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Substituting Y in orthorhombi¢Y,R)Ba,Cu3;0; by any rare-earth elemef has generally little effect on
the superconducting properties. FR=Pr, however, superconductivity is completely suppressed. To under-
stand this effect we have studied the unoccupied electronic structure @f,BBa,Cuz07_,
(x=0.0, 0.4, 0.8) using polarization-dependent ©nkar-edge x-ray absorption spectroscopy of detwinned
single crystals. We identify the hole states in the Gyianes and the CuQchains and give estimates of the
relative contributions of the O, O 2p,, and O 3, orbitals to these states. Along with the comparison of
oxygen-rich ~0.1) to the oxygen-depleted materialg~0.9), this allows a test of the current theoretical
explanations for the Pr-induced suppression of superconductivity. While we can rule out models involving hole
filling or charge transfer between the planes and the chains, our data are consistent with approaches based on
Pr 4f—O 2p,, hybridization.[S0163-182607)03313-4

I. INTRODUCTION planes when the CuQchains are formed. Since almost all
isostructural members of the rare-earth-based 1-2-3 family
The discovery of high-temperature superconductivityresult in a high-temperature superconductor with transition
(HTSO in 1986 (Ref. 1) has triggered a cascade of theoret-temperature near 93 K it was assumed that the rare-earth
ical and experimental research concerning the underlyingtoms serve merely as counterions stabilizing the structure
mechanism of HTSC, but nevertheless an unambiguous amvithout significantly affecting the superconducting proper-
swer to the question of the origin of HTSC remains elusiveties. Among those rare-earth-based cuprates that are isostruc-
Much work has concentrated on direct determinations of theéural to YBa,Cu30+_,, the PrBgCu3;0,_, compound is a
spatial, electronic, and phonon structure of high-temperaturpuzzling exception since it shows neither metallic nor super-
superconductors. One complementary approach is to invesigonducting behavidt:'® Upon substituting Pr into the
gate compounds obtained from high-temperature supercomr,Y ;_,Ba,Cuz0;_, system,T decreaséd~**and, in the
ductors by specifically substituting characteristic elementsgase ofy~0.1, finally vanishes for Pr fractions beyond
thereby reducing or even suppressing the superconductir@55. This transition seems to be accompanied by a change
transition temperaturg.. A most interesting example exists from metallic to semiconducting characteristt?14Con-
within the family related to YB§CL@O7,y,2 where the sup- currently, an antiferromagnetic order of the copper atoms in
pression of superconductivity upon replacing Y with Pr hasthe plane¥®~'8and of the Pr atoms between the pldfié&!8
generated a lively discussion in recent years. sets in, resulting in Ra temperatured y cy(2y~285 K and
The crystallographic structure of th&Ba,CuzO;_,  Typ,~ 17 K for the fully Pr-substituted compour(d=1).
compounds R denotes Y and rare earjhgs based on a Since PrBaCu30;_, has all the structural features that are
modified perovskite template containing two-dimensionalconsidered essential for high-temperature superconductivity
CuO; planes and one-dimensional Cy@hains embedded in YBa,Cu3;O;_,, such as Cu@ planes and Cu@ chains
between Ba andR layers as shown in Fig. 1In the case of which lead to a doping of the planes, differences in the elec-
TbBa,CuzO;_y and CeBaCu3zO;_, the orthorhombic tronic structure and in the hole distribution between these
1-2-3 structure could not be synthesized.For structural units may reveal key parameters for high-
YBa,Cuz05_y it has been suggested that the block layersemperature superconductivity RBa,Cu;0;_, and, there-
act as a charge reservoir and that due to their interaction witfore, might help to close in on the mechanism that underlies
adjacent CuQ@ planes they are able to supply holes for thesuperconductivity.
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explanationt??” since the degradation df, with increasing

Pr concentration seemed to be compatible with Abrikosov-
Gorkov theory. However, pair breaking itself does not local-
ize charge carriers and, thus, explains neither the nonmetal-
licity in PrBa,Cu3;0- nor the recovery of superconductivity
upon doping with Ca. In additioril. remains wholly unaf-
fected upon substitution of Y by Gd although the &8,/
ground state exhibits a much stronger magnetic moment than

® Y or Pr the ®H, ground state of Fr'.

®0@3) Quite early on, a further approach to this problem was put
®0Q2) forward: O 2, holes(for nomenclature see Ref. Bdre still

© Cu(2) present in the Cu@ planes but are assumed to be strongly
O Ba hybridized with Pr 4 states’* This renders the initially mo-
@0 bile holes localized and in effect leads to the insulating and
@0oQ1) nonsuperconducting behavior observed. However, this expla-
© Cu(l) nation was also refuted as hybridization of Pfr with O

2p,, states vanishes by symmetry and the hybridization with
Cu 3,22 states is very small. Thus, based on the optical
data of Takenakat al.3* Fehrenbacher and RidER) ex-
plained the absence of superconductivity in Py8as;0- by

FIG. 1. The unit cell of PyY ;_,Ba,Cuz0;. The CuG, planes  the existence of a local Prf4,z_,2—-O 2p, hybridized
and the CuQ@ chains are emphasized by a gray shading. The pstaté3'34which binds the holes of the planes to Pr sites. They
atom substitutes directly on the Y site in the center of the unit cell.conclude that holes are transferred from primarily planar O

2p, to O 2p, orbitals, i.e., from the Zhang-Ric€¢ZR)

In order to explain thd, suppression in the-type sys-  staté>*into this FR state. According to Fehrenbacher and
tem PrY ;_,Ba,Cu;O,_,, up to now several models have Rice, the only possible hole state is a superposition of the
been suggested while still no general agreement on the Right O2,3) 2p,. orbitals with f,,2_,2) symmetry with re-
valence has been reached. The prevailing proposals can spect to the central Pr atom, and they assume that the O
divided into three main categorie$) filling of mobile holes,  2p,, orbitals point towards the Pr atom. This seems to sug-
(ii) magnetic interaction and/or localization effects mediatedyest that the O (2, orbitals are “rotated” by about 45° with
through hybridization of Pr #with O 2p states, andiii)  respect to the Cu@planes®*3* To facilitate the hybridiza-
gradual hole transfer between the planes and the chains. tion between the eight O, orbitals and the ,,2 2 states

