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0O-2p holes in tetravalent oxides of Ce and Pr and the Fehrenbacher-Rice hybrid in PrB&Lu3;0,_ 5
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We report on an x-ray absorption near-edge struct¥&NES) study of O-2 holes induced by
Ln-4f/O-2p covalence in Ln@ (Ln=Ce,Py and BaLnQ (Ln=Ce,Pr,Th. The pre-edge peak in the G1
XANES spectra, associated with @@2holes, shifts to lower energy from Ce to Pr, in agreement with theo-
retical expectation, and its intensity scales with the strength of ffi2p4covalence. In RiV) oxides, the
pre-edge peak is at the energy of the “Fehrenbacher-Rice” state in@uWB2;._s, supporting the view that the
suppression of superconductivity in PeBarO, 5 is due to Pr-4/0-2p hybridization.
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In the last decade, the multiple peaks in the x-ray absorptetravalent Ln@, where information on O- holes has only
tion near-edge structusXANES) and core-level photoemis- been obtained in a rather indirect way from Ln core-level
sion (PE) spectra of tetravalent lanthanide compounds, likespectrat® With regard to (i), the LnQ, and BalLnQ
LnO, (Ln=Ce,Pr,Th, LnF,; (Ln=Ce,Th, andMsLnF; (M oxides—due to their simple crystal structures—are ideally
=Cs,Rb; Ln=Ce,Pr,Nd,Tb,Dy) have evoked a series of the-suited for a comparison of the Lnt40-2p hybridization in
oretical and experimental efforts concerninfyvialence and  these compounds with that in Pr@u,0O,. We shall thus
covalencé™ The observed spectral features can be well inpresent O-§ XANES spectra of Ce®and PrQ, with cubic
terpreted by Ln-4/ligand-2p covalence within the frame- |ocal symmetry around the Ln ion, and of BaGe®aPrQ,
work of the Anderson impurity model. In this model, the and BaTbhQ, with octahedral local symmetry around Ln. We
ground-state wave function is given byg=al4f")  compare the results with OsIXANES spectra obtained
+Bol4f" "L ), wheren=0, 1, 2, 7, 8 refers to Ce, Pr, Nd, from single-crystaline  PrB€u;0, 5, where the
Tb, Dy, respectively, antl stands for a hole in the ligands2  |n-4f/O-2p bonding is expected to be similar to Rr@n
orbitals (here, mixing with 4"*2L? configurations is ne- the basis of the same symmetry.
glected. These results on tetravalent lanthanide compounds The XANES measurements on CgOPrO,, BaCeQ,
receive attention in connection with the suppression of SUBaPrQ,, and BaTbQ were performed in the total-electron-
perconductivity in YBaCuOy.5, when Y is substituted by vyield (TEY) mode at the SX700/Il beamline operated by the
Pr, with the orthorhombic structure being preserved. Whilerreje Universita Berlin at the Berliner Elektronenspeicher-
substitution by Ce also depressgg, substitution by the ring fir SynchrotronstrahlungBESSY). The experimental
heavy lanthanide element Tb, with only a weak T@-2p  resolution was 300 me\ffull width at half maximum
hybridization, hardly affectd.° (FWHM)] at a photon energy of 530 eV. The tetravalent Ln

The present work has two main objectivés. To gain  oxide samples were in the form of polycrystalline pressed
direct information on the ligand holes induced by pellets(12 mm diameter, 3 mm thigkThey were transferred
Ln-4f/O-2p covalence in these tetravalent oxides in order tofrom a clean Ar atmosphere to the experimental chamber
set up a reference for a better understanding of the electronigith a base pressure ofx110 % mbar, and scraped with a
structure of related more complex materials, such as Migh- diamond file prior to the measurements. The data were nor-
superconductorgii) To compare the electronic structure of malized to TEY spectra of Au in order to account for varia-
PrO, and PrBaCu;0O,.s nearEg. Concerning(i), we note tions of the incident photon flux as a function of photon
that for lowZ elements, the creation of a core hole in theenergy. They were also normalized at 50 eV above the ab-
XANES process has only little effect on the unoccupiedsorption threshold, where the density of states has almost
states just abovEg ,° allowing us to analyze in a quite direct free-electron-like character. The purities of the samples were
way via O-Is XANES the ligand holes induced by checked by LnM 45 XANES, which revealed pure L(tV)
Ln-4f/O-2p covalence in the ground state. This method hasstates in BaLn@ and CeQ. In the case of PrQ about 9%
been applied previously to high: materials’™® but not to  Pr(lll) impurities were found, in agreement with the fact that

