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We investigated the charge distribution in PiBa, ,Cu;0g, crystals at liquid-He temperature by means
of ©%%cu and*Pr-NMR and nuclear quadrupole resonance. The electric-field gradients determined for the
different oxygen coordinations of Cl) on the chains confirm the model that the hole states are localized in the
O2p orbitals of the Cu@ planes. The intensity and line-shape analysis of thel\cand Pr resonances in the
oxygen doping seriesxe0y=0---1) and in the Pr/Ba solid-solution seriegy=1) allows us to assign the
Pr resonance to Pr at rare-eaffRE) sites. Therefore we can investigate the charge distribution in the
CuG,-Pr-CuG 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.

[. INTRODUCTION be rather small. The fact that Pr123 is an antiferromagnetic
insulator instead of metallic and superconducting like the
PrBaCu;0; is the one insulating member of the isostruc- other members of the RE123 series may then be due to either
tural series REB&Cu;0; of high-T, superconductots(RE ~ a suppression of the doping, or a detail of the electronic
=rare earth, Y, La, abbreviated below REl2%imulta- structure loweringl;m.x dramatically.
neously the magnetic properties of Pr differ dramatically There is no obvious and generally accepted parameter
from the reasonably well understood 4nagnetism of all connected withT ., Of the cuprates. In RE123 one finds
other rare earths in this structure. This extraordinary behawearly independent of the RE.,,,=93+4 K. Magnetic
ior of Pr attracted considerable interest from experimentapair breaking by the Pr4moments, enhanced by a hybrid-
and theoretical physics throughout the last decade becauseizaition with the bands in the Cylanes, has been invoked
might shed some light on the microscopic origin of high- as a mechanism to suppress superconductivity by lowering
superconductivity in the cuprates. From the point of view ofT,,... A phenomenological combination of Abrikosov-
applied physics it is important to understand the physicalGorkov pair breaking and hole depletion can successfully
properties of the material because of its potential use inlescribe the dependence of the supercondudtingn the Pr
superconductor-insulator heterostructures. concentration in RRE,; _,123%" and it has been argued that
There is a general consensus that the structural key elehe exceptionally high ordering temperature of the Pr sublat-
ment of the cuprate superconductors are the Cplanes. tice, Ty=12-18 K compared to 2.1 K for Gd, also supports
The undoped Cu©plane is an antiferromagnetic charge- this view® However, the results cannot be described by pair
transfer insulator: Photoemission spectroscopy shows thdfreaking alone, it is necessary to take hole depletion into
the on-site correlation energy of the @2 electrons is account. Otherwise Pr would not suppress supercon-
large enough to push the lower Hubbard band below theluctivity and the MIT at the same critical Pr concentration,
2p-oxygen band.Upon hole doping an insulator-metal tran- and T, would drop linearly at smallz, which is not
sition (MIT) takes place, with a superconducting groundobserved.®® Furthermore, there is evidence against pair
state in a certain range of hole concentrations. The depemreaking!® and it is possible to modél.(z) without mag-
dence of the superconducting transition temperaiiyen  netic pair breaking under the assumption that the influence of
the hole concentration;, in the CuQ plane follows a uni- Pr on the doping depends on its concentratiGhEven if
versal law close td’C/TcmaX:1—[(nh—nopt)/An]2, where  one agrees that pair breaking is indicated experimentally at
this has positive solutiori§ (note that other dependencies least near the critical Pr concentration, it is not obvious that
have been proposed, e.g., the trapezoid shape in Refih 5 a Pr moment is involved since near the MIT localized Cu
contrast to the large differences in the maximum transitiormoments in the Cu®layers may be candidates for pair
temperatureT ..« between cuprates, the variations of the breakers as well.
optimum hole concentratiom,,~0.3/CuQ unit and the Therefore the current attempts to explain the role of Pr
threshold concentratiod, for superconductivity appear to focus on the suppression of the hole doping. There is clear
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experimental evidence that Pr does not simply fill the holecarriers in the planes of metallic, fully oxidized

states with its 4 electrons. Various techniqués;**includ- PrY,_,12338 Belovv_ we use _the Qu) EFG at varioqs OXy-

ing inelastic neutron-scatterin@gNS) (Refs. 15 and 16and ~ gen contents to verify experimentally the assumption under-

Pr is close to 3, the same as for the other RE, and staysUQ:-RE-CUQ layers, independent of the presence of Pr.

constant independent of the oxygen contehtFurthermore, . One m|g.ht_ expect that the special arrangement of charges
. - : ’ in the hybridized state proposed by Fehrenbacher and Rice

spectroscopic methods sensitive to the density ofpChale

tates detect simil ts in Pri23 in the oth shows in the crystal-field parameters of the ghell of Pr.
;Elezsgzoglec simifar-amounts i Frles as in e oefnfortunately, the lines from crystal-field transitions in INS

. are severly broadened, giving rise to large uncertainties in
The by now generally accepted model for the suppressiog,q symmetry as well as in the energies of the low-lying

of hole doping was proposed by Fehrenbacher and Ricgrystal-field leveld®!® NMR is very sensitive especially to
(FR) In the|r mOde| the h0|eS become |Ocallzed n the an“'the Symmetry of the ground state and the position Of the
bonding O-D orbitals of the plane&’ These states are |owest excitationg® In a previous work we reported mea-
favorable to the po states populated in the absence of Prsyrements of thé**Pr resonance in Pr123 f(yr:j__ls Most

due to their hybridization with thef4 shell of Pr. This view remarkably, we found a different ground-state symmetry for
has been supported and extended by band structure calcul?* from the one used to describe the INS spectra. More-
tions of Liechtenstein and Mazin, showing that with increas-over, the virtually nonmagnetic state of Pr at low tempera-
ing radius of the RE just for Pr a different band witf 4 tures which is without doubt what is observed in our NMR
character crosses the Fermi let&f*and by Wang, Rushan, measurements is in clear contrast to the antiferromagnetic Pr
and Su, who explicitly included a third band from the chainorder detected by neutron diffraction and the homogeneous
layers to describe the hole concentration as a function of theusceptibility?°~428

Pr concentration in the RE lay&t.As an alternative to the Our interpretation of the NMR data has been strongly
hybridization models it has been discussed that Pr mightuestioned because of these findifig&;€but no consistent
push the hole states in a band associated with the apesxplanation for both the NMRndthe neutron data has been

oxygen?>26 proposed up to now. Therefore we extended the investigation
Experimentally, the hybridization show&mong other of the Pr resonance to crystals over the whole ragge
techniques in detailed Pr-O bond-length analyéfsin the  =0-1 of oxygen concentrations, and to crystals with differ-

strong broadening of the crystal-field transitions in IN$®  ent concentrations in the Ba/Pr solid-solution system. On this
and x-ray absorptiof£?° Using polarized x rays Meret al.  basis we confirm our initial assignment of the Pr resonance
were recently able to show that the orientation of tipetible  to Pr on regular RE sites. In view of the strong doubts our
states in the structure is indeed different in Y123 and Pr123prief description of the # ground state in Ref. 18 did en-
giving very strong support to the hybridization mod&l. counter we give below a rather detailed discussion of our
Clearly, a microscopic characterization of the localized holedetermination of the crystal-field ground states of Pr in this
states is very desirable in order to distinguish between thstructure. This leads us to a consistent description of the
models and address open problems such as the mechanismNi¥IR and neutron experiments, basically by assuming that
the carrier localization or of the role of the Pr and Cu mag-the interpretation of both has been correct, and assigning two
netism at low temperature. different electronic states of Pr to the conflicting experimen-
In RE123, doping of the Cufplanes is achieved by tal observations.
variation of the oxygen content of the chain layer, and one of Finally we discuss the impact of this model on the under-
the basic ingredients of hybridization models is that this dopstanding of the low-temperature magnetism of Pr and the
ing mechanism is independent of the RE ion. A model forother rare earths in this remarkable material. As indicated
the dependence of the hole coumton the oxygen concen- above, the Pr magnetism with its’ 8leéemperature up to 18
tration in the chainy has to address two problems, namely, K in Pr123 and in related cupraf@4*~*’is as outstanding as
the distribution of oxygen in the chains, and the hole counthe suppression of superconductivity. It is tempting to relate
induced by a given oxygen configuratighThe nonrandom the two effects by the argument that thé-2p s hybridiza-
oxygen distribution in the chain layer is best described by theion suppresses superconductivity by switching on pair
asymmetric next-nearest-neighbor Ising modéf It de- breaking at Pr moments, and simultaneously induces the high
scribes the various superstructures observed at intermadiatel via a substantial enhancement of the4f exchangé.
(most important the formation of chains in Y123yat0.5)  We would like to caution about this argument: While there is
which depend strongly on the RE ion.tigemeieret al.have  ample evidence for the hybridization itself and we present
shown that C(1)-(chainjsite NQR is a suitable method to more below, the contribution of pair breaking to the suppres-
investigate this distributioff*® but they did not include sion of superconductivity is much less cléaee above and
Pr123 in their studies, so we analyze this case below in somgae role of the 4 exchange in Pr magnetic order seems even
detail. more open. In fact the exchange is known to be small for all
The dependence of the hole count on the oxygen configusther rare earths, the ordering of the othdr oments is
ration with the chain length as the most prominent parametemostly due to dipolar interactiof§. This is most convinc-
has been subject to detailed theoretical studies in ¥123. ingly demonstrated by the small dependencd gfon mag-
On the experimental side the electric-field gradiEfG) at  netic dilution in the rare-earth sublattice for all magnetic RE
the Cul) sites is a sensitive probe of the charge balancéons?®~5 All magnetic RE, including the exceptional singlet
between the planes and the chain lalfe®hno, Koyama, ground-state Pr, order well above the 40% percolation
and Yasuoka used this to estimate the number of mobil¢hreshold for dilution of the square lattice with nearest-



