can exclude the presence of a sm
moment homogeneously distributed over the whole Cu~1!
sublattice. Aty>0.4 we find no evidence for magnetic lin
broadening, and fory50 the magnetic broadening o
'0.2 T together with the Cu~2! hyperfine coupling constan
in RE123 ('13.4T/mB) sets an upper limit of 0.02mB /Cu
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1400 PRB 62M. W. PIEPER, F. WIEKHORST, AND T. WOLF
for the crystals with low oxygen concentrations. Howev
we cannot exclude the existence of localized moments
Cu~1!-sites neighboring defects. We emphasize again
such defect induced moments determine most probably
low-temperature magnetism of the Cu~2! sublattice in Al-
doped samples,83 and they might well be present on Cu~1!
neighbors of Pr on Ba sites.

Despite this uncertainty in the integrated intensity of t
Cu~1! spectrum, which is common to some extent to
RE123 compounds with light RE, our experimental cha
lengths compare favorably with the expectation for the ch
length in the asymmetric next-nearest-neighbor Is

FIG. 9. Comparison of the mean Cu~1!-O-chain length versusy
determined from the relative intensities of the Cu~1! lines in RE123
with RE5La, Tm, Gd, Nd, Y~Ref. 35!, and Pr~this work!. The full
line sketches the expected behavior for a random distribution
chain oxygen, the dashed for repulsive O-O interactionV2, and the
dotted for attractiveV2. The bottom part shows the correspondi
distributions of oxygen on the chains at half filling. This depe
dence of the oxygen distribution on the RE radius may lead t
smaller doping of the CuO2 layer at intermediatey for larger RE,
but the influence of the RE radius onTcmax589–96 K is only
small.
,
n

at
he

l

n
g

~ASYNNNI! model with vanishingV2, the interaction of two
oxygen nearest neighbors with Cu~1! in between~see bottom
of Fig. 9!. The large, repulsive interactionV1 drives the for-
mation of chains with diverging length aty51 in the ortho-I
structure. The formation of the ortho-II superstructure of
ternating empty and long chains in Y123 aty50.5 is due to
an attractiveV2 in the case of a small RE. IfV2 is strongly
repulsive the so-called herringbone superstructure is stab
y50.5, and^n& will be one up to that point. This case i
apparently nearly realized with the large La ion on the R
site. Nd with a radius in between is well described by
random distribution of the oxygen on chains, as is Pr. T
origin of this influence of the RE ion on the interaction p
tential of oxygen in the ASYNNNI model is not clear at th
time, but Pr123 fits smoothly into the trend. This findin
underlines the conclusion above that Pr has no extraordin
influence on the electronic state of the Cu~1!O clusters.

The concentration of hole states in the CuO2-Pr-CuO2
trilayer should then be at all oxygen concentrations simila
the one in Y123, namely below the'0.35/unit cell in~su-
perconducting! Y123 at y51. Cluster and band-structur
calculations of the chemical potential as a function of t
chain length in Y123 indicate that only clusters of a leng
above approximately three oxygen sites can induce h
states in the CuO2 planes.36 Therefore the reduced averag
chain length in Pr123 may lead to a somewhat smaller h
concentration in Pr123 than in Y123 at the samey, at least if
this threshold behavior occurs in Pr123 as well. Besides
small difference we arrive at the conclusion that on aver
at most every third Pr localizes a hole within th
CuO2-Pr-CuO2 planes of the structure.

B. Pr-4f ground state

From the above arguments we are convinced that we
use the Pr resonance to probe the charge distribution in
CuO2-Pr-CuO2 trilayer by its effect on the crystalline electri
field ~CEF! of the Pr-4f shell. In cases where the NMR
signal of non-Kramers ions like trivalent Tm or Pr can
observed, rather detailed information especially on the lo
energy part of the CEF Hamiltonian is obtained.39 An experi-
mental determination of the crystal field at Pr from NMR
the more desirable since the spectra obtained in Pr123
INS are heavily broadened and the difficulties in their ana
sis lead to a considerable scatter in the CEF-energy le
schemes.15 A more extensive description of our analysis
the crystal-field HamiltonianHc f than was possible in Ref
18 seems to be in order in view of the controversal disc
sion initiated by the results obtained for the crystal with t
highest oxygen concentration.