0163-1829/99/6(B)/14604)/$15.00 PRB 60 1460 ©1999 The American Physical Society



PRB 60 BRIEF REPORTS 1461

L L ference to the main peak as in the spectrum gORrHow-

0-K XANES . ever, it was only poorly resolved due to insufficient experi-
N mental resolution, and the relative intensity of the pre-edge

peak was found to be weaker than in Rr@ accordance

with about 30% Rl ) in this mixed-valent oxidé.lt should

be noted that the given assignments éfahd 5d character

to featuresA and B, respectively, are consistent with the

results of bremsstrahlung isochromat spectrostbfBIS)

and optical reflectivity measuremerifs.

The pre-edge peak reflects transitions of aslcore elec-
tron to 2p-hole states in the narrowfddominated bands
resulting from strong Pr-#0O-2p hybridization in the
ground states of tetravalent Pr compounds. This is consistent
with the view that covalence increases with increasing va-
lence of the metal iof® In the case of tetravalent Ln fluo-
rides, the pre-edge peak is shifted further to lower energies
by =7 eV with respect to Ln; far below the edge jumblf
we neglect the change of the hole distribution induced by the
core hole, the relative intensity of the pre-edge peak is pro-
portional to]B,|? (see Introductiop since in XANES only
intra-atomic transition matrix elements have nonzero magni-
tude. We also note that, in spite of the different crystal struc-
tures of PrQ and BaPrQ, the spectral profiles and energy

Photon Energy (¢V) positions of the pre-edge peaks are quite similar for the two

FIG. 1. O-1s XANES spectra of the tetravalent Ln oxides oxides. On_ the other hand, differenceg are observed in the
CeO,, PrO,, BaCeQ, BaPrQ, BaTbQ, and of PyO, for com-  €NErgy region of peaB and above, which result fro_m dif-
parison; the spectra were taken in the total-electron-yield mode. f€rént Ln-5 and Ln-@p band structures due to the different

crystal structures.
stoichiometric Pr@is known to be only stable under oxygen A pre-edge peal is also observed for BaTh{pOhowever,
pressuré® The polarization-dependent G XANES spectra  with a rather low spectral weightanalogous to the F<l
of a detwinned single crystal of PrBaw,0;5 (=0.09) XANES spectra of tetravalent Ln fluoridgsThis reflects a
were recorded at the National Synchrotron—Radiation Lightveak Th-4/O-2p hybridization in this heavy Ln oxide due
Source(NSLS), Brookhaven National Laboratory, employ- to the small 4 radius of Th. The XANES profiles of CeO
ing the Naval Research Laboratory beamline O4B. In thisand BaCe@ are quite similar to those of PgGand BaPrQ,
case, the rather bulk-sensitive fluorescence-yiEM) mode  which is not unexpected since the crystal structures of L.nO
was employed, using a seven-element ultra-low-energy Gand BaLnQ are the same and the Lrf#4D-2p hybridiza-
detector(with a typical sampling depth g 1000 A as com- tions ought to be of comparable strengths. The only obvious
pared to=30 A in the TEY modg’® The resolution at difference is a shift of the pre-edge peako lower energies
this beamline was 210 melfFWHM) at a photon energy of by =1.3 eV, similar to the situation found for the tetravalent
530 eV.l, normalization(at =70 eV above threshojdand  Ln fluorides® Such a shift has also been observed from
self-absorption correction were performed in the usual wayCu(ll)/Cu(lll) to Ni(ll)/Ni(lll) in a previous study, where a
as described in detail in Ref. 11. In the case of the -1 systematic shift of the pre-edge peak to lower energies was
spectra, FY is a good measure of the absorption, since mufeund when the ionization energy of the metal ion in the
tiplet splitting can be neglectéd. same oxidation state increases®Along this line, we arrive