(i) In the hole-filling model the Pr valence is assumed toof the central Pr atom a fractiam=~0.5 of all Pr atoms has
be greater than-3 to explain the lack of metallic behavior to be in the formal oxidation state IV. Finally, Fehrenbacher
in PrBa,Cu;0, and also to account for the Ca-induced and Rice assess the number of holes transferred to the Pr
recovery of superconductivity in thin films of atom to benp~0.15-0.2. Remarkably, this small number—
Pro<CagsBa,Cu;0,.2° Since  superconductivity in still compatible with the experimental findings for the Pr
YBa,CuzO;_y, just as in Lg_,Sr,Cu,0,, 4, requires valence—suffices to stabilize the FR hybridization, thus lo-
holes in the conducting CuDplanes?’?! delocalized holes calizing the holes in the Prf4,2_,2—0 2p,, orbitals.
in the planes are annihilated due to the substitution of triva- Taking correlation effects on the rare-earth site into ac-
lent Y by Pr with a valence greater thar-3This approach count, Liechtenstein and Mazin presented local density ap-
implies that the suppression of superconductivity resultproximation(LDA)+Up, calculations based on the idea of
from a reduced number of charge carriers in the GuO FR states! In contrast to Fehrenbacher and Ri¢ehey find
planes. Magnetic susceptibili§?'? Hall effect® a dispersive ligand band in place of loga} orbitals with
thermopower,”*° nuclear magnetic resonantemuon-spin  f,,2_,2) symmetry around the centr&® atom. Due to the
relaxation® and neutron diffraction measureméit$*have interaction with the Pr #state, the top of this ligand band is
been interpreted in terms of hole depletion. On closer inspegartially pushed above the Fermi level, thereby grabbing the
tion, however, it has been shown that these results can alsoobile holes from the ZR state. Liechtenstein and Mazin
be understood as an indication for 3Pr For example, emphasize that this band has mainly planar character at the
Stderholmet al?® and Hilscheret al?® were able to explain  zone corner, where the band is above the Fermi lefgg) (
the reduced magnetic moment, taking a crystal field splittingandp, character only at the zone center, where the FR band
of the ®H, ground state of P¥" into consideration. On the lies ~2 eV belowE . In order to account for the insulating
other hand, most band structure calculatfdnand high-  behavior of PrBaCu;0- they assume substantial disorder
energy spectroscopy experiments support a trivalent Pr atonon the Pr site.

These experiments include resonant photoemission (iii) A further model based on the Hamiltonian of Fehren-
spectroscop¥® x-ray absorptiorf?° and electron energy- bacher and Rice was proposed by Wamal 8 In their ap-

loss spectroscopy on the O &, Pr 2, and Pr 8 edges. proach, three states are competing close to the Fermi level:
Taken together, this evidence effectively rules out hole fill-the ZR state, the FR state, and the hole states of the;CuO
ing as responsible for the lack of superconductivity. chains. Upon increasing the Pr concentratiom£c0.5 all of

(i) Alternatively, a magnetic pair-breaking effect by the the holes residing on the ZR state are transferred to the FR
local moment of the Pr atom has been invoked as awmtate. On further Pr doping, chain holes, too, are transferred
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to the FR state and, finally, for PrB@u3O- all holes reside YBa,CuzO;_,, which is discussed in detail
on the FR state and none are left in the chains. elsewherd>#244 Well-reflecting flat (001) surfaces of the
A qualitative discussion of the electronic structure of samples were obtained by cutting off the crystals’ top layers
Pr,Y ;_,Ba,Cus0, was given by Khomskit’ He proposed using the diamond knife of an ultramicrotome.
a gradual charge redistribution between planes and chains The neutron diffraction experiments were performed on
upon increasing Pr content. Therefore, beyond a critical Plarger, twinned crystals from the same batches at the four-
concentration all the remaining holes should reside on theircle diffractometer 5C2 at the Orpheeactor, Laboratoire
chains—predominantly on the (D 2p, orbitals—and no Léon Brillouin, CE Saclay® Experimental details, like scan
holes should be left in the planes. range adjustment in order to achieve a complete integration
Lately, Blackstead and Dow suggested a model which i®ver the typical multipeak structure of the twinned crystals,
based on disorder effects on the Ba §t&@hey argue that, background, absorption, and extinction treatments, are dis-
while superconductivity is still present in the chains of idealcussed in Ref. 46. For the structure refinement we used the
PrBa,Cu30-, it is quenched in real crystals by magnetic pair PROMETHEUSprogram package in a version for data sets ob-
breaking due to Pr impurities on the Ba sites. tained for twinned crystal¥. The twinning leads to correla-
The aim of this paper is to distinguish between the variougions between some;; andu,, mean-square displacements,
models by carefully examining the electronic structure ofwhich were taken into consideration by introducing con-
PrBa,Cuz0-_, close to the Fermi level. For this, we have straints.
conducted O ‘& near-edge x-ray absorption fine structure The O I absorption spectf8 were obtained using lin-
(NEXAFS) studies of PgY ;_,Ba,Cuz0;_,. Utilizing the  early polarized synchrotron radiation from beamline U4B at
linearly polarized character of synchrotron radiation we tookthe National Synchrotron Light Sour¢BSLS), Brookhaven
a critical look at the various models mentioned above. InNational Laboratory. For moderate photon energies and a
particular, if FR states do exist, NEXAFS should be well small extension of the core level transitions obeying dipole
suited for determining a rotation andfteof the 02,3) 2p,  selection rules dominate, and higher-order transitions can be
orbitals. neglected. Applying dipole selection rules, the unoccupied
The paper is organized as follows: Section Il coverspart of the O P final states can be reached from the initial O
sample preparation and data collection. In Sec. Ill, we willls core level. Therefore, polarization-dependent NEXAFS
expound the features of the NEXAFS data after briefly re-measurements on detwinned single crystals provide insight
viewing the results of our neutron diffraction mesurementsinto the symmetry of the hole statesi&t and, thus, enable
Section IV discusses the implications of the NEXAFS resultsan estimate of the relative hole distribution between the dif-
and, finally, the conclusions are drawn in Sec. V. ferent O sites in the crystal structure. The latter is possible if
the binding energies for the various oxygen sites are taken
into account. In the setup used, a multielement Ge fluores-
cence detector was placed at an angle of 55° with respect to
Pr.Y ;1-4Ba,Cuz0;_, single crystals were grown using the incoming photon beam. The samples were mounted on a
standard methods. Full details of the growth process can b@anipulator allowing rotation around the horizontal and ver-
found in Refs. 41 and 42. The use of A5 crucibles was tical axes. The in-plane speci{é|a andE|[b) were obtained
avoided since they introduce Al impurities of up to 50% onin a normal-incidence alignment. To fully explore and sepa-
the Cul) sites* For x=0.0 and 0.8, the samples were rate out the orbital character and symmetry of the hole states
grown in an Y,O;-stabilized ZrQ, crucible, which resulted in the CuG; planes, the measurements are best performed for
in crystals with no detectable Zr content. The many different azimuthal sample orientations relative to the
Pro.Y 06Ba,Cuz0_, crystals were grown in a novel inert polarization vector of the incoming light. Such a series of
BaZrO; crucible?? Crystals withx=0.0 and 0.8 from the angle-dependent measurements allows the correction of in-
same batches were characterized by energy-dispersive x-r@ane misalignment. In order to reach out-of-plane orbitals,
emission(EDX) and neutron diffractiorisee below for im- the samples were rotated to achieve angles of incidence of
purities, stoichiometry, and structural parameters. The oxyl5°, 30°, 45°, 65°, and 80° with respect to the surface nor-
gen content 7y of Pr,Y;_,Ba,CuzO,_, (x=0.8, 0.0 mal (grazing incidence Such measurements are indispen-
was determined to be 6.9D.01. Since the sible to ensure that the light hits neither parts of the sample
Pro4Y 0eBa,CuzO,_, crystals were oxygenated by the holder nor the conducting glue. Furthermore, corrections for
same method as the=0.8 and 0.0 crystals, we expect the Polar misalignment are possible if grazing incidence mea-
oxygen content of the former to also be 6.91. Whereas fopurements are carried out at many different angles. Accord-
x=0.0 we find no oxygen on the (6 site, forx=0.8 an INg t0
occupancy of up to 5% cannot be excluded from the refine-
ments of the neutron diffraction data. 1(0)=1.COS(0)+1, Sir(9), (1)
Oxygen-deficient samples were obtained by annealing as-
grown crystals of the same batch at 650 °C in a vacuum ofhe E||c spectra were calculated by correcting for the corre-
about 10" ° mbar for several days. Subsequently, the oxygersponding angle of incidence. The correction of spectra taken
content 7~y was checked with optical reflectivity measure- at polar incidence angles of 45°, 65°, and 80° led to nearly
ments and was estimated to be 6.05 foridentical results.
ProgY 0 Ba,CuzO;_, and 6.15 for YB@Cu3O7,y.43 The Since the probing depths for total electron yield and fluo-
oxygen-loaded R ;_,Ba,Cu3O;_, crystals were de- rescence yieldFY) in the actual setup were approximately
twinned in a process similar to the one for 50 and 600 A, respectively, we have recorded the NEXAFS