1394 M. W. PIEPER, F. WIEKHORST, AND T. WOLF PRB 62

neighbor exchange. The order is therefore ascribed to the
long-range dipolar coupling of the magnetic rare earths,
which is clearly not an option in the case of Pr123. The
dependence offy on oxygen content is also puzzling, if
hybridization enhanced exchange is the origin. y¥&t0,
where there is no hybridization of hole statég, is still as
high as 12 K. In Pr123Ty increases with the hole count,
while it decreases for Nd in Nd1Z%.In the concluding sec-
tion of the discussion we show that the increasd gfof Pr

is even more puzzling in view of our NMR data, and discuss
induced magnetism of the Pr sublattice as an alternative
model.

Il. EXPERIMENTAL DETAILS AND RESULTS

A. Sample characterization

The main difficulties in the experimental verification of
the models arise from the complex doping mechanism in the

RE123 series on the hand, and from the strong influence of
crystal preparation on the material properties on the other. A
remarkable example is the preparation of crystals under spe- T &
cial conditions that do become superconducting, With,ax TIC] :.-"'E']fz-”ss.-"
even higher than in the other RE123>{00 K under Pri23ss
pressurg®>°® In order to provide a reliable basis for com- 90043 %
pa_lrison of rgsults obtained With other sa_m_ples we present in BaCu0, P?CHO4
this subsection a rather detailed description of the sample +
preparation. g0 ] Pr123ss % Cuo
High quality Pr123 crystals of a size suitable for NMR 1 0 1 2D

(=10 mg) are still very difficult to prepare. One major
problem is the contamination of the Qi sublattice with Al FIG. 1. Top: Schematic phase diagram of the Pr-Ba-Cu-O sys-
from Al;0; crucibles(up tq 39%’ _because this has a strong tem at '94.0 °C i.n 1-bar ©(solid lineg and in 63-mbar @ (dotted
influence on the oxygen d'Str'bu“a"aS well as on the mag- jines). stoichiometric phases are indicated by filled squares. A few
netic structure of the G@) sublattice at low temperatuf’é. conoidal lines connecting the liquidus surface with the Pr/Ba solid
We avoid the Al contamination by use of MgO crucibles, sojution systeniPr123ss are shown with the starting compositions
which results in a much smaller contamination by Mg for the crystal growth marked by the dots. Bottom: Schematic phase
(=1%) because of the higher melting point of MgOThe  diagram = along the horizontal line corresponding  to
best stoichiometric crystals available are grown in BaZrO Pr,, ,Ba,_,Cus0,_, in the upper part, again for 1-bar,@solid),
crucibles, but they have been too small for NMR up to now.and 63-mbar @ (or 300-mbar air, dotted

A second problem is the existence of a finite solid solu-
tion range for the RE/Ba sublattices for the light rare earth
(Nd, Pr, La.5"® The solid solution range is a four-
dimensional volume in the phase diagram spanned by te
peratureT, partial oxygen pressur@(O,), and the two-

Yatio of the growing crystals was set by the Cu/Ba ratio of
the flux via the conoidal line to the solidus surface. Tempera-
Mre and oxygen pressure for variationsxolvere chosen as

dimensional2D) triangle of cation concentrations, sketched marked by the dots in the phase diagram to obtain crystals

for fixed T and p(O,) in Fig. 1. The stable compositions with hi.gh and_ low Pr content along the conoidal lines indi-
form the surface of this volume in the phase diagram withc@t€d in the figurésee also Table)l o .
the ellipses in Fig. 1(top) indicating cross sections. Also ~ 1he two crystals prepared to obtain off-stoichiometic
shown are the liquidus surfaces and the conoidal lines convere oxidized in 1-bar flowing oxygen in the temperature
necting them to the solid solution systems at two different@ange 600—300 °C to obtayr=1. The crystals of the series
p(0,). In the absence of other metals which may substitutaVith various oxygen content were prepared along the route
for Cu (e.g., Al from the cruciblesone may assume a con- denotedx=0 in the table, the oxygen content was set in a
stant Cu content. In this case the ellipses in Fig. 1 degeneragémilar tempering step under suitable oxygen pressure. The
to horizontal lines at the concentrations oxygen concentratioy expected from the tempering condi-
RE;; Ba,_,Cu;0g,, and the solid solution range has only tions is in all cases in accord with the relative NMR-line
the three degrees of freedom p(0O,), andx. intensities of the C{1)-O coordinations in the chainsee
The accessible range »flepends on temperature, oxygen below). The error iny estimated from the NMR spectra is
partial pressure, and on the rare-earth radius. In general, tf&6. We expect that we may not reach the end members
RE contentx increases with increasing oxygen partial pres-(especiallyy=0) by approximately that margin, but will
sure and rare-earth radius, and with decreasing temperatumeevertheless denote them for brevity wigkr0 andy=1,
at least in the vicinity below the peritectic temperature. Werespectively. We did not succeed to prepare superconducting
grew Pr123 crystals by the slow cooling metfddhe Pr/Ba  Pr123 along this route, all samples are semiconducting.
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TABLE |. Preparation parameters and characterization of thdimited to the chains, an independent mechanism not active
crystals. The flux composition is given in the first block, followed in Nd123 must be present in Pr123 to suppress the MIT and
by the preparation atmosphere and the temperature program, Withs%lperconductivity in the CuO planesffg We emphasize,
slow decrease at the indicated rate in the given interval, and gowever, thaf Pr]g, may well influence the low-temperature

quench or slow cooling to RT. The morphology and pOSSiblemagnetic structure of the €2) sublattice by inducing mag-
growth twins are indicated in the last block.

netic moments on Q) sites’*’*NMR and neutron diffrac-
tion consistently showed that Cij moments induced by

x<0 x=0 x>0 (nonmagnetit Al couple the planes ferromagnetically along
at. % Pr 2 2 2 the ¢ axis and can induce a rotation transition of the(Zu
at. % Ba 37 30 28 moments(AF-I structure to avoid Cy1) frustration/>> A
at. % Cu 61 68 70 similar magnetic transition in Al free, semiconducting
Nd123 may well be due to Nd on Ba sit¥s/> and Rosov
300-mbar air 1-bar air 1-barO et al. reported ordered QW) moments in Pri23 at low
r°cl 9702908 1000939 1000948 temperaturé® Magnetic Cil) is not detected in Q) NQR
[*Clh] _o04 _ 05 _ 0.35 (se_e below and Rgf. 7§and is therefore most probably lo-
) ' ' calized at defect sites in the structure.
quench slow cool quench While x is always positive for Nd, the accessible range in
orthor. orthor. tetr. the Pr/Ba solid solution system may extend to the Ba-rich
(100/ (010 (010 (111) side, as is the case for La/Ba in La123 Substitution of Pr

(+3) by Ba (+2) should increase the hole count in the
planes, and, in fact, it has been suggested that the supercon-

