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The electronic structure of the CuO, planes and CuOj; chains in single-domain crystals of YBa,Cu;0,
has been investigated as a function of oxygen concentration (6 <x <7) using polarization-dependent x-
ray-absorption spectroscopy of the O 1s and Cu 2p core levels. The polarization-dependent observation
of unoccupied states with O and with Cu orbital character parallel to the @, b, and c axes of the crystals
allows the determination of the number of hole states in Cu 3dx2¥y2 and O 2p, , orbitals in the CuO,

planes as well as in Cu 3dy2_22 and O 2p, , orbitals in the CuOj; chains. States with Cu 3d 3,2_,2 orbital

character contribute less than 10% to the total number of states near the Fermi level. The number of
holes in the planes and in the chains is found to be correlated with the superconducting transition tem-

perature.

I. INTRODUCTION

High-temperature superconductors (HTSC’s) may be
described by CuO, layers embedded in block layers which
are presumably responsible for superconductivity. These
block layers are necessary for the stabilization of the
CuO, layers and they determine the occurrence of physi-
cal properties such as, for example, magnetic order, con-
ductivity, and superconductivity in the CuO, layers.
Moreover, these properties can be tuned by modifications
of the block layers, leading to changes of internal pres-
sure or doping concentration in the CuO, planes.

Since the discovery of the first HTSC,' an enormous
number of theoretical and experimental investigations
has been performed and a wealth of knowledge on this
class of materials has been obtained. However, the main
question concerning the origin of superconductivity has
not yet been answered. An important ingredient for the
understanding of superconductivity is the knowledge of
the electronic structure of these materials. The early
theoretical investigations of the electronic states by
band-structure calculations in the local-density approxi-
mation (LDA) failed to predict the band gap and the anti-
ferromagnetic order in La,CuQO,,? because of the strong
on-site correlations on the copper sites. However, this
situation has improved recently due to the introduction
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of self-interaction corrections® > (SIC) to the local-spin-
density (LSD) formalism.

In this paper the investigation of unoccupied electronic
states in YBa,Cu;0, having Cu and O character is de-
scribed as a function of oxygen stoichiometry. In the fol-
lowing, and as shown in Fig. 1, we will adopt the notation
of Cu(1) and Cu(2), respectively, for the copper sites in
the chain and the two planes per formula unit, and of
0O(1), O(2), O(3), and O(4) for, respectively, the oxygen
sites between the Cu(l) atoms on the b axis, those of the
plane on the a and b axes, and the apical site. In the un-
doped case, YBa,Cu;Oq¢ is in a tetragonal phase due to
the absence of the O(1) atoms. With increasing oxygen
content, a transition to the orthorhombic phase occurs
near x =6.3,° due to the formation of chain fragments.
Upon further doping, a tendency for ordering of oxygen
atoms in chains or chain fragments has been ob-
served.”” ! In YBa,Cu;0,, complete CuOs;-chains ex-
tend along the crystallographic b direction.

Tetragonal YBa,Cu;Oq is an insulator. Near the tran-
sition to the orthorhombic phase, YBa,Cu;0, becomes
metallic and superconducting. For higher oxygen con-
tents the superconducting transition temperature 7, is
observed to rise stepwise (with a plateau near x =6.6 and
T.=~60 K (Ref. 12) to a maximum value of 91 K for x
near 6.93.1% In the intermediate region, T, depends on
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FIG. 1. Unit cell of YBa,Cu;0;. The CuO, planes and the
CuOj chains are indicated by a grey tone.

the order within the chains. 413

In an ionic picture, YBa,Cu;O4 can be understood as
composed of trivalent Y, divalent Ba, and divalent O.
The Cu(1) atoms in YBa,Cu;0q4 are twofold coordinated
with O(4) atoms and hence are in the monovalent state.
The two Cu(2) atoms per formula unit of the planes will
have a valency of 2. Upon introducing oxygen up to
x =6.5, we may argue that extra holes will form
Cu(1)**. The latter might be expected since with the
change of the copper coordination from twofold to four-
fold, a change from formally monovalent (Cu™) to di-
valent copper (Cut™) is commonly observed. The oc-
currence of Cu(l)* for low oxygen contents in
YBa,Cu;O0, was derived from the line shape and the
main line to satellite ratio as observed in Cu 2p x-ray
photoemission spectra (XPS).!%!” Polarized Cu 1s x-
ray-absorption spectroscopy'®!® (XAS) reveals an excita-
tion into Cu 4p orbitals in the a, b plane, which is taken as
evidence for Cu®. Further evidence for Cu* came from
nuclear magnetic resonance’® (NMR) and nuclear qua-
drupolar resonance (NQR).?! Optical reflectivity?? and
electron-energy-loss spectroscopy®*® (EELS) investigations
show a sharp feature at about 4 eV probably caused by an
0(4)-Cu(1)*-O(4) dumbbell. At oxygen contents above
x =6.5 it was expected that the extra holes are doped to
Cu(2) transforming it partly to Cu®*. This, however,
would cost a Coulomb energy of about 10 eV for two Cu
3d holes on one copper site. On the other hand, less ener-
gy is needed to create holes on the oxygen sites. The
creation of holes on oxygen sites may start well below
x =6.5 due to partial ordering of O(1) in chain fragments
with more than two chain links.

As a consequence of the strong on-site correlation
effects on the copper sites, an upper Hubbard band
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(UHB) and a lower Hubbard band (LHB) are formed in
YBa,Cu;0q instead of a half-filled Cu 3dx2_y2-0 2p,, o*
band as predicted by LDA (Ref. 24) band-structure calcu-
lations. An O 2p, , band should appear in between. This
corresponds to a model describing the late transition-
metal oxides as charge transfer insulators.? In this mod-
el, with increasing x, holes are formed in the valence
band (VB), having predominantly O 2p character. Ex-
change interactions between Cu 3dx2_y2 and O 2p, , or-

bitals, leading to a pairing of the spin of the Cu 3d° hole
with that on the neighboring oxygen atoms, form the
highest state in the VB, the Zhang-Rice singlet.2%?’