Figure 1 displays the Osl XANES spectra of Ce@ at a consistent picture by noting that the fourth ionization
Pro,, BaCeQ, BaPrQ, BaThG;, and of P§O; for com-  potential of P(IV) is E; ,=38.98 eV, while it is 36.76 eV for
parison. The spectral features observed for thgOsrcom- cellv).Y’
pounds are all very similar to the spectrum shown foORy The intensities of the pre-edge peékfor the BaLnQ
with a strong pealB at =533 eV superimposed on the edge series scale approximately as 1:2.2:2.6 in the sequence
jump, and a broad structure centered=s%38 eV. PeakB  Th:Ce:Pr. To arrive at an estimate for the absolute hole
and the structure a&=538 eV are assigned to Lnd5and  counts, we recall that for CeOa value of 0.48 has been
Ln-6p states, respectively, while the edge jump corresponddleduced from Ln core-level spectrd?® This value appears
to transitions to empty continuum states. In the spectra of thquite reliable since the @&/ ) state, with a formal #° con-
tetravalent Pr compounds, shown in Fig. 1, p&ais also  figuration, is highly stable, while for other (V) oxides,
assigned to Pr- states. The pre-edge regions are particulike PrO, and TbQ, substantial Lfill ) impurities are always
larly interesting in the spectra of the tetravalent oxides, sincg@resent, leading to overestimates of the hole cotitits.
these contain a pre-edge pellocated=4.2 eV below peak Therefore, we deem it appropriate to scale the Bal.e€ies
B; this reveals unoccupied states below the Breferived by setting the intensity of the pre-edge peak in BageQual
states. Such a pre-edge peak was also observed in tie 0.48 holes, which leads to hole counts of 0.57 for BgPrO
XANES spectrum of RO, with about the same energy dif- and 0.22 for BaTb@
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FIG. 2. O-1s XANES spectra of the tetravalent Ln oxides GeO (i) The magnetic moment of the (P¥) ion, mediated to
(bottom panel and PrQ (top pane), and calculated densities of the CuQ planes by some Pr{4admixture to the O-@ or-
states from Ref. 10 for comparison; the spectra were taken in thpitals, leads to pair breakiri]@.
total-electron-yield mode. (i) Pr-4f/0-2p, hybridization in the so-called

“Fehrenbacher-Rice” (FR) staté’ competes energetically
with the “usual” planar Cu-8/O-2p, hybridization in the

We now turn to a comparison of the Gs XANES spec-  zZhang-Rice(ZR) state?! The latter is generally believed to
tra of LnG, (Ln=Ce,Py with the results of self-consistent- carry superconductivity in high; materials. In the FR
field (SCPH band-structure calculations, neglecting possiblemodel, a slight energy advantage is postulated in favor of the
O-1s core-hole effects. The results are presented in Fig. 2FR state, thus leaving effectively no carriers in the ZR state
where in addition to the O-s XANES spectrum of Pr@  for superconductivity. Clearly, for FR states to exist, some
(top pane) and CeQ (bottom panelthe partial densities of fraction of the Pr ions in PrB€u0,.5 has to be in the
states from the SCF band-structure calculations of Koellingpr(1v) state.
Boring, and Wood are displayednote that the detailed® PrBa,Cu0; had been studied previously by XANES at
bands belovE are not reproduced in Fig)2We note that  the Pri,, thresholds, with the spectral profile of the(IRf)
the calculated bands agree very well with the observed spegomponent found to be rather similar to that of RO This
tral structures, supporting the given assignments. Moreoveagreement is due to the fact that the local symmetries of
the energy separations between thiea#id 5 bands are well  the Pr ions in these two compounds are quite similar, con-
reproduced for each compound, as are the differences beidering the fact that the final state in the XANES process,
tween the two compounds. In addition, the good agreemerpr-5d, is rather sensitive to the local environment. Roughly
shows that the O<.core level has only minor effects on the 10% PIV) spectral weight had been estimated in that work.
unoccupied states in the two compounds. On the basis of Fihs shown in Fig. 3, the perovskite-related material
2 one can also readily understand the metallic and insulatingrBebCuSoM exhibits a rich XANES structure close B,
properties of Pr@ and CeQ, respectively. Thus, both the due to the large number of inequivalent O sites. This makes
Anderson impurity model and the band-structure calculations necessary to study detwinned single crystals, in order to be
are able to describe the electronic structure of thedo@n-  able to distinguish between contributions from the various
pounds. It is obvious from this discussion that the pre-edgegites. Details of the procedure can be found in Ref. 19, and
peakA is not of the same origin as structuBgat=533 eV), the assignment given below follows closely the arguments
in contrast to what had been claimed in Ref. 9; instead it igresented there.
due to Pr-4/0-2p hybridization. With this understanding of The first absorption feature a527.8 eV in the spectra
the Pr-4/0-2p hybridization in PrQ and BaPrQ, we now  with light polarizationE oriented parallel to the crystallo-
turn to the more complex material Prias0;.s. graphicb andc axes corresponds to holes in th€lDchain