At this point we would like to note that the local Pr/Ba ductivity in_Prl23 crystals prepared by Zou and
ratio of a given sample with fixed overadlcan be influenced co-wor_ker% - .. Might be due to heavy Ba doping of the Pr
by an additional heat treatment at higher temperature as wefublattice?*"® Note that disorder on the Pr sublattice at
but the composition of the resulting crystal is inhomoge-sma”er _defect concentrations has been invoked as a viable
neous. For small deviations from the equilibrium surface dnechanism to Iocal|ze3 the hole states in the
crystal may decompose into a member of the solid solutiorff-2p-hybridization band: o
system with a different RE/Ba ratio, and either other stable The symmetry and the morphology of the oxidized crys-
phases like BaCug or a second member of the solid solu- tals depend in a charactgnsuc way pmh_at we .also find in
tion system. Larger deviations from equilibrium may lead toL2123 and Nd123. Ba-rich and stoichiometric crystals ex-
a spinoidal decomposition where, for example, the Pr/Ba rah_lblt an orthorho_mblc structure with twins, whereas th_e_ Pr-
tio varies laterally and changes with time. The final state 01r|c_h cr_ystal kept its tetragonal_ structure even after addm_onal
these decomposition reactions depends on the initial RE/B@Xidation treatments under high oxygen pressures. This re-
ratio and whether or not this cation ratio is located inside theSult was expected because the extra oxygen ions on (e O
four-dimensional volume of the solid solution system. In theSites between the C1)O chains reduce the orthorhombicity.
case of a spinoidal decomposition the regions of different "€ morphology of the crystals changes with increasing
Pr/Ba ratios within a sample are very close to each otheRE/Ba ratio from isometric blocks, sometimes with addi-
(10—100 nm, and any integral chemical analysis will repro- tional (101 faces, formed by stoichiometric samples, to the
duce the composition of the untreated sample.

Unfortunately, the substitution of Ba by Pabbreviated
[Pr]g, below is hard to detect by standard scattering tech-
niques because of the similar scattering cross sections of F
and Ba. We have therefore up to now in our preparation little
guantitative control ofx. A unique way to determine the
[ Pr]ga concentration is the magnetic signal in polarized neu-
tron scattering from these defeéfsCrystals prepared along
the route denoteck=0 were analyzed by Markvardt al.
using this technique, and &r]g, concentration near 5% was
detected® We therefore expect~0.05 in the crystals we
tempered to obtain various oxygen contents.

Neutron diffraction showed that Pr on Ba sites is not re-
sponsible for the extraordinary suppression of superconduc
tivity in Pr123. Krameret al. report that Pr]g; and[Nd]g,
have similar influence on the materials properft$he RE

ion binds oxygen on otherwise empty neighborin@xy- FIG. 2. Inverse low temperatugeb-plane mass susceptibilities
gen sites between chalns, disrupting the chain order in t_h%owing the low-temperature magnetic transition. Thé2Csub-
process” The defect is expected to reduce the hole count inatice orders antiferromagnetically near room temperature. Below
the planes and provides a strong scattering center in the,, (arrowg Pr carries a moment of 0.3—g.794*1The transi-
chain layer, where it may contribute to suppress onetion is very sensitive to sample quality; Ureaal. observed a tran-
dimensional(1D) conductivity in the chainf°® However, sition in two steps in high-purity crystals grown in BazO
the experiments indicate that the influence of the defects isrucibles*

1,191
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FIG. 3. Zero-field NQR spectra of the Q) sites in Pr123. The FIG. 4. Field-syveep SpeCtra of the @"_ sites in Pr123 at 81
assignment of the lines to the two-, three-, and fourfold oxygenHZ and 4.2 K with the field along théwinned a and b axes.
coordination of C(@) corresponds directly to the one for the other 1°9€ther with similar spectra with the field along thexis (not
RE123. The insets show the temperature corrected echo amplitud!oWn the positions of the quadrupole satellite transitions deter-
at constant excitation conditions versus temperature to illustrate thg""€ the electric-field gradient tensor, their intensities the distribu-
systematic change in the influence of the fluctuation3 gt (ar- tion of oxygen in the chains.
rows, see tejt

19-33 MHz for the NQR spectra of the (i sites in the
formation of (100/(001) growth twins and, finally, even to antiferromagnetic RE123 (REPr) and the assignment of
(001)/(1112) growth twins at largex. All orthorhombic crys- the lines to the different oxygen coordinations of(Qus by
tals investigated in this work are twinned with respect to thenow well established3* The line positions and the relative
a andb axes, but we find no indication faraxis twins in the intensities are similar to the ones observed in the other
NMR spectra. RE123, so we can safely use the same assignments

In Fig. 2 the low-temperature susceptibility in a field of 1 [Cu(1),=21.8 MHz, Cu(1}=23.3 MHz, and Cu(l)

T perpendicular to the axis clearly displays the cusp asso- =30.1 MHz for ®3Cu]. The subscripts denote the number of
ciated with the reorientation transition in the @usublattice  oxygen in the C(l)-coordination shell, four for Qd) in a
and the appearance of the Pr moments at various oxygeull chain, three for a chain end position, and two for the
concentrations. The size and shape of the feature is vergpex oxygen in an empty chain position.
sensitive to sample quality and even depends on magnetic The lines are significantly broader than in the other
history of the sampl&’ In clean samples the transition tem- RE123 systems, where widths well below 100 kHz are ob-
perature drops from near 17 K =1 to 12 K aty=0, served in the homogeneous end members. The broadening
similar to what we find in our crystals. The transitions occurmay be due to structural defects inducing a distribution in the
at 14.9 and 12 K for the Ba-rich and the Pr-rich sampleelectric-field gradient$EFG), and to inhomogeneities in the
respectively(not shown. magnetic structure of the @@) lattice inducing inhomoge-
neous internal magnetic fields. The two cases can be distin-
. uished from spectra obtained in a large external field, where
B. Cu(1)-O chains '?he frequency gf the central transitiongis to first-order inde-

Figure 3 shows the zero field spectra, Fig. 4 shows th@endent of the EFG, so its linewidth is dominated by inho-
field sweep spectra in Pr123 at various oxygen concentranogeneities of internal magnetic fields, while the distance
tionsy. The spin-echo spectra were taken at 4.2 K and abetween the satellites and the central transition is determined
comparably long pulse distances 40 usS) to suppress the by the component of the EFG tensor along the magnetic
contribution of the C(R) sites. The frequency range of field, so the satellites are broadened by both, distributions in
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TABLE II. Comparison of the largest eigenvalu€, (in 20 By ®cu -wire
10 2' VIm?), the asymmetry parameter, and the eigenvalue of —o—prrich] | 4 T
the EFG along the axis, for the three Qi) coordinations in Y123 i
and Pr123. 15 |

RE=Y RE=Pr —~ 10
2]
Site V. e m v, e g £
Cu(l), 1181 Vv, 00 11.74 V, <0.05 g
Cu(1) 9.25 vV, 0.3 8.84 V, 0.4 -
Cu(1), 84 V, >098 79 V, 0.9(=.1) a
E

c 15
o
e

the EFG and in the internal magnetic field. In fact, both cases 8 10

have been observed, Nehrke, Pieper, and Wolf found a sig-
nificant narrowing of the G) lines aboveT,, aty=0, a
clear indication that magnetic disorder is present at low tem-
peratures, while Grevimt al. confirmed our result that the
magnetic transition afy, does not influence the linewidth at
y=1, instead they find that the linewidth is due to the for-
mation of a charge density wave at 100+k® 10
The fluctuations at low temperature confirm, however,
that the transition aly, in our crystals is magnetit. The
insets to Fig. 3 display the systematic change of this behavior Sr
with increasing oxygen content. The insets show the s
3Cu(1)-signal intensity, corrected for the Curie law of
nuclear magnetization, versus temperature, measured acros: 4 5
Tno (@arrows. The spin echo is measured at low temperatures
with a repetition time shorter than the relaxation timgfor

equilibration of the nuclear-spin syst_em. U_nder such circum- 15 5 Comparison of the field-sweep spectra of Guat 81
stances one expects that the amplitude increases when gy, in pr123 aty=1 prepared in different oxygen atmospheres
relaxation time decreases, as is expected near a magnetifee Table)l The vertical lines at the center transitions mark the Cu
phase transition. The stoichiometric crystalyat0 (top)  resonance from the wire of the pick-up coil, and at fiéu satel-
clearly shows this behaviolT, decreases with increasing lites the position in the stoichiometric sampleottom). The full
temperature and a pronounced minimumTgfat Ty, leads lines are simulated spect(aee text for parametersFor the sto-
to a peak in signal intensity. With oxygen dopifig be- ichiomgtric s_ample the decomposition int_o foursubspe(ttw_va iso-
comes shorter in the low-temperature phase, leading to {QPes in a field along the local or y axis of the EFG is also
higher signal than abov&,,, and the relaxation induced mndicated.