As stated above, the anisotropic enhancement of the
romagnetic ratio (141g513 MHz/T without van Vleck con-
tributions! unambiguously identifies the signal as due
141Pr. It is, however, more difficult to identify the position o
the Pr in the lattice, and it has been argued that our NM
experiments might detect the signal from the@Pr#Ba-defect
sites.

There is strong experimental evidence against the ass
ment to the defects. As indicated above, the linewidth of
Pr resonance is independent of any oxygen- or Ba-site di
der in the chains, though this is clearly reflected in the Cu~1!
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PRB 62 1401CHARACTERIZATION OF LOCALIZED HOLE STATES . . .
spectra at intermediatey or off-stoichiometric Pr/Ba cation
ratio. Second, Figs. 7 and 10 show in accord with the
tailed crystal-field analysis below that the van Vleck susc
tibility tensor is very nearly tetragonal, and almost indepe
dent of y. This shows a tetragonal symmetry of the CE
independent of the oxygen contents of the chains. A sym
try close to tetragonal is in full accord with the expectati
for the regular Pr site at ally, because the site is far from th
chain layer and shielded by the CuO2 planes. The CEF of P
on Ba sites, on the other hand, is expected to reflect
orthorhombic symmetry aty51, where the neighboring
chains are filled, but also at smally, because Pr31 is known
to bind oxygen on the neighboring O~5! sites. In addition,
Allenspachet al. showed that the CEF of@Nd#Ba is com-
pletely different from the one on the RE site,84 while we
show below that the CEF we find from our results and
one determined from INS are rather similar. The stro
asymmetry of this configuration has been observed in
EFG of La on the Ba site.85

The connection between the anisotropicge f f observed in
Fig. 7 and the CEF can be understood in terms of a sin
ion description of the 4f shell. In Ref. 18 we derive the
nuclear spin Hamiltonian

FIG. 10. Dependence of the effective gyromagnetic ratios o
~top!, and the Pr signal amplitude normalized to sample volu
~bottom! on the oxygen concentration. The error bars in the ri
figure indicate alongy the uncertainty from the relative Cu~1!-line
intensities, along the intensity axis they estimate the uncertainty
to the different filling factors of the NMR coils. The sample denot
throughout the text byy50 for convenience is almost certainly no
fully reduced. In a second crystal with the same Cu~1! spectra we
observed no Pr resonance at all.
-
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-
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H5S \g1
AJ

gJmB
xaD I am0H0,a1

AJ

gJmB
^Ma&spI a

5\gam0H0,aI a1
AJ

gJmB
^Ma&spI a ~3.1!

for the nuclear spinI coupling with a gyromagnetic constan
g/2p513.0 MHz/T to the external fieldH0, and via the
hyperfine coupling constantAJ /h51093 MHz to the mo-
ment^M & in a 4f shell with angular momentumJ and Lande
factor gJ50.8. xa5]Ma /]Ha is the static van Vleck sus
ceptibility with the field along the crystallographic axisa
5a,b,c, ^Ma&sp is the spontaneous Pr moment along o
axis. The diagonalization ofH for H0iM sp or in the case of
large external fields is trivial in the notation with the effe
tive gyromagnetic ratioga in the second part of Eq.~3.1!.
The gyromagnetic ratiog changes to

ga5g1
AJ

\gJmB
xa , ~3.2!

which is independent of temperature and field as long as
is the case for the van Vleck susceptibility. This holds f
temperatures and fieldskBT,m0H0^M &a!Da , whereDa is
the smallest CEF splitting of 4f levels connected byJa .
From the linear field dependence of the resonance freque
in Fig. 7 it is clear thatga at 1.3 K is indeed independent o
the field up to at least 9 T~5 T for the field in the plane!. The
offset and the slope of the gyromagnetic lines determine
mediately the spontaneous Pr moment^M &sp and the local
susceptibilityxa , respectively.