Il. EXPERIMENT
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1 TABLE I. Structural parameters of PY ; _,Ba,Cu;Og o, deter-
sl ;. Ellb mined by neutron diffraction on single crystals. See Fig. 1 for po-
sitional notation. Theu;; denote the mean-square displacements
along the principal axeg the atomic position in the direction,
5L anda, b, andc the lattice parameters.
— x=0.8 x=0.0
[ -
et 4 a A 3.8695) 3.8199)
S b (A) 3.9265) 3.8848)
e 3r c(®) 11.70817) 11.68131)
s RE u;; (A?) 0.00395) 0.00512)
% ol uss (A2) 0.00486) 0.005@4)
Ba z 0.182138) 0.1850%10)
ProgY0282,CU306 o1 u; A? 0.008%3) 0.00762)
1 = Pry 4Yo 6B2,Cu,0¢ o4 Usz (A2 0.00814) 0.00754)
"""" YBa,Cu306 91 cu(1) uy; (A?) 0.00943) 0.00754)
0 PR R N7 L 1 L 1 : Uss (A 2) 0.00554) 0.00485)
525 530 535 540 560 580 600 Ccu2) z 0.351196) 0.355767)
Photon energy (eV) Uy, (A?) 0.00412) 0.00362)
Usz (A2 0.00792) 0.007%3)
FIG. 2. O Xk absorption spectra of RgY ¢.Ba,Cu3Og91, o) Uij (AZ; 0.02529) 0.027315)
Pro.Y o Ba,Cuz0gq;, and YBaCuzOg g, for polarization E|b. Upy (A 2) 0.009810) 0.007811)
The data are shown in the entire energy range recorded. Above 540 22 2 ' '
eV, the cross sections are independent of the Pr concentration. U3 (A%) 0.011%9) 0.012410)
0(2) z 0.374098) 0.3787222)
2
spectra in the FY detection mode to obtain information about E“ Eﬁ 2) 8'882;3 8'88223
the bulk properties and to avoid problems associated with = AZ) ' '
surface sensitivity. However, FY spectra are affected by Uzs (A%) 0.01158) 0.01009)
saturation and self-absorption effects which cannot beo(s) z ) 0.373168) 0.377818)
ignored*®>° The incoming photon intensity is attenuated not U1 (Az) 0.00882) 0.00642)
only by the oxygen absorption coefficient,,(E), but also Uz, (A 2) 0.00512) 0.00502)
by the absorption coefficient,,{E), of all the other ele- uz; (A%) 0.01118) 0.010G9)
ments in the sample. The radiative filling of the ® dore 04 z 0.157938) 0.158019)
hole after the absorption process results in the emission of uy; (A?) 0.01584) 0.01224)
fluorescence radiation. The intensity of this emission process Uss (A?) 0.00764) 0.00764)

is proportional tow,,(E). On their way to the sample sur-
face the fluorescence x rays are attenuated by the total ab-

sorption coefficientu o Er) = tog(E) + tpad E) at the en- and the degree of linear polarization was estimated t®#e
ergy of the fluorescence radiatiof; . A simple calculation = 1% for the experimental configuration used.

shows that the normalized fluorescence intengiy, is
given by the relation

_ I+(E) Moxy(E)

Ill. RESULTS

Before addressing our NEXAFS results in the main body
2) of this section, we first evaluate the structural information

= oC
PR T10(E)  pio E)/cosa+ pgl Eq)/cos8” obtained from neutron diffraction: An important result is that
there is no indication for any Pr situated on the Ba position
where I¢(E) is the intensity of the fluorescence radiationand any Ba situated on the Pr position in our
detected|o(E) the primary intensityx the angle between PrygY ,Ba,Cu3;O;_, single crystals. This follows from
the incoming beam and the sample normal, gnthe angle  two observations: First, the Ba atom is too large to occupy a
between the sample normal and the outgoing beam. In thR site. Second, the Pr concentration revealed by EDX, 0.77,
limit of dilute samples the contribution ofuo(E) to s in excellent agreement with the neutron data if for the
io(E) is very small and, thereforgyry(E) > uqy(E). For  refinements Pr on Ba sites is excluded and only Pr at Y sites
Pr,Y 1 ,Ba,Cu305_, this is not the case, and we have cor-is taken into account. Therefore, in contrast to the models of
rected our data for these effects. The spectra were normaRefs. 37 and 40, neither Pr atoms on the Ba site nor Ba
ized to the tabulated standard absorption cross sétfibim atoms on the Pr site are consistent with our results. The
the energy range 590 e¥ E < 600 eV. In this range the structural parameters obtained from neutron diffraction mea-
spectra are almost structureless and the atomiclike spectralirements are listed in Table I. The results of the present
weight is only slightly modified by EXAFS effects as shown investigation are in good agreement with previously pub-
for the E||b spectra in Fig. 2, which is representative for all lished neutron diffraction studies on powder sampfes.
polarizations. The energy resolution in our measurement€ompared to YBaCu3;O+_,, a shrinkage of the G)-O(4)
was about 220 meV at an incident photon energy of 530 e\bond length is evident from our data while the(@240(2,3)
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and also the C@)-Cu(2) distances are enlarged due to the

substitution of Y by Pr. The GQ)-O(4) bond length remains 5L Ella * ProgYp2BaCusOg g
almost unchanged by the substitution whereasRF@(2,3) ¢ ProsYoeBa;0us0g g
distances are strongly enhanced. Compared with other rare- - = YBa,CuyOg

earth substitutions, however, the anisotropy between the
R-O(2) and theR-O(3) distances is anomalously reducgd.
Thus, if Y is substituted by Pr, the Cy(planes are pushed
towards the Ba-Q@!) layers due to the larger radius of the
rare-earth ion. Since the ionic radius of*Pris smaller than

the one of ¥**, this is possible only if most of the Pr atoms
are trivalent. Of course, it cannot be excluded that some
PA" is present. We will further dwell on this point in
Sec. IV where we discuss the hole distribution in
Pr,Y 1 xBa,Cuz0;_y .