peak at the transition is lost, presumably swamped by the _

large background of fluctuating fields in the ordered phaseSrystals, therefore we give only the EFG component along
At y=1 finally, no significant effects of the transition could 1he tetragonal symmetry of Cu(3)mplies 7=0, as is ob-

be detected in this simple way. However, we found evidenc&€"Ved:

for two contributions to the fluctuations in this temperature IntFig.fE?[hwethcomr;ellrle thgd_fielg-sweter? spin-echo(_glih
range for the fully oxidized crystal in full;, measurements. spectra ot the three fully oxidized crystas, again wi €

One component is almost independent of temperature an%f(temal field applied along the andb axes. The fourfold

may be quadrupolar or magnetic, the other shows a broa(aoordmatlon Cu(1) characterized by the EFG tengif |

o . . _=|Vy,ll or »=0.9 is the only one which we could identify in
frmgumauﬂnsstlmz and is ascribed therefore to magnetic our crystals, as is expected for filled chains. All(Cuspec-

, L tra are centered at the Cu resonance of the metal, showing
‘The point symmetry of the Q) sites implies that the yhat the Cu-chain sites detected in NMR carry no moment in
principal axes of the EFG tensor for all oxygen coordinationshese crystals. We emphasize that this means only that there

are along the _crystallographic axes. The full tensor iSis no homogeneous magnetization on the(XTsublattice.
thereby, determined by the assignment of the eigenvaluesy(1) moments localized at defect sites in the structure may
Vy,Vy,V; (in ascending order of absolute valueg® the  well be undetectable by NMR due to short relaxation times.
axes, by the size of the largest eigenvalie and by the The spectrum of the Pr-rich sampl®p) shows a larger
asymmetry parametem=|vx—vy|/vz. We determined splitting than the stoichiometric or(bottom), an inhomoge-
these values from fits to the field-sweep spectra with the fielsheous broadening of the satellite lines, but no significant
along thec axis, and along tha andb axes. The values are broadening of the central line. The high-field shoulder at 7.4
compared in Table Il with the ones observed in Y123. WeT of the 53Cu-central transition can be assigned to th#1)
cannot distinguish between tleeandb axis in our twinned growth twins mentioned above. As discussed above, the
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broadening of only the satellite lines shows directly the pres PrBa,Cu,0,,

s)

ence of disorder in the charge distribution of the chain layer, & 100 -

+
clear evidence for the substitution of divalent Ba by tetrava- = i \+\ —=— 69 MHz ]
lent Pr and the disorder this defect site induces in the oxygen € 80 AR
chains. On the other hand, the unchanged central linewidth ~ 60 +\+ —v— 155 MHz |
proves the absence of internal magnetic fields at th&)Cu & | \+—0—179 MHz |
site, indicating that the magnetic structure of thgZsub- € 40 N R M
lattice is not affected by the defects. 2 ‘& 0y,
The spectrum of the nonstoichiometric Ba-rich crystal & 0\

Spe . 20 g/ "Vv\, _—
(centey is, in contrast, best described by two subspectra. One o¥ || a,b e |
with approximately 30% relative intensity is the same as for o B . . . .

the stoichiometric crystal, accordingly the environment of
1/3 of the Cul) sites is unchanged. A significant broadening
of the central transitions together with a severe broadening of

the satellites shows the presence of innomogeneous magneticz100 [ e agy & # o K o o mﬁ
fields together with charge disorder for the majority of the & < —4a— 59MH
Cu(1) sites. The inhomogeneous width of the central transi- = gg —v— 65M
tion corresponds to internal magnetic fields~D.2 T, in 'c% : —¢— 85MHg
full agreement with the transferred hyperfine fields from the ~ 60 E:}gg m:—:
Cu(2) moments at the Ga) site (=0.1 T) that are known TEJ- ’%(_141 MH3
from studies of the so-called AF-Il structure in Al-doped @ 40 =
Y1235° The defects in this crystal do therefore introduce £ g
inhomogeneities in the magnetic structure of théZTsub- 3 20

lattice.

The most plausible explanation for the fact that the size of 0
the internal fields agrees well with the known transferred
hyperfine field from the C@) moments is that the divalent
Ba dopes a hole state into thg2_,2—2po band of the FIG. 6. Field-sweep spectra of Pr in slightly dopeg=(0.2)
CuG, planes, similar to the well known case of Ca doping onPr123 with the field along the axis (top), and thea and b axis
the RE site in RE123. One might expect that this will form at(bottom). At frequencies below=40 MHz there is increasing over-
low Ba concentrations in the RE sublattice a localizedlap with the Cyl) spectra, especially Cu(4 at small oxygen con-
Zhang-Rice singlet, which in turn would lead to a(@u centrations.
moment missing in the configuration of the neighboring
Cu(1) site. The intrinsic superconductivity of Pr123 crystalslowery overlaps with the very complicated Qix spectrum.
prepared under special conditions discussed recently is ihhe linewidth is seen to be roughly proportional to the fre-
view of these results most probably due to these holes beiuency or the optimum field, indicating that the inhomoge-

coming mobile at higher Ba concentrations, just as in thé€ous broadening is due to a distribution of the local gyro-
other highT, cuprates. magnetic ratios with a width of approximatety10%. There

is no indication of any unresolved quadrupole splitting like

C. Pr resonance 250 T
T a2 us 6.0
We observed Pr resonances very similar to the ones re 2 PrBa,Cu,0,,
ported in Ref. 18 in all crystals except one specimen with the 200 ,P,:gzzgﬂsg&"
nominal concentratiog=0. In a second reduced crystal we 75 PrBa.CUO, ]

found the signal, but its intensity is very small. Figure 6
shows the field sweep spectrayat 0.2, Fig. 7 shows the

gyromagnetic lines for all samples. The signal is clearly due T
to *!Pr since this is the only ion in the structure which may 100
show van Vleck paramagnetism and the corresponding an_, ;5

isotropic enhanced gyromagnetic ratigs;; (the slopes at g

high fields, see below = ¥ ]
vets 1S @lmost indendent of, only for y=0 we find a 25 T

higher value than in doped crystals with the field alongahe 0

axis, and a relatively small one with the field in plane. The
fully oxidized, stoichiometric crystal is the only one where

an orthorhombic distortion is detected by a splitting of the £, 7. Field dependence of the Pr-resonance frequency with
Pr-resonance line at low external in plane fiefsise Ref. 18  the field applied along the axis (right), and along the andb axes

for a detailed discussion of this effecThis does not prove, (ieft) for the different oxygen concentratiogs The full lines were
however, that the symmetry is tetragonal on a local scale fogalculated for the van Vieck paramagnetism of the Prshell in
y=0.7 in our crystals. A splitting similar to the one reported the crystal field as described in the discussion. See Nedirke for

for y=1 might be hidden, because the smaller Pr signal ah detailed discussion of the line splitting in small in-plane fields.
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F—e— Pr123 Ad
—A— Pr-rich /'
—v— Ba-rich (*20)

questions. The resonance frequencies determine the quadru-
pole splittings and reflect the charge distribution, the relative
intensities of the lines correspond to the probabilities of the
different oxygen coordinations of Clj, so they give infor-
mation on the oxygen distribution.