The frequency offset is clearly smaller than 25 MHz f
all samples. It corresponds to a very small ordered mom
of below hn/AJ50.023mB /Pr in all cases, more than on
order of magnitude smaller than the 0.3–1.2mB detected with
neutron diffraction or Mo¨ssbauer spectroscopy. It was pe
haps this property which gave rise to the most severe do
about the interpretation of our spectra of the fully oxidiz
sample.

In order to understand the origin of this discrepancy it
usefull to discuss first the CEF. We compare the three
perimental components ofxa ,

xa5
\gJmB

AJ
~ga2g!, ~3.3!

with the ones calculated in the eigenbasis of a suitably m
elled crystal-field HamiltonianHc f (Hc fuk&5«kuk&):

xa5~gJmB!2(
k

F 1

kBT (
l

« l5«k

u^kuJau l &u2e2«k /kBT

1 (
l

« lÞ«k

u^kuJau l &u2
e2«k /kBT2e2« l /kBT

« l2«k
G . ~3.4!

Because of the exponential factors in Eq.~3.4! the suscep-
tibility is dominated by the matrix element of the total ang
lar momentum with the ground state and the lowest exc
state with nonvanishing matrix element. The most con
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1402 PRB 62M. W. PIEPER, F. WIEKHORST, AND T. WOLF
nient representation ofHc f for a calculation ofxa is by
means of the Stevens equivalent operatorsO l

m with crystal-
field parametersblm :

Hc f5(
lm

blmO l
m . ~3.5!

It describes the two 4f electrons in Russel-Saunders co
pling. TheLS admixture from spin-orbit coupling,86 which is
3100 K,87 and the interconfiguration coupling, i.e., the a
mixture of states from the multipletsJ55,6 considered by
Hilscher et al.,15 are neglected. This may be justified as
first approximation since the spin-orbit coupling is signi
cantly larger than the crystal-field splitting. ThenJ5L1S is
a good quantum number and the ground state of an isol
Pr31 is the ninefold3H4 multiplet, which is further split by
Hc f , or by a magnetic field. The representation is based
the Wigner-Eckhard theorem, which guarantees that the
trix elements ofHc f , taken within a subspace of state
uLSJMJ& with fixed quantum numbersL, S, andJ, are pro-
portional to a suitable polynomialO l

m of angular momentum
operators. The equivalent operators and the numerical fac
occurring in the Wigner-Eckard theorem are tabulated
Hutchings.88

The advantage of the equivalent operatorsO l
m is that the

matrix elements can be calculated in a physically transpa
way, since they contain only angular momentum operat
and usually a good fit of the energy spectrum is possible.
follow therefore the common practice in NMR and use b
low equivalent operators. Note thatAJ and gJ enter both
experimental parameters, the slope and the offset of the
romagnetic lines. The values forAJ andgJ introduced above
are the ones for the3H4 multiplet, and they allow for a fit to
the gyromagnetic lines with reasonable parameters. Th
not possible ifAJ is chosen significantly higher~to allow for
a higherM sp), because then unphysically large moments
sult in high field.

A good fit of the CEF energy spectrum from within th
J54 multiplet alone does, however, not necessarily im
the same precision for the crystal-field parameters. T
analysis of the INS spectra is usually based on a irreduc
representation ofHc f by spherical harmonics and shows a
mixture of states from higher configurations. The convers
factors for the crystal-field parametersBlm used in the irre-
ducible representations and theblm above may be deter
mined by comparison of the coefficients with equal symm
try and have been tabulated by Kassman.89 A comparison of
Hc f in the two representations is difficult if the interconfig
ration mixing has significant influence. In this case diffe
ences may occur in the eigenvalues ofHc f calculated from
the irreducible representation and the ones calculated f
the equivalent operator representation after conversion o
parameters.