The p-type nature of the electronic structure of
YBa,Cu;0, was deduced from chemical arguments, from
Hall effect measurements,?® EELS,? and XAS.33!
Low-energy excitations studied by EELS (Ref. 32) as
well as optical investigations showed a composite
plasmon line indicating that holes appear in the CuO,
planes as well as in the CuO; chain. The orbital charac-
ter of unoccupied states near E, was studied by
polarization-dependent EELS on single-crystalline
YBa,Cu;0, as a function of oxygen concentration, and
was in accord with unoccupied Cu 3dx2_y2 and O 2p, ,

states with o bonding. 3 Similar results were also derived
from NMR experiments.**3> On the other hand, in
many theoretical papers, the importance of unoccupied
Cu 3d, ,_,» and O 2p, states for HTSC cuprates has been

emphasized.*¢ "3 A large contribution to the electronic
structure close to the Fermi level (Ey) from unoccupied
states with Cu 3d 3,2 ,2 Symmetry was derived from po-
larized X AS investigations of YBa,Cu,;O 4 single crystals
by Bianconi et al.* However, XAS investigations on
other p- and n-type doped cuprates showed that 3d 32— 2
states contribute less than 5% to the unoccupied Cu 3d
states near Ep. %04

Optical investigations on twin-free domains of
YBa,Cu;0, single crystals revealed an appreciably
higher frequency for the plasmon edge by light polarized
parallel to the chains (E||b), compared to that for E||a.
This higher plasmon frequency for E||b was explained by
additional holes on the chains. An analogous result was
observed by polarized O 1s x-ray-absorption investiga-
tions.*® Recently, a series of single domain crystals of
YBa,Cu;0, was prepared and investigated by optical
spectroscopy?® and ultrahigh-resolution dilatometry.*°
In this paper we report on polarization-dependent soft x-
ray-absorption experiments using mainly the same set of
crystals. The aim of these experiments was the investiga-
tion of the hole distribution on all oxygen and copper
sites as a function of oxygen content.

45—47

II. EXPERIMENT

YBa,Cu;04 crystals were obtained by annealing as-
grown YBa,Cu;0, crystals for 2 days at 700°C in a vacu-
um of about 10~° mbar. YBa,Cu;O, crystals were
prepared by annealing a single crystal in an oxygen atmo-
sphere at 200 bar and at 380°C for 3 weeks. Single-
domain crystals with different oxygen content were



51 SITE-SPECIFIC AND DOPING-DEPENDENT ELECTRONIC. ..

prepared by annealing twinned YBa,Cu;O, crystals at
distinct oxygen pressures and subsequent rapid cooling as
described by Jorgensen et al.'> The crystals were
detwinned by applying an uniaxial pressure to one of the
faces parallel to the ¢ axis at about 400°C. The process
was controlled by a microscope using polarized light.
Details on the crystal growth and preparation of single-
domain crystals were described by Erb et al.’! and Zi-
bold et al.>> In our case, the crystals were grown in
ZrO, crucibles stabilized by Y,0; and hence were free
from Al or Au contaminations. The Zr content measure-
ment by atomic absorption spectroscopy was found to be
below the detection limit ( <0.007 Zr atoms/unit cell).
Well-reflecting (001) surfaces were obtained by cutting off
several slices about 100 nm in thickness with an ultrami-
crotome using a diamond knife. Beside the uppermost
layers, these surfaces are stable in air as demonstrated by
repeated optical investigations at time intervals of several
months, as well as by the absence of a line at 534 eV in
the O 1s absorption spectrum, which is observed in
slightly decomposed cuprates. The size of the crystals
was up to 2 mm by 2 mm in the a,b plane and about 0.3
mm in the ¢ axis. Twelve samples were investigated, nine
of them exhibiting orthorhombic crystal structure and
superconductivity.

One of the major problems in this type of experiment is
the determination of the exact number of oxygen atoms
per formula unit (i.e., x). This can be determined most
precisely using neutron diffraction. For these investiga-
tions, however, crystals with a volume of at least 1 mm3
are required. Polycrystalline samples'? and subsequent ti-
tration or thermogravimetric analysis have been used to
establish a correlation between x and the annealing con-
ditions. In the present study x values (Table I) have been
derived using a similar procedure as that described in
Ref. 12. The application of this correlation to single-
crystalline samples can introduce some errors: the
diffusion of oxygen in single crystals is slower than in
polycrystalline materials, and the purity of single crystals
can be less than that of polycrystalline materials, since
for the synthesis of the latter high-purity chemicals are
sintered at temperatures below the melting point of
YBa,Cu;0,. The preparation of single crystals on the

TABLE 1. Comparison of the number of oxygen atoms per
formula unit derived from the preparation conditions, x,, and
from neutron diffraction, x,. The superconducting transition
temperature T, is given as further parameter.

X, X, T./K
7.00+0.02 7.00+0.01 87.4
6.95+0.03 6.97+0.01 91.4
6.951+0.03 91
6.75+0.05 81
6.731+0.05 76
6.591+0.05 60
6.57+0.05 55
6.50+0.05 6.49+0.01 43
6.39+0.05 18
6.15+£0.05 0
6.00+0.03 0
6.004+0.03 0
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other hand needs melting of the materials, and therefore,
the contact of the melt with the crucible, especially
Al,O3, or ZnO or Au crucibles, can contaminate the crys-
tal. This may be the reason why lower T, values are ob-
served for single crystals when compared with those of
polycrystalline samples. Another problem is the
BaCuO,-CuO flux needed for the growth of single crys-
tals, as sometimes the crystals grow as a stack of platelets
with thin layers of flux in between. The YBa,Cu;O crys-
tals show a strong phonon peak followed by a strong dip
at about 80 meV in the optical reflectance spectrum.
This is evidence for these samples to be nonmetallic with
x=~6.0.

Three crystals were analyzed by a complete structure
analysis using neutron-diffraction techniques. The mea-
surements were performed on the four-circle
diffractometer 5C, at the Orphée reactor CE-Saclay.
Typically 1200 reflections in a half-sphere were detected
leading to 400 independent observations after averaging
in the orthorhombic space group P,,,,,. The refinement
of the occupancies determined the oxygen concentrations
with a precision of about 0.01 atoms per unit cell. No re-
sidual O(S) occupancy was observed. Our crystals show
an exact 1:2:3 stoichiometry for Y:Ba:Cu and no Cu
deficiency as were found in other crystals. Oxygen con-
centrations of 7.00, 6.97, and 6.49 (see Table I), respec-
tively, were derived for a sample annealed in 200 bars of
oxygen, a sample near to the maximum 7, and a sample
prepared to have x =6.5. The superconducting transi-
tion temperatures of the samples, measured by a super-
conducting quantum interference device (SQUID), are
given in Table I.