Figure 2 shows the O sl absorption spectra of
Pr.Y ;_«Ba,Cuz0¢.41 (x=0.0, 0.4, 0.8in the entire photon
energy range recorde®25 eV < E < 600 eV), with the
electric field vectolE adjusted parallel to the axis of the
crystals. Thes&||b spectra are shown as representatives for
all polarizations. They were corrected for the intensity varia-
tions of the monochromatized synchrotron radiatignas FIG. 3. Comparison of the O sl absorption spectra of
well as for self-absorption and saturation effects, and norp, v ' Ba,Cu;04.0;, Pro4Y 0,682,CUsOg 61, and YBa&CUsOg oy

above. Beyond 535 eV, the spectra of the three crystals eXtrongly at the expense of the ZR state.

hibit only small differences. From 540 eV on, they become

Virtually indiStingUiShable within statistics. The hybr|d|ZEd increasing Pr content the Fermi level together with the O
oxygen states situated in the energy range around 535 eV aig core level is shifted to higher energies. Finally, for
not.altered by Pr .sub.stltuuon. Thus,'these features may bgy .y | Ba,Cu;04 4, Er is located slightly above the upper
assigned to hybridization of oxygen with @46, 4p, ...) or  edge of the ZR band and no doped holes are left([@,8) 2

Ba states. The latter would also be consistent with the Ba-GQ , o orbitals hybridized with C(2) 3d,2_, orbitals. An
bond lengthg(Table |, which are only slightly affected by analogous trend as fd|a is observed in Fig. 4 for the
the substitution. Stronger changes in the absorption spectigy|arization E|b with the main difference that for all
are observed in the vicinity of the Fermi level. Hence, thesamples the peak at 532.5 eV is not as distinct agfarbut

following spectra are shown in the energy range between 525,stead a broad shoulder between 531.5 eV and 533 eV is
eV and 535 eV. seen.

_ InFigs. 3 and 4, the Oslabsorption edges with polariza-  Neglecting unoccupiedr-bonded O orbitalsE|a contri-
tion E|a andE| b, respectively, are shown for the antiferro-
magnetic insulator RygY g-,Ba,CuzOggq, the p-type-
doped superconductor YBBu;0¢g4; (T.~93 K), and the
Pro.4Y 0 ¢Ba,Cus04 9, Sample. The latter compound is still 5L
metallic and exhibits &, < 15 K. Below 534 eV theE|a

spectra of the three crystalsee Fig. 3 are composed of

three main peakénarked by arrows The first peak at 528.5 4
eV shows a strong intensity reduction with increasing Pr

6 (Mbarn / unit cell)

526 528 530 532 534
Photon energy (eV)

Ellb * ProgY,BaCu Og;
L ProsYeeBaCuyOgg,

YBa,CuyOg g

concentration whereas the second and third features at 529.5 @
eV and 532.2 eV are strongly increased. For the Pr-doped 23
samples the last of these three peaks appears somewhat >
broader than the other features and extends from about 531.5 c
eV to 533 eV. A further, smaller peak, independent of the Pr 3 2
substitution, is seen at 530.7 eV. The feature at 528.5 eV %

which is most pronounced for YB&u3;04 o1 has a width of
AE~1.2 eV and a steeper onset than the following features.
In accordance with previous work, this feature is attri-
buted to ZR state®3® The steep onset for
YBa,Cu3;04 o, indicates that the Fermi level appears to be ) . )
located below the top of this ZR band. From x-ray photo- 526 528 530 532 534
emission spectroscopy(XPS) measurementd on the Photon energy (eV)

Pr,Y 1 _,Ba,CuzOg¢ o1 System it appears that the binding en-

ergies of the O atoms are independent of the Pr concentra- FIG. 4. O X absorption spectra of BgY ¢,Ba,CusOgo1.
tion. With these XPS results, the downward shift of the secPr, Y ; Ba,Cu;054;, and YBaCu;Og g, for E||b. For E||b an
ond peak observed in Fig. 3 leads to the conclusion that witlanalogous trend is observed as for E@a spectra.
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5 Ellb - Ella * ProgYo2BaCusOg gy Elic * ProgYo,Ba,Cuy0gy
e ProqYosBa,Cug0q gy ST * Pro,YosBa,CuyOgy
©  YBa,CuyOg o4 L @ YBa,Cuz044,
4 -
8 3
- =]
£ €
Z 5
s s
© o
R 1 R ;. (NN 1 . 1 g | . L L
526 528 530 532 534 526 528 530 532 534
Photon energy (eV) Photon energy (eV)
FIG. 5. Difference spectré|/b—El|a for Pro gY o Ba,CusOs o1, FIG. 6. E|lc spectra of PyY; ,Ba,CuzOg ¢, (x=0.8, 0.4, 0.0.

Pro.4Y 0.eBaCUs0g 91, and YBaCu;0691. Assuming only holes in  For YBa,CuzOg o; the complete peak at 528 eV is ascribed to the
o orbitals, the contribution of the @) chain oxygen is derived apical oxgen atoms while for BBY 0.Ba,Cu;04 o; the peak also
from the enhanced spectral weight Bfb compared toEa. A contains contributions from the FR state.
reduction of this difference spectrum with increasing Pr concentra-
tion is evident. occur at the lowest photon energy. THic absorption edges

) are depicted in Fig. 6. The spectra consist in this energy
butions to the pre-edge are caused by unoccupié@ by range of two main features: a peak at 528 eV and a broad
orbitals only while E[[b contributions should result from shoulder extending from 531.5 eV to 533 eV. Both features
O(3) 2p, orbitals in the CuQ planes and, additionally, from show an increase of intensity with increasing Pr concentra-
O(1) 2p, orbitals in the Cu@ chains. Since structural asym- tion. While the peak at 528 eV seems to be only slightly
metry between the GR)-O(2) and the C(2)-O(3) bond  affected, a much stronger increase of spectral weight is ob-
lengths is small(1.4% for PigY ,Ba,CuzOgg; and 1.7%  served for the broad shoulder. The peak at 528 eV has a
for YBa,Cu3Og¢ 9;; see Table), the symmetry of the @)  constant width[full width at half maximum(FWHM)] of
3d,2_y2—0(2,3) 2p,, hybrids in the CuQ planes is only AE~1.7 eV for all Pr concentrations, which is broader by
slightly distorted. Thus, from the point of view of the about 0.5 eV than the ZR states of the plafiesy. 3. In
CuO, planes’ electronic structure, equivalence of ¢hand  previous work'®® the peak of YBaCu;Og9; Was wholly

b directions of the planes is expected to be a good approxiascribed to unoccupied states related to ) @pical oxy-
mation. In this approximation, the difference betweenkhe gen atoms.