For 4f electrons spherical harmonics up to the ordel
523356 andm< l can contribute to the series in Eq.~3.5!.
The point symmetry of Pr allows only for evenl
(50,2,4,6) andm(50,2,4,6< l ) in orthorhombic point sym-
metry, and the fourfoldc axis in tetragonal symmetry re
duces this further tol 52,4,6 andm50,4< l . Obviously it is
impossible to determine the full set from the three com
ed
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nents of the local susceptibilityxa , and in Pr123 even the
more detailed information from INS is insufficient. Fortu
nately, both methods are complementary: NMR is sensi
to the ground-state symmetry and the splitting of only t
low-lying levels, while the INS spectra suffer especially
low energy from the severe broadening, but well resolv
lines are observed'500 K above the ground state.

A simultaneous fit ofHc f to the results of both methods i
viable only for the samples with high oxygen concentratio
y. The difficulty is that our ground-state symmetry for ally
must be tetragonal with at most a very small orthorhom
distortion. The severe line broadening of the INS spec
does not allow us to determine the ground-state symm
unambiguously fory51, but for y50 any description with
tetragonal symmetry is very poor. We have therefore app
ently conflicting results from the two methods aty50.

In order to solve the problem we propose to take the
sults of both experiments at face value and assume the p
ence of Pr in two different symmetries on the RE sites. W
emphasize that the presence of two distinguishable electr
configurations of Pr was already proposed by Fehrenba
and Rice, so we use below their nomenclature for the t
sites. Here we only make use of the fact that the CEF sho
be different for Pr31, the site without a hole state in its 4f
shell and in the 2pp orbitals of the eight oxygen ligands, an
for PrIV, the site where a hole is localized in the 4f shell and
the 2pp-ligand orbitals. The concentration of the PrIV con-
figuration is according to Fehrenbacher and Rice directly
hole concentrationnh determined above from the Cu~1! reso-
nance, that is at most'0.35 holes per unit cell or roughly
every third Pr site.

First we assign the Pr resonance detected in NMR to
Fehrenbacher-Rice state PrIV, and Pr31 to the signal obtained
in INS ~and most other techniques!. From the NMR point of
view this is natural because the intensity of Pr resona
increases withy, that is, with the number of holes~see Fig.
10!. From the INS results the assignment is necessary
cause a signal is present aty50 and the CEF observed is a
all y similar to the one determined with very high accura
for other RE in RE123, where the hybridization state ReIV

does not exist.
The contradicting results of INS and NMR for the r

duced samples (y50) are now easy to understand. NM
observes a small signal from a few percent of Pr in the s
PrIV, which may be induced, e.g., by a small amount of ox
gen remaining on chain sites. In INS the small signal cor
sponding to these sites is probably not detected. On the o
hand, the Pr resonance from the state Pr31 dominating the
INS spectra may well be not observable in NMR, either d
to fast relaxation, or due to a large inhomogeneous broad
ing from the EFG of the distorted 4f shell and the magnetic
hyperfine fields induced by 4f moments.

Neary51, where approximately 1/3 of Pr is expected
be in the state PrIV, they certainly contribute to the INS spec
tra. Then we must seek for a simultaneous fit ofHc f to the
NMR data and the INS spectra, weighted for their high s
sitivity at low and high energies in the spectrum ofHc f ,
respectively. Any differences in the CEF energies of the t
Pr configurations must be compatible with the suppose
inhomogeneous linewidth of the INS spectra at energ
above approximately 500 K.
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The method we use to fit ofHc f to the NMR data and the
high-energy part of the INS spectrum is motivated by
almost cubic oxygen coordination of the RE site in RE12
We start from a CEF with cubic symmetry. We then impro
this solution with a tetragonal distortion, which we ma
‘‘polish up’’ with an additional orthorhombic distortion an
a local magnetic field.

The three steps are shown in Fig. 11. There is a gen
consensus from all experimental techniques that the cubicG5

triplet is the subspace underlying the quasitriplet at low
ergies ofHc f in Pr123. We therefore adjust the two param
etersb40,b60 of the cubicHc f ~see Ref. 90! to fit the splitting
between the ground state and the other levels, and the
between the other levels roughly to the experimental en
gies from INS. The left panel shows the regime ofb60 for
cubic symmetry, where theG5 triplet is the ground state (b40
is fixed at 0.335 K!. We chooseb6050.001 K as a cubic
approximation.