The EFG at C(L) sites depends sensitively on the charge
distribution on the chains. It is hard to calculate the EFG in a
correlated electron system from first principles, but for the
chain layer local-density calculations show convincing
results®? The main contributions arise from the charge dis-
tribution within the first Wigner-Seitz cell. This justifies the
phenomenological ansatz to separate the EFG tensor into a

contribution from the incompletely filled Cdg2_,2 orbital
wH, [T] and one from thep orbitals of the ne|ghbor|ng_ oxygens.
Ohno, Koyama, and Yasuoka use for the(Qusite a 3
FIG. 8. Pr-field-sweep spectra at 102 MHz, 1.3 K, in a field contribution of 117 MHz/hole and14pvép= —67 MHz for
Bollc. The amplitudes are scaled to allow comparison of the linethe contribution from N4p holes on the four oxygen
shapes. The signal in Pr123 is smaller by more than one order Q‘ieighbors?"g making the quadrup0|e Sp"tting very sensitive
magnitude. to the charge distribution in the chain layer. Nevertheless,
from Table Il the EFG of C(1) in Y123 and Pr123 is very
the one observed in BEuQ,,* presumably because the EFG similar for all oxygen coordinationd/, in Pr123 is system-
is even smaller at the nearly cubic Pr site in the Pr123 strucatically smaller by~5%, which might well be due to the
ture. We point out that the Pr linewidths turn out to be inde-differences in the lattice constants, apaf Cu(1), is some-
pendent of oxygen content, in contrast to the(IJueso-  what reduced in Pr123, which might be connected to the
nances. relatively large defect concentrations. Furthermore, we found
Comparison of the Pr spectra in the three fully oxidizedno evidence that the EFG at any of the(Qucoordinations
crystals in Fig. 8 shows immediately that the effective gyro-depends on the oxygen content, in contrast to the expecta-
magnetic ratios and the linewidths of the stoichiometric andions in case of a localization of the carriers in the 1D chains.
the Pr-rich sample are identical. The intensities of the twowe conclude that the results strongly support the ansatz that
signals have been scaled to the same maximum for this conthe substitution of Y by Pr has very little influence on the
parison. The result shows most clearly that the local elecearrier concentration in the chain layer.
tronic state of the Pr ions contributing to the signal is the Cu(1) lines from sites in CuO clusters of different sizes
same in the stoichiometric and the Pr-rich crystal. As indi-are not resolved, so a direct determination of the cluster
cated above, there is no additional broadening in the Pr spegrobabilities from the C{l) line intensities is not possible.
trum for off-stoichiometric oxygen concentrations, in con- Following the procedure described by Heinmetaal 34 we
trast to the obvious inhomogeneous broadening of th@)Cu may estimate, however, the mean chain length=1
resonance. This gives strong support to our earlier assign+ 2|,/I, from the relative intesitie$, /15 of the three- and
ment of this signal to Pr on regular RE sites and not to thgourfold coordination. Note that there is no model for the
[Pr]g, defect, because the regular site is shielded from thexygen distribution on the chain sites involved in this evalu-
structural disorder in the chain layer by the Gu@anes. ation of(n). The small size of the crystals introduces a rela-
In contrast to the similarities of the Pr resonance on theively large error in the orientation which has a strong influ-
Pr-rich side of the solid solution system we have scarcel\ence on the field sweep spectra especially for Cy(Tp
been able to detect any Pr resonance in the Ba-rich samplgheck for consistency we compare the intensities with the
Again this supports our assignment of the Pr signal, since Baoncentratiory=15/2+1,. If we consider only spectra which
substituting for Pr introduces disorder in the RE sublatticecould be fitted consistently in this sense we arrive at the
and it has to be expected that large changes in the effectivependence of the chain length yoompared in Fig. 9 with
gyromagnetic ratios of the neighboring Pr sites will effec-the Corresponding results frorn"tgg;meieret a|_35
tively wipe out the Pr signal from that region. Systematic errors fofn) are due to the overlap of the
broad lines and to the assumption that nd3ontributions
are missing in the experimental spectrum. It is quite possible
that part of the C(L) sites cannot be detected in NMR, either
due to very large line broadening from an inhomogeneous
The hole doping mechanism of the Cu@lanes with in-  EFG distribution, or due to fast relaxation induced by slowly
creasing oxygen content of the chains in the RE123 structuructuating on-site moments. As indicated above an ordered
must be analyzed in two separate steps. First, the distributiomoment has been assigned to the chain sites in Pr123 by
of oxygen on the chain sites has to be determined, then theeutron diffraction. We can exclude the presence of a small
number of holes induced by the various(CuWO configura- moment homogeneously distributed over the wholg1Cu
tions has to be found. Summation over the cluster probabilisublattice. Aty=0.4 we find no evidence for magnetic line
ties times the corresponding hole counts should then yieltiroadening, and fory=0 the magnetic broadening of
the overall hole concentration for a given oxygen concentra=~0.2 T together with the G@) hyperfine coupling constant
tion y.3! Cu(1) NQR may, in principle, contribute to both in RE123 (~13.4T/ug) sets an upper limit of 0.Q2;/Cu

Ill. DISCUSSION
A. Hole doping
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W77 (ASYNNNI) model with vanishing/,, the interaction of two
F REBa.CLO s /i oxygen nearest neighbors with @uin between(see bottom
2oy R of Fig. 9. The large, repulsive interaction, drives the for-
A Pr 2 v;" mation of chains with diverging length gt=1 in the ortho-l
o Tm,Y,Gd 5 I structure. The formation of the ortho-II superstructure of al-
c10 F Z [‘; o 0 S ternating empty and long chains in Y123yat 0.5 is due to
s S an attractiveV, in the case of a small RE. W, is strongly
S V.’ ] repulsive the so-called herringbone superstructure is stable at
0 g ?,/ l y=0.5, and({n) will be one up to that point. This case is
v o~ B ] apparently nearly realized with the large La ion on the RE
1B e J site. Nd with a radius in between is well described by a
T N T T random distribution of the oxygen on chains, as is Pr. The
0.0 0.2 0.4 0.6 0.8 1.0 origin of this influence of the RE ion on the interaction po-
y tential of oxygen in the ASYNNNI model is not clear at this
time, but Pr123 fits smoothly into the trend. This finding
underlines the conclusion above that Pr has no extraordinary
YoX XoX XL Nek No X XX Xo L Nox) influence on the electronic state of the(CW clusters.
YB#CuOq 5 The concentration of hole states in the GuR-CuG
A S S A S trilayer should then be at all oxygen concentrations similar to
e0000000808080eOe the one in Y123, namely below the 0.35/unit cell in(su-
perconducting Y123 aty=1. Cluster and band-structure
¢ e o o o o o o o calculations of the chemical potential as a function of the
a b chain length in Y123 indicate that only clusters of a length
above approximately three oxygen sites can induce hole
e0e ¢0eOe o 00000 states in the Cu@planes®® Therefore the reduced average
PrBa,Cu{ s . .
e0e0e 00e 80e o o chain length in Pr123 may lead to a somewhat smaller hole
§ v, concentration in Pr123 than in Y123 at the saynat least if
¢ oeQCe eCe o0e o o this threshold behavior occurs in Pr123 as well. Besides this
\'2) ; . .
vf‘(&)m small difference we arrive at the conclusion that on average
[ NOX NOX ) ° e e o e e

at most every third Pr localizes a hole within the
CuO,-Pr-CuQ planes of the structure.

eQe e Qe e e e e [}
LaBa,Cu

o e0e o0 606 eQ0e B. Pr-4f ground state

From the above arguments we are convinced that we can
use the Pr resonance to probe the charge distribution in the
e o0e o608 e(0e o000 CuG,-Pr-Cuq trilayer by its effect on the crystalline electric
field (CEP of the Pr-4& shell. In cases where the NMR
signal of non-Kramers ions like trivalent Tm or Pr can be
observed, rather detailed information especially on the low-

nergy part of the CEF Hamiltonian is obtain€d\n experi-

ental determination of the crystal field at Pr from NMR is
the more desirable since the spectra obtained in Pr123 by
distributions of oxygen on the chains at half filling. This depen- INS are heavily bro_adened and the (_jlfflcultles in their analy-
dence of the oxygen distribution on the RE radius may lead to 'S lead Et-)o a conS|derabI-e scatter, m_ the CEF-energy level
smaller doping of the Cuplayer at intermediatg for larger RE, schemes: A more extensive description of our analysis of
but the influence of the RE radius oR,.,=89-96 K is only the crystal-field Hamiltoniar¥. than was possible in Ref.
small. 18 seems to be in order in view of the controversal discus-

sion initiated by the results obtained for the crystal with the

for the crystals with low oxygen concentrations. However,highest oxygen concentration.
we cannot exclude the existence of localized moments on As stated above, the anisotropic enhancement of the gy-
Cu(1)-sites neighboring defects. We emphasize again thatomagnetic ratio {*'y=13 MHz/T without van Vleck con-
such defect induced moments determine most probably thigibutions unambiguously identifies the signal as due to
low-temperature magnetism of the @u sublattice in Al-  **Pr. Itis, however, more difficult to identify the position of
doped sample® and they might well be present on @y the Pr in the lattice, and it has been argued that our NMR
neighbors of Pr on Ba sites. experiments might detect the signal from Her]z,-defect