Figure 3 compares the OsIXANES spectrum of Pr  site and the @) apical site, respectively, and will not be
(top spectrum with polarization-dependent Os1XANES  considered in the following. Th&|a spectrum exhibits a
spectra of detwinned, single-crystalline PsBa;O;_s (bot-  prominent peak at 529.3 eV, which was shown previously to
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correspond to the upper Hubbard baRdOn the leading The ligand holes induced by Lnf4O-2p hybridization in
edge of this peak, a shoulder is observetrked by a ver- the LnIV) oxides, Ce®, PrO,, BaCeQ, BaPrQ, and
tical arrow), which is close to the energy of the ZR state in BaTbQ,, were directly observed in OsIXANES spectra in
PrBaCu;0;. However, as shown in previous studies of the form of characteristic pre-edge peaks. This observation
Pro.gY0.BaCu07.5, this shoulder cannot be the result of confirms the proposal of Ln#40-2p covalence suggested in
Cu/O hybridization(as the ZR stabe since in that case the previous studies by Ln core-level spectroscopy. The energy
transfer of spectral weight would lower the upper Hubbardyositions of the pre-edge peaks vary with the Ln element,
band considerably. Instead, it is a strong indication of Oyjith the trend being in agreement with the results of SCF
orbitals in the Cu-O planes that are hybridized with Pr, butyand-structure calculations. The weak intensity of the pre-
not with Cu, i.e., forming FR states. Note that the pre—edg%dge peak observed for BaTh@s explained by a weak
peakA in the spectrum of PrQis located very close to the Ty_4f/0-2p covalence in this compound. Furthermore, the
energy of the “FR shoulder,” an observation that lends fur'spectral similarities between the G-IXANES spectra of
ther support to an interpretation of this shoulder as due tqbro2 and PrBaCu,0,.; give support to the view that the
Pr-4f/0-2p hybridization. The fact that according to the FR gyppression of superconductivity in the latter compound is
model, 50% of the Pr ions ought to be tetravalent, howevergg sed by Fehrenbacher-Rice A/@-2p hybridization,

should not be confused with a charge transfer of this magniyhich removes holes necessary for superconductivity from
tude. Instead, Fehrenbacher and Rice arrive at about 0e planar Cu-8/0-2p hybridized orbitals.

holes transferred on the average to the Pr site, which corre-

sponds approximately to the amount of holes “missing”  This work was supported by the Deutsche Forschungsge-
from the O sites in a quantitative analysis of the meinschaft, Project No. Ka 564/7-2, and the Bundesminister
Py sY 0 BaCus0,.5 spectra® This explains the relatively flr Bildung, Wissenschaft, Forschung und Technologie,

small intensity of the FR shoulder in Fig. 3. Project No. 13 N-6601/0.
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