FIG. 11. Determination of the crystal-field parametersblm by
successively lowering the symmetry in the fit from cubic~left!, to
tetragonal~center!, to orthorhombic~right!. The horizontal lines
represent the crystal-field splittings determined by INS~left and top
figures! and the van Vleck moments of Pr determined from o
NMR data ~bottom figures!. Note that the upper-right figure con
tains only the levels at high energies, showing that a reasonab
to the energies in the resolved part of the INS spectra is achie
with this simple procedure.
e
.

al

-
-

ne
r-

Next we consider a tetragonal distortion by variation
b60 with b64520.021 K fixed at its cubic value~center pan-
els!. TheG5 triplet splits into a doublet and a singlet, whic
are the ground state forb60 larger or smaller than the cubi
value, respectively~top part!. The local susceptibility~bot-
tom part! xz fits the local susceptibility observed in the NM
experiment~horizontal lines! only if the singlet is the ground
state.xz is too large by two orders of magnitude ifb60 is
larger than its cubic value~in the right half of the central
panels!. With the singlet ground state the tetragonalxx (L)
falls between the orthorhombic in-plane susceptibilities
b60520.002 K. Simultaneously the splitting of the upp
levels is described more or less correctly~top!. At small y,
where we find tetragonal symmetry, this procedure lead
the parameters given in Table III.

The crystaly51 is the only one where we found a
orthorhombic splitting, and here we introduce the orth
rhombic distortionb22 shown in the right panel of Fig. 11
The changes in the high-energy eigenvalues are small~top,
note the suppressed zero!, and even the eigenvectors ofHc f
change only by a few percent. The fit to the transitions o
served in INS~horizontal lines! is already reasonable. Th
local susceptibilities~bottom! are well described atb22
51.9 K. We may now use the other parameters to ‘‘pol
the fit up,’’ but we emphasize that this is far from unambig
ous and any improvement is probably beyond the accur
of the description with Stevens equivalent operators. The
rameters given fory51 in Table III are an example for an
almost exact fit to the local susceptibilityand the energies
above 500 K.

Figure 12 shows a polar diagram of the charge distri
tion in the two-electron ground states calculated from o
crystal-field parameters fory51, and from the converted
crystal-field parameters of Hilscheret al.15 The state PrIV

observed in NMR is tetragonal, the small orthorhombic d
tortion is not visible. The eight lobes pointing along th
space diagonals of~nearly! a cube with oxygen at the corner
resemble closely the 4f state envisaged by Fehrenbacher a
Rice.22 Note that there are four additional lobes in the pla
perpendicular to thec axis pointing to the edges of the cub
The ground state Pr31 observed in INS looks very differen
at first sight, but from the above discussion the connect

r

fit
ed
INS

ed.
TABLE III. Top: Crystal-field parameters determined from the simultaneous fit to the high-energy
spectra and to the local susceptibilities measured by NMR in the case of Pr123,x51. Since we find
tetragonal symmetry for the local susceptibility we fit only toxa for Pr123,y50, and searched for the
nearest solution in the parameter space to the one ofy51. Bottom: Eigenvalues ofHc f as determined by
Hilscheret al. from INS ~Ref. 15!, and from our NMR data. Values in brackets are not directly observ
Note that we did not intend to fit the energies in the casey50.

blm @K# b20 b22 b40 b42 b44 b60 b62 b64 b66

y51 21.9 1.2 0.325 0 1.665 20.0022 0 20.0252 0
y50 0 0 0.335 0 1.675 20.0069 0 0.05 0

Ec f(y51)
INS @K# 0 17 38 731 786 ~825! ~854! 963 1130
NMR @K# 0 132 142 726 ~775! ~832! ~922! ~956! ~1126!