|b and theE|a spectra can be ascribed to the contributions |n Fig. 7, the E|a spectra for the oxygen-deficient
of the A1) 2p, orbitals in the CuQ chains. The contribu-  pr,y 1-xBa,Cuz0;7_y (x= 0.8, 0.0 samples are plotted.
tionsE[|b— Ea for the three samples are plotted in Fig. 5. A For the oxygen-depleted YB&u;0,_, crystal a small
gradual decrease of the spectral intensity with increasing Réhoulder at 528.5 eV is observed. This shoulder is a conse-
concentration is observed. Starting at about 530.4 eV, thquence of a slight hole doping due to an enhanced oxygen
subtractiorE||b— E| a leads to negative values, regardless ofcontent. In the case of the oxygen-deficient
the Pr concentration. This is due to the fact that the pealer, Y 02Ba,Cuz30;_, sample such a shoulder is not ob-
observed at 530.7 eV in tHefa spectrum is absent for po- served. Employing optical reflectivity measurements, we es-
larizationE|[b. Since the electronic structure of the planes istimated the oxygen content of YBEusO; ., and
assumed to be equivalent along thendb directions, the  Pry Y ; ,Ba,Cuz0-_, to be 6.15 and 6.05, respectivéfias
peak at 530.7 eV foE[a may be interpreted as a hybridiza- mentioned above. The NEXAFS data are corrected for self-
tion between a linear combinatigBy|py)+B,|p,) of O(1)  absorption and saturation effects and normalized to the cross
2p orbitals with Ba states. section of the actual oxygen content. However, our further
For E|c, only O(4) 2p, orbitals contribute if holes in discussion will not be affected by such a slight difference in
m-bonded O orbitals are neglected. The assumption thahe oxygen content of the crystals. Above 535 énot
o-bonded O orbitals are playing the leads is supported by thehown the spectra of both samples are identical. Ignoring
threshold energies of the pre-edges. Consistent with electrahe small shoulder at 528.5 eV, YB@u;Og 15 exhibits its
energy loss spectroscogiELS) data®'**the O I thresh- first peak at 530.0 eV. Since YB&u;Og 5 iS an insulator
old energy of YBaCu;Og 4, is at 528.0 eV forE|la and at  and this peak belongs to the first unoccupied states above the
527.3 eV forE|c. Most band structure calculations predict Fermi level, this feature is ascribed to the oxygen states hy-
that the O % level of the @Q4) site has the lowest binding bridized with the upper Hubbard ban@HB). For the
energy°>’and that, therefore, the threshold Blfc should  Pr,gY o ,Ba,CuzOg s sample, the threshold energy of the
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FIG. 7. O & absorption spectra of the O atoms in the plane for FIG. 8. O & absorption spectra of RgY g-,Ba,Cu;Og¢ o5 and
oxygen-deficient RygY (-Ba,CuzOg05 and YBaCu;0g45. In YBa,Cuz0g¢ 15 for polarization parallel to the direction. For both
both cases a distinct UHB is observed. The onset of the UHB ofamples an UHB is absent since the UHB has predominantly planar
Pro.gY 0.Ba,Cu30g g5 is downshifted by~ 0.35 eV. character.

UHB is shifted down by about 0.35 eV. This result is SUP-his may be due to contributions from higher-energy hybrid-
ported by optical measurements of oxygen-depleted samples, i,y which this peak is drowned out. In the energy

which indicate a reduction of the charge transfer gap fron}ange between 531.5 eV and 533.0 eV the dip which is ob-
Acr~1.7 eV to 1.4 eV when the Pr concentrators raised  ¢oped for YBaCusO4 15 is filled up with spectral weight

2 .
from 0.0 to 1.0 The 0.35 eV downshift of the UHB, ob- ¢/ 10 Pr-doped sample. This additional intensity for

served not only in the spectra of the oxygen-deficient b“bro oY 0.,Ba,Cu;05 o5in the energy range between 531.5 eV

also in that of oxygen-rich sampléBig. 10 and Fig. 3, re- 53533 6V is isotropic. It appears both for oxygen-deficient
spectively, confirms the view mentioned above that the Oand oxygen-rich samples and grows with increasing Pr con-

1s core level together witl. is shifted to higher energies o yation. Since these unoccupied isotropic states are lo-

With increasingx. Th‘.a UHB downward shift can be. €X- cated 4—6 eV above the Fermi level, it can be ruled out that
plained by changes in the Madelung potentials which argqey are responsible for the suppression of superconductivity
caused by the much larger distance between adjacen, CuQy, the PLY 1_,Ba,Cus0-_, system. In previous NEXAFS

planes in Fhe case of BgY 0.282,CU306.05 (Table ). In CON-  measurements these isotropic states 4—6 eV aBaveere
trast to this large increase of the distance between ne'ghboé'scribed t0 Pr #2_y2—-0 2 hybrids5®
Xe—y T .

:ng prl]anes, thle inl-_plr??e G:';PJ)'O%) ar(ljd EL@'O(?’) bon_d .. A more thorough discussion of the features described in
engths are on yhs ightly en ar%e and, therefore, no signifiy,iq section along with their implications for the electronic
cant intensity changes are observed between the UHB tructure and the hole distribution on the structural units in

YBa,Cu30¢15and PpgY 0 BaCu3Og0s. As has been the Pr.Y ;_,Ba,CuzO;_, will be given in the following sec-

case for the oxygen-rich crystals discussed above, for thg,, \ye will also examine to what degree the various exist-
oxygen-depleted crystals again additional spectral weight oc:

curs between 5315 eV and 533.0 eV for the Pr-dopeq zgtar.nodels, mentioned in the first section, agree with our
sample.

Figure 8 shows thé||c spectra of the oxygen-deficient
samples. Since the UHB has predominantly planar character, IV. DISCUSSION
these states vanish f&ic. The small peak at 528.5 eV for
the YBa,CuzOg4 15 sample is due to the slightly higher oxy-
gen content, as was discussed above. From preliminary re-
sults from PrBaCu;Og 4 (not shown, we conclude that the Considering a charge-transfer model for thgZ+0O(2,3)
feature at 529.7 eV is most likely due to hybridization be-planes of YBgCuzOg,, the spectral weight for electron
tween oxygen and yttrium atoms. In earlier work we as-addition experimentge.g., NEXAFS contains an unoccu-
signed the peak at 531.0 eV in the YB2u3;04 15 spectrum  pied UHB with Cu 3l character above the Fermi level, and
to transitions into the @)-Cu(1)-O(4) dumbbell of oxygen- the spectral weight for electron removal experimefesy.,
depleted samples and regarded the intensity of this peak agphotoemissionshows a valence band with Qo Zharacter
measure of vacant @) sites>® Studying our spectra, it be- below the Fermi level. In this picture, with increasing oxy-
comes clear that for the Pr-doped sample no distinct peak igen dopingEg is shifted below the top of the ligand band
observed around 531.0 eV, but instead a broad shouldeand holes will be created exclusively on oxygen sites. This

A. Electronic structure of Pr,Y,;_,Ba,CuzO;_,
and charge distribution between the structural units
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FIG. 9. Comparison of the O sl absorption spectra of FIG. 10. Comparison of the O slabsorption spectra of

YBaZCUC‘%OS:Ql and its OXygen'def.iCient Counterpart YMOG.IS Prong 0_zBa2CU306_91 and P68Y OlzBa2CU306‘05 for polarization
for polarlzatlonE||a. The ZR state is about 1.4 eV below the UHB. EHa For both oxygen concentrations the peak position of the
UHB is at the same energy. Therefore, the spectrum of

] ] o PrggY ¢2,Ba,Cuz0g 9 is assumed to consist of an UHB plus addi-
picture changes if hybridization between O and Cu atoms igonal spectral weight on the low-energy side of the UHB.

included. With increasing hybridization, i.e., with larger hop-

pclgggjln;teagtgE';rdebrﬁ&%%ei?]tgltjhzxf/;)llénildb(a)nfgégaggz’s state into states which have no hybridization with Cu atoms
and, therefore, are unaffected by correlation effects on Cu

are admixed to the UHB. Hybridization then causes correla-. . i
tion effects on copper sites to be important for the valences't('ls'dsmﬁfa hfo'r RisY Q-Z?azc%oﬁ-gfl anY UHBO s ob-
band and the ZR state as wé&lkee also Ref. 361n effect, it served which is as intense as for YH&U30e;5 of

leads to a transfer of spectral weight from the UHB to the ZRPrtOh8Y O-ZBaZ.Cu3(P)6-05’ we tc?.n drr]a\llv the con(;]luzmntth?:h
state upon oxygen dopiffd82 This is demonstrated in Fig. 9 Wt INcreasing Fr concentration noles are pushed out of the

where theE||a spectra of oxygen-depleteg£0.9) and al- ZR state and moved into the energetically favored additional

most fully oxygenatedy(~0.1) YBa,Cu;0O,_, samples are states on the low-energy side of the UHBig. 10 which
depicted: At higher O content the UHB is reduced while the
ZR band is strongly increased. The ZR state is located at 1.4
eV below the UHB. If we now compare tHg|a spectra of
oxygen-deficient and oxygen-rich R4§Y ,-Ba,CuzO;_,