Polarized O 1s and Cu2p absorption edges were
recorded using synchrotron radiation from the SX700/11
monochromator®® operated by the Freie Universitit Ber-
lin at BESSY. The degree of linear polarization, estimat-
ed to be 97+1%,* was taken into account for the evalua-
tion of the measured spectra. The intensity variation of
the synchrotron radiation beam as a function of energy
mainly due to contaminations of the optical components
of the monochromator was derived from total-electron-
yield measurements of a clean gold surface. The vacuum
in the sample chamber was better than 5X 107! mbar
during the measurements. Changes in the energy calibra-
tion for the monochromatic light were detected by re-
peated total-electron-yield measurements of the Cu 2p ab-
sorption line of CuO and the observation of the Ne 1s ab-
sorption line near 867 eV. Absolute energies were in fair
agreement with EELS results for equivalent samples.
The relative energy scales for different measurements are
correct within better than 0.1 eV. The energy resolution
was determined by a study of the Ne 1s absorption line at
867 eV using a gas ionization cell.** According to the
AE < E3’? law, valid in the grazing-incidence regime for
plane-grating monochromators, the energy resolution
AE =440 meV at the Ne 1s absorption edge yields an in-
strumental resolution of AE =210 and 500 meV at the
energy of the O 1s and Cu 2p absorption thresholds, re-
spectively.

The samples were mounted on a manipulator by which
they could be rotated around the vertical axis and a hor-



8532

izontal axis. This allowed the orientation of the a, b, and
¢ axes of the samples to any angle required for measure-
ment with respect to the electrical field vector of the
linear polarized synchrotron light. The samples were ad-
justed with their (001) surfaces perpendicular to the light
beam using zero-order light and a mirror on the sample
holder. The maximum in the intensity of the O 1s edge at
~528.5 eV for E||b orientation was used to obtain an ap-
proximate in-plane orientation of the crystal. For a rota-
tion of the crystal around its ¢ axis by an angle of 6, the
total intensity I(6) depends on the intensities I, and I,
for E|l@ and E|b, respectively, according to
I1(6)=1I,sin*0+1I, cos0. The  exact orientation
E||b(6=0) was obtained from the intensities measured
for three angles with 45° intervals. In order to record
E|lc spectra, the samples were rotated by ¢=280° from
normal incidence to nearly grazing incidence. The E||c
spectra were obtained after correction for a 3% admix-
ture of the in-plane spectrum.

The fluorescence light was detected at an angle of 135°
with respect to the photon beam using a Ge detector.>*
The energy resolution of this detector was about 100 eV
(FWHM) in the energy range of interest. Different ener-
gy windows were set for recording the O 1s and Cu 2p
spectra. Thereby contributions from second-order pho-
tons from the monochromator and due to the low-energy
background were discriminated. In contrast to the total-
electron-yield detection technique, the fluorescence-yield
mode is characterized by a probing depth of at least 100
nm and hence is not a surface-sensitive detection method.

In order to compare spectra taken for different orienta-
tions, the data were recorded up to about 70 eV above the
absorption edges, i.e., up to 600 eV and up to 1000 eV for
O 1s and Cu 2p absorption spectra, respectively. At
about 70 eV above the absorption edges, the final density
of states has almost free-electron-like character and
hence the spectra may be normalized to tabulated cross
sections.” From this normalization, the absolute cross
sections can be derived in the near-edge region after care-
ful corrections for self-absorption effects using the for-
malism described in Ref. 56.

We want to point out that the determination of abso-
lute absorption cross sections is not an easy task. The
small size of the single crystals investigated required a
precise reproducibility of the light spot on the sample in-
dependent of the energy setting of the monochromator.
The SX700/11 monochromator has its exit slit close to
the sample, and is therefore well suited for these experi-
ments. The small distance between exit slit and sample,
on the other hand, renders an on-line monitoring of the
intensity of the incoming monochromatic beam difficult.

The experimental accuracy of the absorption cross sec-
tion is mainly limited due to necessary corrections for the
energy dependence of the polarized photon beam, I, as
derived from a total-electron-yield measurement from a
clean gold surface, by a precision of about 3%. Self-
absorption corrections are less important for the O 1s
spectra and hence introduce errors less than about 3%.
In the energy range of the Cu 2p white lines, however,
strong corrections have to be considered, which may lead
to errors up to about 15%.
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III. RESULTS

A. O 1s x-ray absorption spectra

To demonstrate the corrections applied to the
measured data, the O ls absorption spectrum of
YBa,Cu;04 g5 recorded for E||b is shown in Fig. 2. It is
compared with the data corrected for intensity variations
of the monochromatic light. The final result including
corrections for self-absorption, finite degree of linear po-
larization of the photon beam, and a small misorientation
of the crystal (< 5°) is given as well.

Figure 3 shows O 1s absorption spectra of YBa,Cu,0,
in the range of oxygen concentration 6.0<x <7.0 for
E|la, E||b, and E|c polarizations. They were corrected
for intensity variations of the monochromatized synchro-
tron radiation, as well as for self-absorption effects, and
they were normalized to the known cross sections in the
energy range 580 <FE =600 eV. To ease a comparison of
the spectra, they were scaled to the same energy and
cross-section ranges. Absorption measurements on pairs
of crystals with x values near 6.0, 6.15, 6.58, 6.74 and
three crystals with x values of 6.95, 6.97, and 7.00
showed no deviations within the experimental accuracy.
They were added, in order to reduce the number of
displayed curves and increase the quality of the spectra.
Hence, comparisons are restricted to x values of 6.00,
6.15, 6.39, 6.49, 6.58, 6.74, and 6.97.