Ec f(y50)
INS @K# 0 20 39 714 ~727! ~733! 757 882 983
NMR @K# 0 208 208 351 ~506! ~835! ~866! ~866! ~1452!
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between both states is easy to visualize: Rotations of PrIV by
90° around the localx or y axis ('c) lead to the two remain-
ing states of the cubicG5 triplet, the doublet in the tetragona
symmetry. In a suitable orientation of the localx andy axes
such a rotated PrIV state resembles closely the state Pr31 in
the figure, only the four lobes which were formerly perpe
dicular toc are more pronounced. Note that the orientation
the localx andy axes or these four dominant lobes is det
mined only when, e.g., a Jahn-Teller distortion lifts the tw
fold degeneracy of this ground state in tetragonal symme

The physical origin for the different ground-state symm
tries is in our model the one missing electron charge in
2pp-ligand orbitals of the oxygen coordination of Pr in th
state PrIV. In the presence of this hole the tetragonal CEF
on the left-hand side in Fig. 11 with the singlet ground sta
If the orbitals are occupied the CEF changes to the rig
hand side and the doublet becomes the ground state.
doublet degeneracy may be lifted by a Jahn-Teller distor
leading to the ground state observed by INS.

C. Low-temperature magnetic structure

We now turn to the low temperature magnetic state of
All crystals investigated here show the well-known kink

FIG. 12. Polar plot of the shape of the 4f 2 wave function of Pr
as determined from our NMR data~top!, and from INS~bottom!.
The ~tetragonal! c axis points to the top, the eight lobes along t
local ~111! directions point to the oxygen neighbors. Only one
the two possible orthorhombic ground states for INS is shown,
other one is rotated byp/2 around thec axis.
-
f
-
-
y.
-
e

s
.

t-
he
n

r.

the low-temperature susceptibility, indicating a magne
transition at temperatures increasing with oxygen cont
from '10 to 18 K ~see Fig. 2!. In the discussion following
our first observation of nonmagnetic Pr it became clear t
there is a simultaneous transition in the magnetic structur
the Cu~2! sublattice, but even taking this complication in
account moments of at least 0.5mB /Pr are required to de
scribe the magnetic Bragg peaks at ally.

The observation of a Pr moment is consistent with
interpretation presented above if the state Pr31 carries this
moment, and the existence of two magnetically differe
sites has been considered much earlier as a possible e
nation for the broad141Pr-Mössbauer spectra.79 The fact that
TN increaseswith the concentration of thenonmagneticsite
PrIV is, however, in clear contradiction to the concept th
Pr-Pr exchange is the origin of the transition. Even the f
that the transition occurs at all would be surprising aty51,
because the magnetism of the RE sublattice is known to
strongly two dimensional, and the percolation threshold
the square lattice with nearest-neighbor exchange is o
0.5928. The 30% nonmagnetic impurities introduced by h
doping would bring the lattice almost to the percolation. O
viously a similar difficulty with the exchange coupling aris
with the small dependence of the PrTN on magnetic dilution
by other RE ions.

We propose therefore that the Pr moments are induce
the transition in the Cu~2! sublattice. The mechanism is th
same we introduced in our previous work,18 but now we
have to consider two different Pr sites. The different ma
netic properties of the two Pr sites are a direct conseque
of the two ground-state symmetries discussed above:
tetragonal symmetry of the state PrIV has as a consequenc
the cancellation of all transferred hyperfine fields from Cu~2!
at the Pr site, therefore the Pr moment vanishes. The s
moment indicated by the offset in the resonance freque
may be induced by dipolar fields from the Cu~2! moments,
which do not fully cancel by symmetry.

On the other hand, the four pronounced lobes of the s
Pr31 can point to the center of the edges of the cube span
by the oxygen, that is, to four of the Cu~2! sites~see Fig. 12!.
Note that these moments are parallel in the structure p
posed as a first approximation in Ref. 18 and sketched in
figure, and that they do have a parallel component in
refined structure determined later by neutron diffraction.
such a case the transferred hyperfine fields at the Pr sit
not cancel. The size of the induced moments depends e
nentially on the small splitting of the quasitriplet in the CE
@see Eq.~3.4!#. Despite the considerable scatter in the C
parameters determined for Pr31 from INS it is clear that the
splitting is smaller by at least a factor of 2 than the 130 K
obtained above for the state PrIV, with the result that a trans
ferred hyperfine field in the order of 1 T can be sufficient to
induce the observed moments.