Despite this uncertainty in the integrated intensity of thesites.
Cu(1) spectrum, which is common to some extent to all There is strong experimental evidence against the assign-
RE123 compounds with light RE, our experimental chainment to the defects. As indicated above, the linewidth of the
lengths compare favorably with the expectation for the chairPr resonance is independent of any oxygen- or Ba-site disor-
length in the asymmetric next-nearest-neighbor Isingder in the chains, though this is clearly reflected in thélCu

e (e e (e e Qe e (e °

FIG. 9. Comparison of the mean Qy-O-chain length versug
determined from the relative intensities of the(Qdines in RE123
with RE=La, Tm, Gd, Nd, Y(Ref. 35, and Pr(this work). The full
line sketches the expected behavior for a random distribution o
chain oxygen, the dashed for repulsive O-O interactignand the
dotted for attractive/,. The bottom part shows the corresponding
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H=

. )I H +AJ<M>I
Y QJ,U«BXQ aMoMo QJ,U«B a/sp' a

nE ) -

Hll ab
Hilc .
H Il ab, Pr-rich for the nuclear spith coupling with a gyromagnetic constant
Hll¢, Pr-rich 1 vI2m=13.0 MHz/T to the external field,, and via the
30, ] hyperfine coupling constam;/h=1093 MHz to the mo-
[ ] ment(M) in a 4f shell with angular momentumhand Lande
factor g;=0.8. y,=JM,/dH, is the static van Vleck sus-
0.0 0.2 0.4 0.6 0.8 1.0 ceptibility with the field along the crystallographic axig

y =a,b,c, (M,)sp is the spontaneous Pr moment along one
axis. The diagonalization dft for Ho|M, or in the case of
|_;_| ] large external fields is trivial in the notation with the effec-
tive gyromagnetic ratioy, in the second part of Eq3.1).
The gyromagnetic ratigy changes to

£

z 60 [ - As

;, i :ﬁyaMOHO,ala+ <Ma>sp|a (31)
Jomp

&5

=

O n

o (3.2
Ya= V¥ o Xa :

which is independent of temperature and field as long as this
is the case for the van Vleck susceptibility. This holds for
temperatures and fieldgT, ugHo(M),<A,, whereA, is

the smallest CEF splitting of #4 levels connected by, .
From the linear field dependence of the resonance frequency
y in Fig. 7 it is clear thaty, at 1.3 K is indeed independent of
the field up to at least 9 15 T for the field in the plane The

FIG. 10. Dependence of the effective gyromagnetic ratios of Pr

(top), and the Pr signal amplitude normalized to sample volumeOﬁcset and the slope of the gyromagnetic lines determine im-

(bottom) on the oxygen concentration. The error bars in the rightmed'ate_ly, the spontaneous Pr moméht);, and the local
figure indicate along the uncertainty from the relative Cl)-line susceptibilityx, , reSpeCt_lver.
intensities, along the intensity axis they estimate the uncertainty due 1 he frequency offset is clearly smaller than 25 MHz for
to the different filling factors of the NMR coils. The sample denoted @ll samples. It corresponds to a very small ordered moment
throughout the text by =0 for convenience is almost certainly not Of below hv/A;=0.023ug/Pr in all cases, more than one
fully reduced. In a second crystal with the samgTspectra we ~ order of magnitude smaller than the 0.3—dgXletected with
observed no Pr resonance at all. neutron diffraction or Mesbauer spectroscopy. It was per-
haps this property which gave rise to the most severe doubts

spectra at intermediatg or off-stoichiometric Pr/Ba cation 2g%u;|ethe interpretation of our spectra of the fully oxidized

ratio. Second, Figs. 7 and 10 show in accord with the de- - . o
' ' . In order to understand the origin of this discrepancy it is

tailed crystal-field analysis below that the van Vleck suscep- sefull to discuss first the CEE. We compare the three ex-

tibility tensor is very nearly tetragonal, and almost indepen—u ' IScuss 1l ' P X

dent ofy. This shows a tetragonal symmetry of the CEF'perlmentaI components of

independent of the oxygen contents of the chains. A symme-

try close to tetragonal is in full accord with the expectation :ﬁQJMB (Yu— ) (3.3

for the regular Pr site at ajl, because the site is far from the Xa A; Ya= V) '

chain layer and shielded by the Cuplanes. The CEF of Pr

on Ba sites, on the other hand, is expected to reflect theith the ones calculated in the eigenbasis of a suitably mod-

orthorhombic symmetry ay=1, where the neighboring elled crystal-field Hamiltoniart; (Hcslk) =zy/k)):

chains are filled, but also at smagil because Bt is known

0.8

to bind oxygen on the neighboring(®) sites. In addition, &= 8K

Allenspachet al. showed that the CEF dfNd]g, is com- Yo=(9518)2> T > (K3 |1y [2eexkeT

pletely different from the one on the RE sftewhile we ke ltslo

show below that the CEF we find from our results and the &1 o e ek/keT_ g1 /kgT

one determined from INS are rather similar. The strong + E |<k|Ja||>|2 . (3.9
[

asymmetry of this configuration has been observed in the €17 8k
EFG of La on the Ba sit&

The connection between the anisotropigs observed in Because of the exponential factors in E814) the suscep-
Fig. 7 and the CEF can be understood in terms of a singletibility is dominated by the matrix element of the total angu-
ion description of the # shell. In Ref. 18 we derive the lar momentum with the ground state and the lowest excited