(Fig. 10, we note that both show a strong UHB peak at
529.5 eV. In the PggY (-Ba,Cu;04 91 SPECtrum, however,
much more spectral weight on the low-energy side of the
UHB is observed, as depicted by the difference spectrum in
Fig. 10. From Fig. 3 it is evident that these additional states
are located in the energy range betwé&gn(known from the
onset of the YBaCu3Og4 o; Spectrumi and the peak position

of the UHB of PrygY o .Ba,Cus04 5. Therefore, these ad-
ditional states in PygY o.,Ba,Cu3;O¢q, are located in the
same energy range as the ZR state in ¥BazOgq,. FOr
oxygen-rich samples, the additional spectral weight in thq1o|
energy range betweeBr and the UHB together with the
UHB itself rses atthe expense ,Of th? ZR stdtg. 3), as the ing Pr concentratiorx, E- moves towards the top of the ZR state
Pr content increases. Considering Fig. 11, we emphasize thaly finally, for sufficiently high Ex lies above the upper edge of

if the holes were residing in the ZR state, transitions from thgne 7R state. If the holes reside on the ZR stat8a,Cu;0-),

O 1s core level into the UHB would exhibit little spectral transitions from the O<.core level into the UHB play only a minor
weight due to the transfer of spectral weight from the UHBole due to the Cu correlation-mediated transfer of spectral weight
to the ZR staté"**®%®1|n contrast to this, the spectral to lower energies. If, on the other hand, the holes reside on the FR
weight of the UHB should be observed with the samestate(PrBa,Cu;0-), this Cu correlation effect is absent and, thus,
strength as for oxygen-depleted YRau;Og15 Or transitions from the core level into both the FR state and the UHB
Pro.gY 0-.Ba,CuszOg¢ o5 if the holes are moved from the ZR are observed.

UHB

electron
addition

electron
removal

PrBa20u307 YBaZCu307

FIG. 11. A sketch of the expected electronic structure if the
es reside on the ZR stafiike in YBa,Cu;05) or if they reside
on the FR statésuch as proposed for PrBau;0-). With increas-
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TABLE II. The hole distribution between the structural units of ductivity. This is consistent with previous NEXAFS investi-
Pry_YxBa,CusOgor. The contributionsn,, Nenain, andne are  gations on a series of YB&u305_, single crystals with
obtained from theE|a, E[lb—E[a, andE[c NEXAFS spectra, re- jfferent O stoichiometries where it was shown that similar
spectively, andn, is the total amount of holes observed on all amounts of O-doped holes per Cu@lane lead to similar

oxygen sites. Fox=0.0 and 0.4 the contributionr is ascribed to T.5.58 ; ;

. Lo ; s.>° For further Pr doping, the holes in the ZR band are
the ZR state. Fox=0.8 this contribution is ascribed to the FR state . © . " : .
plus a small amount of holes left in the ZR state due to the 20% \)ncreasmgly filled up, and at the same time the amount of

! holes residing on the additional states which are competitive
in the compound. . . . - :
in energy with the ZR state is growing. Finally, for Jl¥

x=0.0 Xx=0.4 x=0.8 0..Ba,Cuz0g 91, NO doped holes reside on the ZR state, i.e.,
on 02,3 2p,, orbitals®* but rather are all on these additional
2n, 0.40 0.29 0.25 states. Unfortunately, it cannot be distinguished by our ex-
Nechain 0.24 0.18 0.17 periments if there exists a gap between the ZR and FR bands
ng 0.27 0.27 0.31 or if these two bands exhibit an overlégee sketch of elec-
Niot 0.91 0.74 0.73 tronic structure in Fig. 11 In the former case, the insulating

behavior of the sample would be explainable by the exis-
tence of the gap. In the lattdgg is located above the upper
have no copper character. Thus, @, tates* can be ruled edge of the ZR band but also above the bottom of the FR
out. The fact that the holes are removed from the ZR state iband, implying that the suppression of metallicity must be
reflected on the one hand by the strong reduction of the ZRelated to an extrinsic origin.
state and on the other hand by the strong increase of the The contribution of the 1) site, obtained by the differ-
UHB as shown in Figs. 3 and 10. Therefore, we regard thence spectr&||b— E||a, is also gradually reduced on raising
feature extending from 527.0 eV to 530.2 eV forthe Pr content. For BrY ¢ ¢Ba,CusOg o, this contribution
ProgY oBa,Cus0g o1 (Fig. 10 as a combination of an UHB has already fallen from 0.24 to 0.18 holes pél)ite while
like that of PrygY oBa,Cus04 05 plus additional states on the slight decrease upon further dopifgge Table )l can
the low-energy side of the UHB. On the high-energy sidehardly be regarded as significant. Hence, the contribution
additional spectral weight is not only observed forfrom the Q1) atoms seems to be already strongly altered at
ProsY o -Ba,Cus0g o1 but also for YBgCuz0g 9, compared  low doping concentrations due to the presence of Pr atoms
to their oxygen-depleted counterpaffsgs. 9 and 1pand is, and shows saturation at larger Pr content. The number of
therefore, attributed to a generally higher degree of hybridholes residing on the apical(® site is not changed at all by
ization in this energy range, independent of the Pr concenincreasing the Pr concentration to 0.4 but the number of
tration. holes observed foE||c is slightly enhanced from 0.27 to
Unfortunately, the amount of spectral weight transferred0.31 holes if the Pr-doping concentration is increased to 0.8.
to lower energies upon doping has not been calculated fofhus, in contrast to the @) site, theE|/c hole count is
this system up to now. To nevertheless obtain an estimate afightly increased and is mostly affected at higher Pr concen-
the number of holes residing on the various structural unitstrations. This implies that the total amount of holes residing
we are forced to consider the additional spectral weight oron the CuQ chains is slightly reduced. This small decrease
the low-energy side of the UHB to be proportional to the Prof holes on the chain sites is in accordance with recent opti-
concentratiorx and to the oxygen content-4, despite the cal investigation® where a reduction by about 14% of the
existence of the gradual transfer of spectral weight menamount of holes residing on the Cy@hains was reported.
tioned above. For YBgCu3;0-, the total number of holes Furthermore, NMR and nuclear quadrupole resonance
per unit cell residing on the O sites was assumed to be 1. TH&NQR) datd®8636have shown that for a fixed oxygen con-
total integrated cross section of the seven O sites irentration the electric field gradients at the(Quand at the
YBa,Cu3;04 9, then corresponds to 17.8 Mb eV/unit cell. apical 04) site remain almost unchanged, regardless of the
Using this scaling factor, the site-specific and Pr-R substituent inRBa,Cu;O;_,. Therefore, a substantial
concentration-dependent hole numbers were derived froraoharge transfer in connection with the apica#site can be
the integrated cross sections of the first absorption peak iexcluded.
the O & spectra of the @) atom(Fig. 5), of the four 2,3 To estimate the number of holes residing on the additional
atoms (Fig. 3), and of the two @) atoms(Fig. 6). We  planar states on the low-energy side of the UHRg. 10,
point out that only about 80% of the holes which residewe have subtracted the UHB of tHg|a spectrum of the
in YBa,Cuz;Ogg; ON oxygen sites are found for oxygen-depleted RRY ¢-Ba,Cuz;Og05 Sample from the
PrggY ¢-Ba,Cuz0g9; and also for Pg,Y g Ba,CusOg9:.  Ella spectrum of the oxygen-rich BRgY o.Ba,CusOgq;
For all Pr concentrations measured, the holes observectystal. The resulting difference spectrum is depicted in Fig.
for different light polarizations are listed in Table Il. A 10. The integrated spectral weight of the difference spectrum
total of about 0.4 holes is observed for YB2u;049; ON  corresponds to 0.25 holes per unit cell. Since we observe for
both the @2) and Q3) sites of the planeE||a). When the YBa,Cu3;O0g4; a total of 0.91 holes and in the case of
Pr concentration is increased, the number of holes in botPr,gY o Ba,Cu;O04 4, just 0.73 holes, we assume that the
planes is gradually reduced. In other words, the Fermi levemissing 0.18 holes reside on #rThus, we can draw the
is moved up towards the top of the ZR band. Forfollowing conclusions: With increasing Pr concentration a
Pry.4Y 0.6BaCusOg o4, Still about 0.15 holes per plane are re- total of about 0.2 holes is transferred away from the ZR state
siding on planar oxygen orbitals forming the ZR band.and the @1) site, and is probably moved to Pr. Upon further
Therefore, the sample still exhibits metallicity and superconincreasing the Pr concentration 0.25 holes are moved from
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the ZR state into the energetically favored states on the low-
energy side of the UHB. These additional states are not hy-