In general, the present data are in good agreement with
XAS spectra presented by Krol et al.*® The relative in-
tensities of the spectra from Ref. 48 for the various polar-
izations differ slightly from those given in Fig. 3. This
can be explained by the fact that in the previous investi-
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FIG. 2. Demonstration of corrections for the polarized O 1s
absorption spectrum (E||b) for YBa,Cu;O¢ 5. Squares, non-
corrected data; diamonds, data corrected for the intensity varia-
tion of the primary beam I,; and circles, fully corrected data in-
cluding self-absorption corrections.
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FIG. 3. O 1s absorption spectra of
6.39 YBa,Cu;0, for E||a, E||b, and E||c.
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gation, the spectra have been measured only up to 560
eV, and were normalized to the intensity in the energy
range between 540 and 560 eV. However, in the new ex-
periments it was found that in this energy range the den-
sity of states (DOS) still shows some polarization depen-
dence and hence this energy range is too low for normali-
zation. Furthermore, in the previous experiment, the
E||c measurement could not be performed. Instead EELS
data were used for which normalization is more difficult.
The spectra for the three polarizations are composed of
two main peaks. That at lower energy being strongest for
x =6.97 decreases for lower x values, while the intensity
of the second one shows the opposite oxygen dependence.
The onset of the first peak is rather steep for all three po-
larizations. The slope is comparable with a step edge
broadened out by an energy distribution given by the in-
strumental resolution together with the finite width of the
O 1s core level. The energy at half height of the leading
edge can, therefore, be assigned to the binding energy
(relative to E) of the 1s core electron of the oxygen atom
absorbing the photon. The dependencies of the O 1s
threshold energies on oxygen concentration are shown in
Fig. 4 for E||a, E||b, and E||c polarizations. The average
O 1s threshold energy is highest for E||a, lower for E||b,
and lowest for E|lc. For x =6.0 there are no longer
states at the Fermi level, and hence the binding energy
cannot be determined by this method. For x =6.15 (in-
sulating state) the crystal was in the tetragonal phase and
therefore there is no difference between the spectra for
E|la and E||b. It is remarkable, however, that the data
points derived in this way for x =6.15 are within the
trend of the metallic samples. This fact may indicate the
existence of localized states at E for low doping concen-
trations. With increasing oxygen concentration from
x =6.39 to 6.97, the threshold energies decrease by about
0.2, 0.4, and 0.2 eV for E||a, E||b, and E||c, respectively.
The first peak in the spectra (see Fig. 3) is sharpest for
E|la with a full width at half height of AE =0.9 eV. For
E||b, this peak shows a shoulder indicating the composite
nature of this feature, and for El|lc, it is significantly
broader (AE =~1.4 eV) as compared to E|la. All spectra
show a strong increase of the intensity in the first peak
and a reduction of the second maximum with increasing

T T
532

oxygen concentration. This is similar to the doping
dependence of the prepeaks in the O 1s absorption edges
of La, ,Sr,Cu0,*" %% which was interpreted by a
doping-induced shift of the Fermi level into the valence
band, the creation of holes in the valence band, and a
transfer of spectral weight from states in the upper Hub-
bard band to the upper edge of the valence band.>® 6!

About 3.4 eV above Ep, the unoccupied states of hy-
brids of O 2p states with Ba 5d and Y 4d states are ex-
pected.?® This explains the increase in absorption cross
section observed in the corresponding energy range for
all measured spectra. As an example the data for
x =6.97 are shown for all three polarizations in Fig. 5.
Above =533 eV, the number of data points per eV was
reduced, since these measurements were performed main-
ly for normalization of the spectra in the energy range be-
tween 580 and 600 eV. The cross sections in the energy
range from 535 to 554 eV differ for the various polariza-
tions (see Fig. 5).

528.4

52821 $ 2lia

528.0 %

Ellb

BINDING ENERGY (eV)
RN
~ ~N
? .2

527.44

Ellc

527.2

.

6 6.2 64 66 6.8 7
OXYGEN CONCENTRATION X

FIG. 4. O 1s threshold energies for YBa,Cu;0, for polariza-
tions E||a, E||b, and E||c. The threshold energies were measured
by the energy at half-height of the edge.
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FIG. 5. O 1s absorption spectrum of YBa,Cu30¢ g5 for polar-
izations E||a, E||b, and E||c. Above 533 eV the cross sections
are almost independent of x.

B. Cu 2p x-ray-absorption spectra

The polarized Cu 2p;,, x-ray-absorption spectra for
YBa,Cu;0, are shown in Fig. 6 for E||a, E|b, and for
E|lc. As for other HTSC’s, the absorption spectra for
E||a and for E||b show a strong excitonic line near 931 eV
due to transitions from the Cu 2p core level into unoccu-
pied Cu 3d states (3d°—2p3d° transitions), which are
expected for divalent Cu atoms. Since the intensity of
this line is related to the number of unoccupied states in-
volved, our experiment should provide some information
on changes in the hole occupancy in Cu 3d orbitals with
doping.

Upon increasing the oxygen concentration, a shoulder
appears on the high-energy side of the main absorption
line, which has been ascribed to transitions into ligand

10 z
| A Ema| i% Elb Ellc

?’: 0 4\“‘ V ¥ /674
S5, g“&__ SN | ~——— 658
2o _j | 6.49
<o 4\__ |~ 6.39
0 4‘\,\__ | 515
o (o  A—6.00

930 935 930 935 930 935
PHOTON ENERGY (eV)

FIG. 6. Cu 2p;,, absorption spectra of YBa,Cu;0, for E|la,
E||b, and El|c.
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hole states®? (3d°L —2p3d'°L transitions). This shoul-
der is much more pronounced for E||b than for E||a.
Near 934 eV, another peak is observed in the spectra of
samples with low oxygen concentration for all polariza-
tions, but most pronounced for E|c. As will be shown
below, it is due to Cu(l) 3d 3zz_},2-0(4) 2p, hybrids of for-
mally monovalent copper. A weak peak is also seen near
936.5 eV mainly for higher oxygen concentration levels
and for E||a polarization. It is probably related to states
in the chain which were also observed in the O 1s absorp-
tion cross section for E||a near 531 eV.

The Cu 2p spectra measured for E|lc do not show such
strong white lines as are observed for the in-plane spec-
tra. For high oxygen concentrations they show a broad
maximum near 932 eV, that is probably composed of two
lines. The intensity of this feature is reduced with the
reduction of oxygen content. For low x values, two small
lines at the position of the white line and at about 934 eV
are observed. For x =6.39 the latter is strongest, which
may be due to some contamination of the sample.

IV. DISCUSSION

A. Assignment of O 1s spectra to oxygen sites

The observed dependencies of the O 1s thresholds on
oxygen concentration and polarization are a consequence
of chemical shifts due to the influence of charges on the
oxygen sites, and due to Madelung terms®*%* determined
by the site-specific neighborhood. The experimental
threshold energies may be slightly lower than the O 1s
binding energies in the ground state due to excitonic
effects, i.e., the interaction of the core hole with the excit-
ed electron. This interaction is small for the oxygen sites
in the cuprates since O 1s binding energies derived from
XPS are close the absorption threshold, and O 1s absorp-
tion spectra and resonant bremsstrahlen isochromat spec-
troscopy (BIS) spectra of Bi,Sr,CaCu,03 show strong
similarities.® Hence, the O 1s binding energies and their
dependence on oxygen concentration for the different po-
larizations allow an assignment of the absorption edges to
specific oxygen sites. The O 1s binding energies for the
different oxygen sites can be estimated using band-
structure calculations. However, the relative binding en-
ergies for YBa,Cu3;0, of such calculations published in
different papers® % do not all agree about the sequence
in energy. The relative binding energies reported by
Krakauer et al.% are highest for O(2) and decrease rela-
tive to O(2) by 0.09, 0.29, and 0.69 eV for O(3), O(1), and
O(4), respectively. This result is in fair agreement with
the threshold energies shown in Fig. 4. The lowest bind-
ing energy is also assigned to O(4) by Zaanen et al.®*