nuclear spin Hamiltonian state with nonvanishing matrix element. The most conve-
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nient representation of{; for a calculation ofy, is by  nents of the local susceptibility,, and in Pr123 even the
means of the Stevens equivalent operatdf8 with crystal-  more detailed information from INS is insufficient. Fortu-
field parameter®,, : nately, both methods are complementary: NMR is sensitive
to the ground-state symmetry and the splitting of only the
low-lying levels, while the INS spectra suffer especially at
Hcf=2 bimO". (3.5 low energy from the severe broadening, but well resolved
Im lines are observed-500 K above the ground state.
A simultaneous fit of{.; to the results of both methods is
It describes the two #electrons in Russel-Saunders cou- yjgple only for the samples with high oxygen concentrations
pling. TheL S admixture from spin-orbit couplin®f,whichis . The difficulty is that our ground-state symmetry for gl
3100 K7’ and the interconfiguration coupling, i.e., the ad-must be tetragonal with at most a very small orthorhombic
mixture of states from the multiplets=5,6 considered by (distortion. The severe line broadening of the INS spectra
Hilscher et al,** are neglected. This may be justified as adoes not allow us to determine the ground-state symmetry
first apprOXimation since the Spin-orbit COUpling is Slgnlfl- unambiguous]y fo[y: 1, but fory:O any description with
cantly larger than the crystal-field splitting. ThésL +Sis  tetragonal symmetry is very poor. We have therefore appar-
a good quantum number and the ground state of an isolatngﬂy conflicting results from the two methodsyat 0.
Pr* is the ninefold®H, multiplet, which is further split by In order to solve the problem we propose to take the re-
Hcs, or by a magnetic field. The representation is based 0Buits of both experiments at face value and assume the pres-
the Wigner-Eckhard theorem, which guarantees that the mance of Pr in two different symmetries on the RE sites. We
trix elements of ¢, taken within a subspace of states emphasize that the presence of two distinguishable electronic
ILSJIM;) with fixed quantum numbers, S, andJ, are pro-  configurations of Pr was already proposed by Fehrenbacher
portional to a suitable polynomi&? " of angular momentum and Rice, so we use below their nomenclature for the two
operators. The equivalent operators and the numerical factosstes. Here we only make use of the fact that the CEF should
occurring in the Wigner-Eckard theorem are tabulated bybe different for P¥", the site without a hole state in itsf 4
Hutchings®® shell and in the P orbitals of the eight oxygen ligands, and
The advantage of the equivalent operat® is that the  for Pr'V, the site where a hole is localized in thé ghell and
matrix elements can be calculated in a physically transparenhe 2p#-ligand orbitals. The concentration of the"Pcon-
way, since they contain only angular momentum operatorsfiguration is according to Fehrenbacher and Rice directly the
and usually a good fit of the energy spectrum is possible. Wéole concentration,, determined above from the Cb) reso-
follow therefore the common practice in NMR and use be-nance, that is at most0.35 holes per unit cell or roughly
low equivalent operators. Note that; and g; enter both  every third Pr site.
experimental parameters, the slope and the offset of the gy- First we assign the Pr resonance detected in NMR to the
romagnetic lines. The values f8; andg; introduced above Fehrenbacher-Rice stated Prand P#* to the signal obtained
are the ones for théH, multiplet, and they allow for a fitto in INS (and most other technique$rom the NMR point of
the gyromagnetic lines with reasonable parameters. This igiew this is natural because the intensity of Pr resonance
not possible ifA; is chosen significantly highéto allow for  increases witly, that is, with the number of holgsee Fig.
a higherMy), because then unphysically large moments re-10). From the INS results the assignment is necessary be-
sult in high field. cause a signal is presentyat 0 and the CEF observed is at
A good fit of the CEF energy spectrum from within the all y similar to the one determined with very high accuracy
J=4 multiplet alone does, however, not necessarily implyfor other RE in RE123, where the hybridization statd"Re
the same precision for the crystal-field parameters. Theloes not exist.
analysis of the INS spectra is usually based on a irreducible The contradicting results of INS and NMR for the re-
representation of{.; by spherical harmonics and shows ad- duced samplesy(=0) are now easy to understand. NMR
mixture of states from higher configurations. The conversiorobserves a small signal from a few percent of Pr in the state
factors for the crystal-field parameteBs,, used in the irre- PrV, which may be induced, e.g., by a small amount of oxy-
ducible representations and thi,, above may be deter- gen remaining on chain sites. In INS the small signal corre-
mined by comparison of the coefficients with equal symme-sponding to these sites is probably not detected. On the other
try and have been tabulated by KassffA. comparison of  hand, the Pr resonance from the statd"Pdominating the
H.s in the two representations is difficult if the interconfigu- INS spectra may well be not observable in NMR, either due
ration mixing has significant influence. In this case differ-to fast relaxation, or due to a large inhomogeneous broaden-
ences may occur in the eigenvaluestf; calculated from ing from the EFG of the distortedf4shell and the magnetic
the irreducible representation and the ones calculated fromyperfine fields induced byf4dmoments.
the equivalent operator representation after conversion of the Neary=1, where approximately 1/3 of Pr is expected to
parameters. be in the state P¥, they certainly contribute to the INS spec-
For 4f electrons spherical harmonics up to the ortler tra. Then we must seek for a simultaneous fitHgf; to the
=2X3=6 andm=I can contribute to the series in E§.5). NMR data and the INS spectra, weighted for their high sen-
The point symmetry of Pr allows only for eveh  sitivity at low and high energies in the spectrum Hf;,
(=0,2,4,6) andn(=0,2,4,6<1) in orthorhombic point sym- respectively. Any differences in the CEF energies of the two
metry, and the fourfolcc axis in tetragonal symmetry re- Pr configurations must be compatible with the supposedly
duces this further tb=2,4,6 andn=0,4<I. Obviously itis  inhomogeneous linewidth of the INS spectra at energies
impossible to determine the full set from the three compo-above approximately 500 K.
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2000 =TT T r] Next we consider a tetragonal distortion by variation of

g o ;’“’ bgo with bg,= —0.021 K fixed at its cubic valueenter pan-

u? rem | 000 els). TheT'® triplet splits into a doublet and a singlet, which

B AN S0t . E UL LR are the ground state fdrg, larger or smaller than the cubic
. LRNOL @a,, =" |ov0psssssssssasessssssd value, respectivelytop parl. The local susceptibilitybot-

tom par} x, fits the local susceptibility observed in the NMR

1000 % .z, oo AT experimenthorizontal lineg only if the singlet is the ground
i R P S ot state. y, is too large by two orders of magnitude hif is
o, 0050 o0 0.03 " x Tl larger than its cubic valuén the right half of the central
sor B “ 1 s o2 L e panel$. With the singlet ground state the tetragogal ( ¢ )
o % Joomst o °, oon falls between the orthorhombic in-plane susceptibilities at
B e % 0007 00| bgo=—0.002 K. Simultaneously the splitting of the upper
0,000 0.005.0010 “ 0005 0,000 0.005 05 10 15 levels is described more or less corredtigp). At smally,
b, [K], cubic b,, [K], tetragonal b,, [K], orthorhombic where we find tetragonal symmetry, this procedure leads to
the parameters given in Table IIl.
FIG. 11. Determination of the crystal-field parametbrg by The crystaly=1 is the only one where we found an

successively lowering the symmetry in the fit from cullieft), to  grthorhombic splitting, and here we introduce the ortho-
tetragonal(centej, to _orthorh_or_nblc(rlght). _The horizontal lines  hombic distortionb,, shown in the right panel of Fig. 11.
rgpresent the crystal-field splittings determined by Mand P The changes in the high-energy eigenvalues are stoa|
figureg and the van Vleck moments of Pr dete_rmlne_d from our | te the suppressed zgrand even the eigenvectors .
NMR data (bottom figures Note that the upper-right figure con- h v b few percent. The fit to the transitions ob-
tains only the levels at high energies, showing that a reasonable T‘I:t ange only by a per .
to the energies in the resolved part of the INS spectra is achieve erved in INS.(h.c.)r.Izontal liney is already reaspnable. The
with this simple procedure. ocal susceptibilities(bottom) are well described ab,, _
=1.9 K. We may now use the other parameters to “polish
The method we use to fit df(.; to the NMR data and the the fit up,” but we emphasize that this is far from unambigu-
high-energy part of the INS spectrum is motivated by theous and any improvement is probably beyond the accuracy
almost cubic oxygen coordination of the RE site in RE123.0f the description with Stevens equivalent operators. The pa-
We start from a CEF with cubic symmetry. We then improverameters given foy=1 in Table Il are an example for an
this solution with a tetragonal distortion, which we may almost exact fit to the local susceptibilignd the energies
“polish up” with an additional orthorhombic distortion and above 500 K.
a local magnetic field. Figure 12 shows a polar diagram of the charge distribu-
The three steps are shown in Fig. 11. There is a generdion in the two-electron ground states calculated from our
consensus from all experimental techniques that the dibic crystal-field parameters foy=1, and from the converted
triplet is the subspace underlying the quasitriplet at low encrystal-field parameters of Hilschet al'® The state PY
ergies of H¢s in Pr123. We therefore adjust the two param-observed in NMR is tetragonal, the small orthorhombic dis-
etersh,g,bgp Of the cubicH,; (see Ref. 9pto fit the splitting  tortion is not visible. The eight lobes pointing along the
between the ground state and the other levels, and the orspace diagonals dhearly a cube with oxygen at the corners
between the other levels roughly to the experimental eneresemble closely thef4state envisaged by Fehrenbacher and
gies from INS. The left panel shows the regimetgf, for ~ Rice?? Note that there are four additional lobes in the plane
cubic symmetry, where thE; triplet is the ground statebg, perpendicular to the axis pointing to the edges of the cube.
is fixed at 0.335 K. We choosebg,=0.001 K as a cubic The ground state Pt observed in INS looks very different
approximation. at first sight, but from the above discussion the connection

TABLE Ill. Top: Crystal-field parameters determined from the simultaneous fit to the high-energy INS
spectra and to the local susceptibilities measured by NMR in the case of B2, Since we find
tetragonal symmetry for the local susceptibility we fit only yg for Pr123,y=0, and searched for the
nearest solution in the parameter space to the one=df. Bottom: Eigenvalues df{.; as determined by
Hilscheret al. from INS (Ref. 15, and from our NMR data. Values in brackets are not directly observed.
Note that we did not intend to fit the energies in the cas®.

bim [K] b2 by, bao ba, D44 beo be2 bes bes
y=1 -19 1.2 0.325 0 1.665 —0.0022 0 —0.0252 0
y=0 0 0 0.335 0 1.675 —0.0069 0 0.05 0

ch(y: 1)

INS [K] 0 17 38 731 786 (825 (854 963 1130

NMR [K] 0 132 142 726 (775 (832 (922 (956) (1126

ch(y: O)