o ) . ) : . 5t ProsYo2Ba,Cus0,,
bridized with Cu. The apical @) site remains essentially = e
_ s Ella: 2 x difference spectrum
unaffected by Pr doping. - o Elle: Pry Y, Ba,Cu0 o,

B. Comparison with current models

Based on these quantifications we can finally examine the
various models mentioned in Sec. I. As we already pointed
out in Sec. lll, the model of Ref. 40 fails to describe our
results since disorder effects at the Ba site are inconsistent
with our neutron diffraction and EDX results.

It is also evident from the NEXAFS data that a gradual
redistribution of the doped holes from the Cu@lanes to
the CuQ; chains as proposed in Ref. 39 can be ruled out,
too. Instead of a holéncreaseon the oxygen sites of the
CuO4 chain, as expected in this model, we do in fact observe . e
a decreaseby 14% of_the total hole count on the_ chain. 0% 526 528 530 532 534
Further support for this comes from optical experime&hts Photon ener

- gy (eV)
also reporting a decrease of 14%.
The rest of this section will be devoted to discussing as- FIG. 12. Comparison of the planar difference spectrum

i 33,37 -
peCtS Of a Pr ﬂz(xz_yZ)—o a)ﬂ. hybl’ldlzatlor:l" and thelr Z(PrO.SYO_ZBaZCUSOe_gl_PrO_SYO.ZBaZCU3OG.09 and theEHC spec-

conseqguences fqr the electronic structurg observed _i{;um of PrysY o Ba,CusOgs,. The area enclosed by both curves
NEXAFS. According to Fehrenbacher and Rice, the substizgnstitutes an upper limit fasotropic FR states.

tution of Y by Pr causes the initially delocalized holes to be

moved from in-plane @,3) 2p,, orbitals to the @2,3) 2p,,  trum amounting in total to 0.31 holes would then be com-
orbitals hybridized with the central Bt The UHB band will posed of a FR component and a component due to the apical
then be visible since in this case there is no transfer of spegxygen which implies that 0.21 holes would correspond to
tral weight from the UHB to the ZR stat@ee Fig. 11 As  the FR state and only 0.10 holes would be left on the apical
already pointed out above this lack of transfer of spectrap(4) site. Since we can exclude such a small number of holes
weight is indeed observed in our spectra. Therefore, we asn the apical @) site if opticaf?%2 and NMR dat&>18:63:64
sume that the feature at 529.5 eV in thga spectrum of  are taken into account, this places an extra and quite tough
ProgY 0 Ba,Cuz0gq; is composed of an UHB like that of constraint on the FR state, which cannot be reconciled with
ProgY 0. Ba,Cuz0g o5 plus possible FR statéFig. 10. We  the original FR approactd5° rotation of the O @, orbit-

will now examine if the above-mentioned additional low- gls).

energy states are in fact consistent with further characteris- Combining our results with optical dat,it is evident

tics of FR states. In the FR model it was assumed that théhat the reduction of holes residing on O sites of the chain
0(2,3 2p,, orbitals point towards the central Pr ion, which takes place predominantly on the&XDsite since the reduc-
means a rotation of the Qp2, orbitals of about 45% There-  tion by about 14% of the chain holes is already fulfilled by
fore, anisotropic** contribution from in-plane transitions and the Q(1) hole decrease as can be inferred from Table I1. This
from transitions perpendicular to the Cy@lanes should be conclusion is corroborated by NMR d&t&* where no
observed if the FR states can be identified with the additionathanges for the @) and Cy1) sites were detected. Thus, it
states observed in the spectra. To obtain a numerical estima¢an be concluded that the number of holes on the apiégl O

of these states, we have to take into consideration, that onlyite remains unaffected by Pr substitution while the decrease
O 1s-0O 2p, transitions are allowed foE|lc while, for E  of O(1) holes is responsible for the 14% reduction of the
Lc, O 1s-0 2o, and O 5-0 2p, transitions are possible. chain holes. Even with this reduction, there are still 0.44
This implies that in the former case all orbitals are involvedholes located on the chain unit of £jY ¢.,Ba,CuzOgg;.

in the absorption process but in the latter half the orbitals ar@his refutes the approach of Waret al,*® according to
oriented perpendicular to the polarization vector of thewhich no holes are left in the Cu@chains.

synchrotron radiation. Hence, the difference spectrum In contrast to thésotropic FR staté* suggested in the FR
(ProgY 0Ba,Cuz0g91— ProgY . Ba,CusOg09 for polar-  model®® Liechtenstein and Mazi (LM) proposed that the
ization E[|a has to be scaled by a factor of 2 in order to takeFR state which grabs the holes has exclusiy##nar char-

all planar contributions into account. The scaled differenceacter. They have calculated the Pr-concentration-dependent
spectrum is shown in Fig. 12 together with tEgc spectrum  number of holes in this planar FR state. For
of PrygY g-Ba,CuzOgg;. The common area below both PrggY o.Ba,Cu;0- they find 0.25 holes, exactly the value
curves can be regarded as an upper limit for isotropiave observe in the additional planar states on the low-energy
Fehrenbacher-Rice stat&s>* The integrated area common side of the UHB(see Fig. 10 and Table)llHowever, they

to both curves corresponds to 0.21 holes. This accounts fafonsider a dispersive and conductipd= band with a hop-
only half the states since the orbitals are assumed to be ring integralt,;=0.75 eV between the FR state and Rr 4
tated by 45°. Therefore, a total of 0.42 holes could reside omrbitals. In order to obtain a narrow band and, therefore,
the possible FR state. The peak of e absorption spec- insulating behavior, they have to resort to strong scattering

o (Mbarn / unit cell)
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effects due to more than 6% Ba on the Pr site. Although the
number of holes irplanar FR states is consistent with the 0.30
NEXAFS data of PggY o -Ba,Cu;Og¢ o1, this scattering due

to Ba on the Pr site as invoked by Liechtenstein and M¥zin

is inconsistent with the findings of the neutron diffraction
measurements, as mentioned above. By and large, it may be
said that the LM approach would, in principle, agree with
our NEXAFS data if the FR band exhibited greaperchar-
acter abovee, than expected from Fig. 1 in Ref. 37.