For E||b, the composite shape of the maximum at 528.5
eV and a much higher cross section is observed for exci-
tation energies up to about 530 eV as compared to E||a.
This observation and the expected similarity of states in
the CuO, plane suggest that the absorption spectrum for
E||b is composed of a chain [O(1) 2p, ] and a plane [O(3)
2p, ] contribution, while that for E||a is due to O(2) 2p,
states only. These observations imply that the unoccupied
oxygen states near the Fermi level are mainly due to
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holes in orbitals that are o bonded to copper atoms in
agreement with NMR measurements>*35 and with a cal-
culation of electrical-field gradients®®*7 in comparison
to NMR results.>7! Beside these o bonds, band-
structure calculations predict an additional contribution
from a narrow O(1) 2p,-O(4) 2p,-Cu(1) 3d, , band, where
the O 2p orbitals are 7 bonded to the Cu 3d orbitals.”> A

contribution of such hole states was detected by Taki-

gawa et al.’’ for the x =6.95 case using NMR. The
present investigation shows the main contribution of the
O(1) absorption for E|b, but we cannot exclude some
spectral weight due to O(4) 2p, (w-bonding) states for
E||b.

The stronger oxygen concentration dependence of the
O 1s binding energy assigned to O(4) and still stronger
dependence for O(1) atoms as compared to O(2,3) atoms
can be partially due to increased hole doping in the
chains as compared to planes (see below). It may addi-
tionally be caused by Madelung shifts due to the structur-
al changes in the chain.

Since there is a small asymmetry of 1.6% between the
Cu(2)-O(2) and the Cu(2)-O(3) bond lengths,73 the sym-
metry of the Cu(2) 3dx2_yz-0(2,3) 2p,,, hybrids in the

CuO, plane may be slightly disturbed. This asymmetry is
small, since the major part of the extra cross section ob-
served for E||b (see Fig. 5) is at a significantly lower ener-
gy, and hence, cannot be due to in-plane oxygen, O(3). In
the remainder of this contribution, we shall neglect this
asymmetry within the plane and ascribe the observed
difference between the E|b and E|la spectra mainly to
contributions from O(1) atoms in the chain.

In the following we will evaluate the site-specific cross
sections contributing to the Cu(2) 3d_ 2_y2-0(2,3) 2p,
hybrids in the CuO, planes and the Cu(l) 3dy2_22-0(1,4)

2p,, , hybrids in the chains. In a first step, contributions
to the spectra from hybrids of O 2p with Ba 5d and Y 4d,
which dominate the spectra above 532 eV and show al-
most no dependence on the oxygen concentration, were
extrapolated to lower energies and subtracted. Due to
the expected symmetry of the O(2,3) 2p, , states in the
plane the contribution of O(1) 2p, states should lead to an
enhanced cross section for E|b. But above 530 eV the
cross section for E||a is larger than for E||b (see Fig. 5).
This enhanced cross section is found to be correlated
with the occupancy of O(1) sites. It is not related to the
DOS in the CuO, plane since the equivalent absorption
spectrum for YBa,Cu, O3 (Ref. 48) does not show such an
enhanced cross section (Fig. 7). For YBa,Cu,O4, we ob-
serve a dip near 531 eV followed by a maximum at about
533 eV. Unoccupied states related to O 2p orbitals hybri-
dized with Ba 5d states predicted for this energy region
could be the origin for these enhanced cross sections in
YBa,Cu;0,.7* They may be shifted to 533 eV in
YBa,Cu,O; due to the changed structure of the chains.
These Ba 5d states are most probably hybridized with
O(4) states and are observed mainly in O(4) 2p, orbitals.
In the energy range 530 <E <531 eV, the cross sections
for YBa,Cu,;0, with E||b is almost identical with that for
YBa,Cu,O; with E||a. We conclude, therefore, that there
are no ( <0.2 Mb/atom) O(1) states of the chain in this

o Y882CU307 U
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FIG. 7. Comparison of O 1s absorption spectra for El||a of
YBa,Cu;0; and YBa,Cu,Os.

energy range. For YBa,Cu;0, the lower of the cross sec-
tions of the E||a and E||b spectra thus represents the in-
plane O(2,3) states, and the extra spectral weight of the
E||b spectrum below 531 eV is due to O(1) states of the
chain.

The O(2,3) and O(1) spectra for YBa,Cu;0, shown in
Fig. 8 were derived from the lower cross sections of the
E|la and E||b spectra and the difference of the E||b and
E||a spectra in the energy range below 531 eV, respective-
ly, after subtraction of the high-energy contributions due
to Ba 5d and Y 4d states. The Ba 5d related states near
531 eV change their energy with the oxygen concentra-
tion in the chain due to variations in the Madelung ener-
gy. Slightly different energies for the Ba 5d states were
predicted for x =6 and 7 by Temmerman et al.?*"*
Their band-structure calculations for YBa,Cu;04 showed
a maximum for Ba-related states near 2.8 eV above Ep,
equivalent to about 530 eV for the O(4) 1s absorption
spectrum. Thus up to 15% of the O(2,3) peak for x =6
(Fig. 8) probably is related to Ba states as well.

A comparison of the O(1), O(2,3), and O(4) subspectra
of YBa,Cu;04 ¢; with the results of band-structure calcu-
lations by Zaanen et al.% for YBa,Cu;0, is shown in
Fig. 9. Here, the threshold energies derived from the
measurements are aligned to the Fermi energy of the cal-
culated DOS. The experimental data points for O(2,3)
exhibit two maxima representing the holes in the valence
band and in the upper Hubbard band. The LDA band-
structure calculations, which fail to describe correctly the
correlations on the copper sites and therefore cannot pre-
dict the upper Hubbard band, show a broad distribution
corresponding to a half-filled band. The experimental
and calculated spectra for the O(1) site have similar
shapes. In the experiment, however, an additional small
shoulder is seen at higher energies. Within experimental
resolution, the strong rise at the measured onset is com-
patible with an edge spectrum, while the band-structure-
derived DOS shows a significantly lower density at Ep.
The experimental and calculated spectra for the O(1) and
the O(2,3) sites exhibit similar relative weights. The ex-
perimental spectral weight for the apical oxygen, in par-
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ticular at 1.5 eV above Ej, is considerably reduced in
comparison with that derived from the LDA calculation.
Self-interaction corrected LDA calculations could de-
scribe the UHB in YBa,Cu;0, in a similar way as in
La,CuO,,*> " and it would be also interesting to compare
with the results of such calculations in the present case.