Note that no extraordinarily high Pr-Pr exchange is
quired to explain the surprisingly highTN in this model,
therefore the problem of the small dependence of the tra
tion temperature on magnetic dilution does not occur. Ho
ever, an exchange interaction of the order of 1 K may help to
understand at least qualitatively the peculiar orientation
the Pr moments, halfway between the CuO2 plane and thec
axis.91,41 If the Pr moments are induced by internal fiel
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rather than due to 4f -4 f exchange interactions the magne
structure of the Pr sublattice is expected to reflect the on
the Cu~2! sublattice, a feature which might be used to che
our model. In this context it is interesting to note that
orders magnetically at exceptionally highTN in a number of
related cuprates when it is situated between antiferrom
netic ~insulating! CuO2 sheets.45–47To our knowledge, there
has been only one report of coexistence of Pr order
superconductivity,92 but the sample was inhomogeneous a
only partially superconducting, so magnetic order and sup
conductivity might be located in different volume fraction

IV. CONCLUSIONS

We reported NMR/NQR investigations of the charge d
tribution in Pr11xBa22xCu3O61y crystals at low temperature
Comparison of the EFG at Cu~1! in the chains with the one
in Y123 confirms the assumption of the hybridization mod
that the hole states doped with increasingy into the structure
are not localized in the chain layer but in the CuO2-Pr-CuO2
trilayer. The relative intensities of the resonances co
sponding to the different oxygen coordinations of Cu~1! in
the chains show that there is no tendency to form O-Cu~1!-O
chains with Pr on the RE site, a result which fits nicely in
the trend of the interaction of oxygen on chain sites with
RE radius.

Our investigations of the Cu~1! and Pr resonance in off
stoichiometric crystals in the Pr/Ba solid solution syste
show that the accessible concentration range forx in
Pr11xBa22xCu3O61y can be extended to negativex by
preparation at reduced partial oxygen pressure. The fin
print of the@Ba#Pr defect in the Ba-rich crystal is a wipeou
of the Pr-signal and an inhomogeneous internal magn
field at the Cu~1!-site, which we ascribe to localized singl
states in the antiferromagnetic CuO2 layers. @Pr#Ba in the
Pr-rich crystal, on the other hand, does not influence the
resonance or induce disorder in the magnetic Cu~2! structure,
but the structural and charge disorder in the chain laye
of
k
r

g-

d
d
r-

-

l,

-

e

r-

ic

r

is

evident from the inhomogeneity of the Cu~1!-quadrupole
splittings. These findings give strong support to our ear
assignment of the Pr signal to regular~RE! sites.

The Pr resonance was observed in all crystals except
fully reduced, stoichiometric specimen. In order to give
consistent interpretation of this NMR signal as well as
the observations from INS and the volume probes, we p
pose that the two electronic Pr configurations introduced
Fehrenbacher and Rice correspond to two different grou
state symmetries of Pr in the RE layer. We provide evide
that NMR detects only the state with a hole localized in
4 f shell and the 2pp orbitals of the surrounding oxyge
ligands, while the properties observed with space-integ
techniques like INS are dominated by the response from s
without such a localized hole. The model is supported by
count of localized carriers with the Cu~1! resonance, the de
creasing intensity of the Pr resonance with decreasing o
gen concentrationy, by our detailed analysis of the CEF o
Pr, and it explains the discrepancy in the magnetic state
Pr observed in NMR on one hand, and INS and susceptib
on the other. Finally, we argue against the assumption
a strong, enhanced 4f -4 f exchange as the origin o
the extraordinarily high Pr ordering temperature and the s
pression of superconductivity. As an alternative we prop
that the Pr moments are induced by internal fields wh
appear due to the reorientation transition of the Cu~2!-
moments.
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