Based on the idea that the rotation angle may be situated
somewhere between the two suggested extremes of 0° and
45°, we propose a very simple and straightforward extension
of the original FR calculations. For this extension, a simple

0.25

0.20 FRO b

Apical hole concentration

number of FR holes -,

dependence on the rotation angle is introduced while all atoxygensites " 0.19
other results of Ref. 33 are retained unchanged. According to - T e
this, the peak at 528.7 eV fd&f a in Fig. 12 consists of holes " 0.23

in the FR state plus holes which remain in the ZR state due 015 L ) , ) o N
to the Y fraction in the material, while thE||c feature at ) 20 30 40 50
527.8 eV is composed of holes in the FR state plus holes on
the apical oxygen. By changing the rotation angle of the
0(2,3 2p, orbitals the contrlbytlon of the FR state to the FIG. 13. Test of the Fehrenbacher-Rice model. The apical hole
Ellc spectrum can then be varied. We assume that for rota- C o . ) )
- o . . . S concentration is depicted as a function of the rotation angle of
tion angles#45° a FR sta_te is still possmle. In theoo_rlglnal_the 02,3 2p, orbitals, as calculated from Eqg) (in the tex).
ER m(_)del, the FR. state Wlt.h a rotation angle of 45° is stabi\exaFs results of this work are incorporatésee text
lized if the hopping matrix element between » 2nd
Pr 4f statest,;, is in the range 0.4-0.5 eV. This range of . . .
values fort,; appears to be a sensible requirement for the"R state is stabilized for the solid curves (158 <1.66).
stability of a FR state at a rotation angje45° as well. In  For the dotted curves below the stable range thectupa-
other words, we consider 0.4 &\f,<0.5 eV as the crite- tion ny is too large (>1.66) and the correspondirtg; too
rion for a stable FR state for any given rotation anglesmall to stabilize the FR state. In this case the superconduct-
#45°, regardless of the maximum value that reaches ing solution, i.e., the ZR state, is energetically favored. For
around 45°. the dotted curves above the stable range<(1.58) ng be-
Moreover, we assume that all of the missing 0.18 holes ircomes too small€0.4), and at the same time the hopping
ProgY 0.Ba,Cu3Og¢0; are transferred to Pr. Hence, consis-integralt, required 0.5 eV) becomes even harder to rec-
tent with the Fehrenbacher-Rice mod&lwe ascribe a va- oncile with the insulating behavior observed. The restriction
lence of +3.18 to Pr. For our simple extension of the FR “unchanged apical hole concentration” and the suggestion
model up tonzz=<0.2 holes were allowed in the ZR state of a4 45° rotation of the (2,3 2p,. orbitals are represented
since 20% Y is left in the compound. The contributions de-py dashed lines in the figure. It is obvious from Fig. 13 that
termined from our NEXAFS data fd||a, n,, E[|b, np, and  one can have a stable FR state and an unchanged apical hole
Efc, nc, were, of course, incorporated into our extension.concentration at the same time if théX®) 2p.. orbitals are
The number of apical @) holes depending on the rotation rotated out of the plane by just about 20°—25°.
angle of the @,3) 2p,, orbitals can then be obtained utiliz-  Thjs result differs from the proposed extremes of 45° ro-
ing the following relations: tation in the FR model and of 0° rotation in the LM ap-
proach. However, the NEXAFS data are consistent with a
Pr 4f,42_y2—0 2p, hybridization and indicate a rotation
angle of the O B, orbitals that is situated in the middle of
the proposed ones.

O 2p, angle to plane (deg.)

Np=NE(2—Ny),
Ner=NE(N;— 1),
2n,=NprCOS Y+ g, ©)

Ne=NERSIP Y+ Napex V. CONCLUSIONS

In summary, we have conducted NEXAFS and neutron
diffraction measurements on Pr,Y,Ba,CuzO;_, single
where np, denotes the number of holes transferred to Prgcrystals with different Pr and O concentrations. The main
Ner the number of holes situated on the @,2orbitals, ng result of our investigations is that we can rule out models
the density of PV ions, n; the number of Pr # electrons, involving hole filling or charge transfer between the planes
v the rotation angle of the O, orbitals,n,x the number of and the chains while our data are consistent with approaches
holes situated on the Opg orbitals, n,,e, the number of  based upon Prf4-0(2,3) 2p . hybridization. From our mea-
holes on the @) site, andng,i, the number of holes on the surements the following picture for the electronic structure
O(1) site. The results are depicted in Fig. 13. Using the reof Pry_,Y,Ba,CusOggq; arises: Due to Pr doping of
lationship between,; andn; given in Table | of Ref. 33, the YBa,Cu30¢ g, at first about 0.2 holes are lost from the O

Nprt NERT NZR T Napext Nehain— 0.91,



55 X-RAY ABSORPTION SPECTROSCOPY OF DETWINNE. . . 9171

subsystem and presumably transferred froth)@nd Q2,3 Ref. 37 correlation effects on the copper sites are disre-
sites to the Pr atom. On further doping the additional stategarded.
on the low-energy side of the UHB are stabilized and about

0.3 holes are transferred from the energetically competing

ZR state to these additional states. If the additional states are
interpreted as FR states, they neither have the proposed ro- We are grateful to K. Widder and H. P. Geserich for
tation angle of 45{FR mode) nor do they show exclusively performing the optical reflectivity measurements on oxygen-
planar characte(LM approach; rather, the @,3) 2p,, or-  deficient PY ;_,Ba,Cu3O;_, and for stimulating discus-
bitals are rotated by an angle of about 20°-25°. Thereforesions. We greatly appreciate fruitful discussions with R.
for PrggY ¢.2Ba,Cu3O¢ g1 abOULN 4pe,t Nenait= 0.5 holes still - Fehrenbacher and I. Mazin. We thank H. Winter, B. Seibel,
reside on the oxygen chain siteg,~0.2 holes are presum- E. Seibel, and S.-L. Drechsler for clarifying comments about
ably transferred to the Pr atom, amgg~0.3 holes are theoretical aspects, B. Scheerer for his excellent technical
moved from the ZR state into the energetically favored FRsupport, and E. Sohmen and J.-H. Park for their experimental
states. Following the arguments of Fehrenbacher and*Riceassistance. We are indebted to G. Meigs for his very gener-
and those of Liechtenstein and MaZiit is likely that an  ous help in sorting out technical difficulties. P. Adelmann
enhanced for Pr as compared to other rare earths or Yprovided valuable insight into the chemistry of impurities.
combined with favorable values et andU; is responsible The NSLS is part of Brookhaven National Laboratory, which
for the stability of the FR state. The discrepancy in the rotais funded by the U.S. DOE. Part of this work was supported
tion angle of thep,, orbitals between our NEXAFS data and by the EU under Contract No. SCI CT91-0751 and the HCM
theory may be due to the fact that in the calculations of Refnetwork under Contract No. ERB CH RXCT 940438. V.C.
33 possible effects of the copper potentials on thewas supported by the Office of Naval Research. M.S.G. is
Pr 4f-0O(2,3) 2p, hybridized state are neglected, and that ingrateful for support from the HCM program of the EU.
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