The dependence of the O 1s spectra of the CuO, planes
on oxygen doping shown in Fig. 8 exhibits a clear
transfer of spectra weight from the second peak (E =~ 530
eV), related to the upper Hubbard band, to the first peak
(E ~528.6 eV), related to the unoccupied part of the
valence band, similar to the case of
La,_ Sr,Cu0,.**5"5% The VB peak with a full width at
half maximum of AE=0.9 eV exhibits an increasing
cross section starting near the tetragonal-to-
orthorhombic phase transition at x =~6.4 saturating near
x =7. The spectral weight related to the UHB (and pos-
sibly to some Ba-related states) decreases upon hole dop-
ing of the CuO, plane.

T
530

The absorption spectra of the O(1) site (see Fig. 8) show
a strong peak at E=528.2 eV, with a small shoulder
~1.3 eV above the main peak. The origin of this shoul-
der may be due to Ba-related oxygen hybrids or from a
small amount of spectral weight related to the UHB of
the chains. The shape of the O(1) peak does not change
significantly with oxygen concentration x. The integral
of the valence-band peak of the O(1) atom is about three
times larger than that for O(2,3) atoms in the plane. The
unchanged shape of the O(1) 1s absorption spectrum can
be understood by the fact that the number of holes per
O(1) atom is nearly constant for different x; the increase
of the cross section is mainly due to an increasing number
of O(1) atoms upon doping.

B. Number of holes on oxygen sites

A determination of the hole concentration from the O
1s absorption spectra is not possible without an under-
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standing of the electronic structure and the effects in-
volved in these experiments. Theoretical calculations of
electronic structure of cuprates using LSD-SIC,* the
single-band Hubbard model,” the z-J model,?® or cluster
calculations for the charge-transfer model®® may be em-
ployed for comparison with the experimental data. Up to
now, however, there are no such calculations of cross sec-
tions for XAS spectra of cuprates. In an ionic model for
the undoped compound YBa,Cu;O4 Cu(l) and Cu(2)
would be in a 3d'° and 3d° configuration, respectively,
and the O atoms would be in a 2p°® configuration. As-
suming a charge-transfer model without hybridization
and a change of the 3d count of Cu(l) atoms by 1, in the
doped system YBa,Cu;0, the holes would be formed on
O sites and the total number of holes on O sites would be
1. However, due to a strong hybridization of Cu 3d
states with O 2p states, O 2p states are mixed into the
UHB. Doping leads to a spectral weight transfer of
states from the UHB to the Fermi level in the valence
band.®® Therefore, the number of hole states observed in
the VB peak corresponds probably to slightly less than 1
hole on O sites. On the other hand, the spectral weight
transfer of O 2p states from the UHB is rather small and
therefore, we assume in the following that the integrated
cross section of the VB peaks measured for the seven O
sites in YBa,Cu30,, i.e., 15 MbeV, is equivalent to one
hole. The rather high hole concentration of 0.6 holes in
the chain, i.e., 0.34 holes on O(1) and 0.13 holes per O(4),
respectively, is responsible for a very low UHB in the O
1s absorption spectrum as observed in Fig. 8. In Table II,
a comparison of the number of holes resulting from the
present investigation and previously published values is
given.

The site-specific and oxygen concentration-dependent
hole numbers as shown in Fig. 10 were derived from the
integrated cross sections of the first absorption peak in
the O 1s spectra of the O(1) and O(2,3) atoms (Fig. 8), and
the O(4) atom (E||c spectrum in Fig. 3). They were nor-
malized to one hole for 15 MbeV. The main uncertainty
in this evaluation (in the order of 7%) is introduced by
the subtraction of the overlap of the second peak in the
spectra. The relative amount of transfer of spectral
weight from the UHB may differ for the different oxygen
sites and thereby influence the relative hole concentra-
tions to some extent. The number of holes does not only
depend on the oxygen concentration but also on the
length of chainlets. This may be the reason for the
scatter in the hole concentration for the different sam-
ples.

About 0.2 holes on oxygen sites are observed in one
CuO, plane unit for YBa,Cu;0,. This value is slightly
higher than in the case of La,_,Sr,CuO,, with x =0.15.
The enhanced concentration of holes on the O(1) atoms
as compared to the O(4) atoms can be understood keep-
ing in mind that the O(4) atoms are covalently bound
only to one Cu(l) and to two O(1) neighbors, while the
O(1) atoms are bound to two Cu(l) and four O(4) atoms.
This leads to a larger splitting between bonding and anti-
bonding o bands and, therefore, to more holes on O(1)
sites.

The hole fractions as given by Krol et al.*® (see Table
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FIG. 10. Hole concentrations on oxygen sites as a function of
doping as derived from the absorption cross sections. A total of
one hole per unit formula in YBa,Cu;0, was assumed. The
lines are guides to the eye. Since the experimental precision of
the data points is =~5%, the rather big scatter may be under-
stood by different chain lengths in the crystals.

II) differ slightly from those of the present investigation.
This may be explained by the fact that in this previous
work the energy for normalization was too low and self-
absorption effects were not considered. The hole occu-
pancies may be compared with calculated values, 747677
and with results from NMR investigations combined
with calculations of the electrical-field gradient,®’! as
given in Table II.

The integrated O 1s cross sections for one CuO, unit in
the plane for transitions into the VB and into the second
maximum, which are mainly attributed to the UHB, are
shown in Fig. 11 as a function of oxygen content. The
cross section for excitation into the valence band rises
from zero in the case of the undoped (x =6) crystal to
~(3.1%0.2) MbeV/(unit cell and plane), saturating near
maximum doping (x =7). The spectral weight of the
UHB, observed in the O 1s spectra due to hybridization,
decreases upon hole doping of YBa,Cu;O¢ from
(4.51+0.6) MbeV (indicated by a horizontal line in Fig.
11) and shows a small upturn close to x =7 at (3+0.3)

TABLE II. Distribution of holes on different oxygen sites in
YBa,Cu;0-, as obtained in the present experimenst (XAS). For
comparison, also the result of previous XAS determinations
(XAS1) by Krol et al. (Ref. 48), of band-structure calculations
(BSC) by Temmerman et al. (Ref. 24), of calculations using a
three-band model with LDA parameters (3BM) by Oles et al.
(Ref. 76), of cluster calculations using self-consistent field ap-
proximations (SCF) of Mei et al. (Ref. 77), and of NMR results
combined with calculations of the electric-field gradients (EFG)
by Alloul et al. (Ref. 34) are presented.