INS [K] 0 20 39 714 (727 (733 757 882 983

o

NMR [K] 208 208 351 (506 (839 (866 (866 (1452
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the low-temperature susceptibility, indicating a magnetic
transition at temperatures increasing with oxygen content
from ~10 to 18 K(see Fig. 2 In the discussion following
our first observation of nonmagnetic Pr it became clear that
there is a simultaneous transition in the magnetic structure of
the CU2) sublattice, but even taking this complication into
account moments of at least @uB/Pr are required to de-
scribe the magnetic Bragg peaks atyall

The observation of a Pr moment is consistent with the
interpretation presented above if the staté'Pcarries this
moment, and the existence of two magnetically different
sites has been considered much earlier as a possible expla-
nation for the broad“*Pr-Massbauer spectrd.The fact that
Ty increaseswith the concentration of thronmagneticsite
PV is, however, in clear contradiction to the concept that
Pr-Pr exchange is the origin of the transition. Even the fact
that the transition occurs at all would be surprising/atl,
because the magnetism of the RE sublattice is known to be
strongly two dimensional, and the percolation threshold for
the square lattice with nearest-neighbor exchange is only
0.5928. The 30% nonmagnetic impurities introduced by hole
doping would bring the lattice almost to the percolation. Ob-
viously a similar difficulty with the exchange coupling arises
with the small dependence of the Py on magnetic dilution
by other RE ions.

We propose therefore that the Pr moments are induced by
the transition in the Q2) sublattice. The mechanism is the
same we introduced in our previous wdfkbut now we
have to consider two different Pr sites. The different mag-
netic properties of the two Pr sites are a direct consequence
of the two ground-state symmetries discussed above: The

FIG. 12. Polar plot of the shape of thé%wave function of Pr  tetragonal symmetry of the state'Phas as a consequence
as determined from our NMR datéop), and from INS(bottom.  the cancellation of all transferred hyperfine fields from(Zu
The (tetragongl ¢ axis points to the top, the eight lobes along the at the Pr site, therefore the Pr moment vanishes. The small
local (111) directions point to the oxygen neighbors. Only one of moment indicated by the offset in the resonance frequency
the two possible orthorhombic ground states for INS is shown, thqnay be induced by dipolar fields from the @umoments,
other one is rotated byr/2 around thec axis. which do not fully cancel by symmetry.

On the other hand, the four pronounced lobes of the state
Pr?* can point to the center of the edges of the cube spanned
by the oxygen, that is, to four of the @) sites(see Fig. 12
Note that these moments are parallel in the structure pro-
posed as a first approximation in Ref. 18 and sketched in the

figure, and that they do have a parallel component in the
the figure, only the four lobes which were formerly perpen- J y P P

dicul d N hat the ori . trefined structure determined later by neutron diffraction. In
lcular toc are more pronounced. Note t. atthe onemanon Olsuch a case the transferred hyperfine fields at the Pr site do
the localx andy axes or these four dominant lobes is deter-

) v wh h ller di ion lifts th not cancel. The size of the induced moments depends expo-
mined only when, e.g., a Jahn-Teller distortion lifts the tWO'nentially on the small splitting of the quasitriplet in the CEF

fold degeneracy of this ground state in tetragonal symmetrysoe £q (3.4)]. Despite the considerable scatter in the CEF
The physical origin for the different ground-state Symme-p, .o eters determined for¥rfrom INS it is clear that the

tries i.s in our ”.‘Ode' the one missing elgctrgn charge_ in th plitting is smaller by at least a factor of 2 than the 130 K we
2pm-ligand orbitals of the oxygen coordination of Prin the ,,inaqd ahove for the state'Brwith the result that a trans-
state P, In the presence . th|s.hole the tetragonal CEF g hyperfine field in the ordef @ T can be sufficient to
on the left-hand side in Fig. 11 with the singlet ground statej,quce the observed moments.

If the orbitals are occupied the CEF changes to the right- note that no extraordinarily high Pr-Pr exchange is re-
hand side and the doublet becomes the ground state. T'Eﬁjired to explain the surprisingly higfiy in this model,

doublet degeneracy may be lifted by a Jahn-Teller distortion o refore the problem of the small dependence of the transi-

leading to the ground state observed by INS. tion temperature on magnetic dilution does not occur. How-

ever, an exchange interaction of the ordet &K may help to

understand at least qualitatively the peculiar orientation of
We now turn to the low temperature magnetic state of Prthe Pr moments, halfway between the Gy@ane and the

All crystals investigated here show the well-known kink in axis®*“! If the Pr moments are induced by internal fields

between both states is easy to visualize: Rotations '$ftr
90° around the locat or y axis (L c) lead to the two remain-
ing states of the cubiE® triplet, the doublet in the tetragonal
symmetry. In a suitable orientation of the locahndy axes
such a rotated Pf state resembles closely the statéPin

C. Low-temperature magnetic structure
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rather than due to #4f exchange interactions the magnetic evident from the inhomogeneity of the (rquadrupole
structure of the Pr sublattice is expected to reflect the one diplittings. These findings give strong support to our earlier
the Cu2) sublattice, a feature which might be used to checkassignment of the Pr signal to regul&E) sites.
our model. In this context it is interesting to note that Pr The Pr resonance was observed in all crystals except one
orders magnetically at exceptionally higly in a number of  fully reduced, stoichiometric specimen. In order to give a
related cuprates when it is situated between antiferromagconsistent interpretation of this NMR signal as well as for
netic (insulating CuO, sheet$®=*"To our knowledge, there the observations from INS and the volume probes, we pro-
has been only one report of coexistence of Pr order an@0se that the two electronic Pr configurations introduced by
superconductivity? but the sample was inhomogeneous andFehrenbacher and Rice correspond to two different ground-
only partially superconducting, so magnetic order and superstate symmetries of Pr in the RE layer. We provide evidence
conductivity might be located in different volume fractions. that NMR detects only the state with a hole localized in its
4f shell and the p# orbitals of the surrounding oxygen
IV. CONCLUSIONS ligands, while the properties observed with space-integral
techniques like INS are dominated by the response from sites
We reported NMR/NQR investigations of the charge dis-without such a localized hole. The model is supported by our
tribution in Py , ,Ba, _,Cu3Og .,y Crystals at low temperature. count of localized carriers with the C1) resonance, the de-
Comparison of the EFG at Cl) in the chains with the one creasing intensity of the Pr resonance with decreasing oxy-
in Y123 confirms the assumption of the hybridization model,gen concentratiory, by our detailed analysis of the CEF of
that the hole states doped with increasynigto the structure  Pr, and it explains the discrepancy in the magnetic states of
are not localized in the chain layer but in the Gder-CuQ Pr observed in NMR on one hand, and INS and susceptibility
trilayer. The relative intensities of the resonances correen the other. Finally, we argue against the assumption of
sponding to the different oxygen coordinations of(Duin  a strong, enhanced f#f exchange as the origin of
the chains show that there is no tendency to form Q0  the extraordinarily high Pr ordering temperature and the sup-
chains with Pr on the RE site, a result which fits nicely intopression of superconductivity. As an alternative we propose
the trend of the interaction of oxygen on chain sites with thethat the Pr moments are induced by internal fields which

RE radius. appear due to the reorientation transition of the(Zpu
Our investigations of the Q) and Pr resonance in off- moments.

stoichiometric crystals in the Pr/Ba solid solution system
show that the accessible concentration range Xoin
Pr;,xBa _,Cu306,, can be extended to negative by
preparation at reduced partial oxygen pressure. The finger- We appreciate fruitful discussions with J. Appel and N. H.
print of the[ Ba]p, defect in the Ba-rich crystal is a wipeout Andersen. Thanks are due to J.tkler for hospitality during

of the Pr-signal and an inhomogeneous internal magnetithe NMR work and use of his superconducting quantum in-
field at the Cul)-site, which we ascribe to localized singlet terference device magnetometer to take the susceptibility
states in the antiferromagnetic Cu@yers.[Pr]g, in the  data. One of usM.W.P) greatly acknowledges support by
Pr-rich crystal, on the other hand, does not influence the Pthe Deutsche Forschungsgemeinschaft and bstei@e-
resonance or induce disorder in the magnetié2Cstructure, ichische Fonds zur Fderung der wissenschaftlichen Fors-
but the structural and charge disorder in the chain layer ishung under Grant No. P13568-PHY.
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