Site XAS XAS1 BSC 3BM SCF EFG
o(1) 0.34+0.03 0.27 0.17 0.22 0.38 0.30
0(2) 0.10+0.01 0.13 0.14 0.19 0.12
(o]&)] 0.10+0.01 0.13 0.16 0.19 0.13

(o]C)] 0.13+0.01 0.10 0.10 0.12 0.06 0.14
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FIG. 11. Integrated cross section of the valence band

(squares) and the upper Hubbard band (circles) as a function of
doping (x) for a single CuO, plane. A horizontal line indicates
the maximum cross section of the UHB.

MbeV. The spectral weight in the UHB of YBa,Cu;Og is
stronger than that of the VB of YBa,Cu;0,, and about
two times the spectral weight in the UHB of
La,Cu0,.*%3"%8 The different spectral weights in the
UHB for YBa,Cu;0,4 and La,CuO, may be partially due
to different hybridization strengths within the CuO,
planes of these compounds. A stronger contribution
arises probably from states near 531 eV in the case of
YBa,Cu;0, and near 533 eV in the case of YBa,Cu,Oq
(see Fig. 7). The different chain structures of YBa,Cu;0,
and of YBa,Cu,Oz could be the reason for the energy
difference of this spectral contribution. Ba 5f states hy-
bridized to O(4) atoms may also cause this spectral
weight near 530 eV. We observe that these states in-
crease with the amount of O(1) atoms and, therefore, may
cause the upturn of the spectral weight in the UHB near
x =7 (see Fig. 11).

The doping dependence of unoccupied states of the ap-
ical oxygen site (see Fig. 3) seems to reflect a similar
transfer of spectral weight from the UHB to the VB as in
case of plane states. However, the doping level in the
chain is much higher than in the plane, and therefore no
UHB peak is observed for O(4) similar to O(1). The peak
at =531 eV is certainly not due to the UHB because it is
~4 eV above E;, while the UHB in the planes is only ~2
eV above Ep. A comparison with our Cu 2p data (see
below) provides evidence that the maximum near 531 eV
is caused by unoccupied O 2p states of the O(4)-Cu(1)-
O(4) dumbbell. Therefore, the cross section of this peak
is a measure of the number of dumbbells in the system
and hence related to the concentration of formally mono-
valent Cu(1) atoms.

C. The Cu 2p spectra

For a discussion of the unoccupied states of copper, the
Cu 2p absorption spectra of YBa,Cu;0¢ o; for E|a, E||b,
and E||c together with the difference of the E||b and E||a
spectra are shown in Fig. 12. As has been pointed out
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FIG. 12. Cu 2p;,, absorption spectrum of YBa,Cu;04 4, for
polarizations E||a, E||b, and E|lc. The difference of the cross
sections for E||b and E||a is nearly equal to the E||c spectrum.

above, the main contribution to the unoccupied states of
copper in the CuO, planes has Cu(2) 3dx2_yz orbital char-

acter, and thus the absorption spectra from Cu(2) atoms
should by symmetric with respect to E|la and E||b polar-
izations. The E||a spectrum, therefore, represents the ab-
sorption spectrum of Cu(2) atoms. It shows a narrow
peak (the so-called white line) at about 931 eV with a
shoulder at the high-energy side. The white line has been
assigned to Cu 3d9—Cu 2p3d'® transitions while the
shoulder has been interpreted as a Cu 3d°L —Cu
2p3d'°L transition where L denotes a hole on the ligand
(oxygen) sites. The reason why, contrary to the situation
in O 1s spectra, transitions into the UHB appear at lower
energy than transitions related to hole states on O sites is
the strong Coulomb interaction between Cu 3d states and
the core hole in Cu 2p states.’® Recently, van Veenen-
daal and Sawatzky’® have pointed out that due to the
strong Coulomb interaction between the core hole and
the holes on O sites, the latter may be pushed to neigh-
boring Cu sites. This leads to further contributions to the
white line, while the spectral weight of the shoulder is
only due to transitions where the holes on O sites remain
at the photoexcited Cu atoms.

Since the main contributions to the unoccupied states
of copper in the CuOj; chains have Cu(1) 3dy2—12 orbital

character, the absorption spectra for Cu(l) should be
symmetric with respect to E||b and E||c polarizations.
The difference spectrum (E||b —E||a), shown in Fig. 12,
should therefore represent the absorption due to Cu(l)
and should correspond to that measured for E|lc. This is
actually the case as can be seen from the comparison be-
tween the two spectra. These Cu(l) spectra are
significantly broader than those observed for Cu(2) and
are probably composed of three absorption lines. The
lower-energy contribution at about 931 eV can be as-
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signed to Cu(l) 3d°—Cu(l) 2p3d!° transition with
(y2—z2)-orbital character and to Cu(2) 3d°—Cu(2)
2p3d'° transition with (3z2—r?)-orbital character. The
transition probabilities for excitations into unoccupied
states with 3d322_r2 symmetry for E|c are four times

larger than for E|la or E|b, as can be derived from
Clebsch-Gordon coefficients. The slightly lower cross
section observed for the difference spectrum in Fig. 12,
indicates therefore, only a small contribution with
3d,,._,, orbital character. The main spectral weight in

the Cu(l) spectrum, however, is due to 3d°L —2p3d 107,
transitions, since nearly all spectral weight of the UHB
(2p3d'° final states) is transferred into the top of the
valence band. This situation may be compared to the
case of NaCuO,, where the 3d '° line has disappeared al-
most completely.”8 The Cu(l) 2p3d'°L peak of the
chain is observed at the same energy as the Cu(2)
g£3d1°L_ maximum of the planes. The origin of a third
peak in the E||c spectrum observed at ~934 eV for low
dopant concentrations will be discussed below.

The integrated Cu 2p; ,, absorption cross section of the
near-edge structure (white line including the shoulder) as
a function of x for the two copper sites is shown in Fig.
13. A nearly constant hole density on the Cu(2) sites (de-
duced from the E|l@ measurements) is observed, while
that on the Cu(l) sites (deduced from the E|lc measure-
ments) is rather small for YBa,Cu;O¢, The latter in-
creases upon oxygen doping to about the same value as
observed for the Cu(2) sites, due to the formation of a
Cu(1) 3d°L ground state. The small cross section left for
E|c and x =6.0 may be assigned to the Cu(2) 3d,,_,
orbitals in the UHB of the planes.

For a further discussion of the ligand holes observed in
the Cu 2p absorption spectra, the absorption line at 931
eV (white line) of YBa,Cu;Oq¢, for E|ja was fitted by a
convolution of a Gaussian and a Lorentzian, and sub-
tracted from the spectra for E|la for crystals with
different oxygen content. The resulting spectra in Fig. 14
(left) show Cu 3d°L —Cu 2p3d 107, transitions of Cu(2) in
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FIG. 13. Doping dependence of Cu 2p;,, near-edge absorp-
tion cross section for Cu(1) (squares) and for Cu(2) (circles).
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the plane at =932 eV. These spectra are compared with
the result for the Cu(l) atoms in the chain derived as the
difference of the full Cu 2p absorption spectra for E||b
and E||a (right). The transitions related to ligand holes in
the Cu 2p absorption spectra, similarly as those in the O
1s absorption spectra (see Fig. 8), exhibit significantly
higher concentrations in the chain than in the planes.
The ratio of the number of ligand holes observed in the
Cu(1) and Cu(2) absorption spectra is about 3.3+0.4, in
good agreement with the O 1s results.

The difference spectrum for E||a (see Fig. 14, left panel)
shows two peaks. The first one at =932 eV increases
upon hole doping, while the intensity of the second one at
~934 eV shows an opposite doping dependence. This
second peak is absent in the Cu(l) spectrum (see Fig. 14,
right panel) indicating its equal intensity for both the E|la
and E||b polarizations. The third peak in the E||c spec-
trum (see Fig. 6) is observed at the same energy and
shows a similar oxygen concentration dependence. From
the ratio of the absorption cross sections for the E||c and
E|la (or E||b) polarizations at =934 eV, which follows
the ratio of the matrix elements, we find that these peaks
are due to transitions into the same states with Cu
3d,,»_,, orbital character. The energy difference to the

VB peak and the doping dependence of this maximum
resembles that of the peak at 531 eV in the oxygen ab-
sorption spectrum for E||c, as shown in Fig. 3. It is as-
cribed to monovalent Cu(l) in the O(4)-Cu(1)-O(4)
dumbbell, and can be observed in many monovalent
copper compounds. ' This maximum can be explained by
Cu(l) 4p or 4s states, which appear in the Cu 2p excita-
tion spectra due to hybridization with Cu(1) 3d 352 ,2 OF-

bitals and apical O(4) 2p, orbitals.?? The integrated cross
section of these peaks decreases linearly with increasing
oxygen concentration and vanishes for x =7.0. A similar
dependence of formally monovalent copper on the oxy-
gen concentration was observed by Tranquada et al.'®
The spectrum of the sample with x =6.39 does not seem
to fit into the doping series as shown in Fig. 6. This may
be due to some flux material left on the edge of the crys-
tal, which may also contribute to the spectra. Another
explanation is related with disorder in the chain frag-
ments, which may be rather strong for this oxygen con-
centration near the tetragonal-to-orthorhombic transi-
tion.

As mentioned above, the Cu 2p absorption spectra for
E||c (see Fig. 6) contains contributions from mainly Cu(1)
and possibly from states in the Cu(2) 3d, ,_ . orbitals.

To obtain the amount of these states in the Cu(2)
3d,,:_,. orbitals, the contribution of the Cu(l) states of

the chain as derived from the difference of spectra for
E||b and E||a was subtracted from those for E||c. The re-
sulting spectra for x = 6.49 (not shown here) have a peak
at the energy of the white line, the integrated cross sec-
tion of which is about 0.9 MbeV as compared to 12.7
MbeV for the white line without ligand holes. For
x =6.0 a direct comparison between the spectra for E||c
and E||a gives about the same ratio. This contribution,
when assigned to Cu(2) 3d 3222 orbitals, would result in

an admixture of maximal 10% of states in these orbitals
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to states with Cu(2) 3dx2_y2 orbital character, in agree-

ment with predictions from band-structure calculations?®®
and related investigations for other cuprate superconduc-
tors.*0 However, this experiment can only give an upper
limit since the measurements performed in grazing in-
cidence are difficult to perform on small crystals, and it
cannot be excluded that some CuO is left on the sides of
the platelets and contributes to the white lines. The ex-
istence of Cu(2) 3d, ,_ , orbitals may be caused by the
slight difference in the Cu(2) and the O(2,3) coordinates
in ¢ direction as shown in Fig. 1.

While correlation effects in the CuO; chain are less im-
portant due to the higher doping rate as compared to the
CuO, planes, there is another obvious difference between
the planes and the chains, as expressed by the different
number of holes on O(1) and O(4) sites. Independent of
these differences, the spectral weight in the VB, as ob-
served by O 1s and Cu 2p XAS for the different sites,
show almost the same doping dependence as demonstrat-
ed in Fig. 15. The T, dependence of the investigated

o1) o
0@23) o
o@ o
Cu(l) a
Cu@) v

NORMALIZED ABSORPTION

BB T T . 0
6 6.2 6.4 6.6 6.8 7
OXYGEN CONTENT

FIG. 15. Doping dependence of valence-band holes measured
on oxygen and on copper sites as compared to superconducting
transition temperature T, (dots). The line is a guide to the eye.
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samples (see Table I) is shown in Fig. 15 as well. Clearly,
a strong correlation between the hole concentration and
T, is observed. The T, dependence differs from the step-
like behavior with plateaux near 60 and 90 K that are
usually observed for polycrystalline samples.'?> This is
probably due to a different degree of order in the single
crystals investigated as a consequence of different anneal-
ing conditions or storage time at room temperature. The
hole concentration and T, show a threshold near the
tetragonal-to-orthorhombic phase transition at x =~6.3.
At lower doping, apparently the two holes introduced per
O(1) atom are mainly transferred to the neighboring
Cu(1) atoms, which thereby obtain a 3d° configuration,
and only a small fraction of holes is transferred to the ox-
ygen sites. The almost linear relation between hole con-
centration and T, is in disagreement with the observation
of Zhang and Sato,?* who provide evidence for a tra-
pezoidal shape of the T, dependence on hole concentra-
tion. According to their paper, T, should be at its max-
imum value above a concentration of 0.12 holes per CuO,
plane. This behavior and the strong dependence of super-
conductivity on the order in the chains can be due to lo-
cal formation of chains, which are necessary for hole
doping the CuO, planes.

V. CONCLUSIONS

In summary, the distribution of holes on the different
oxygen and copper sites have been derived for
YBa,Cu;0, in the doping range 6.0=<x =<7.0. For low
doping concentrations, the holes are located mainly at
Cu(l) sites. In the intermediate and high-doping range,
fourfold coordinated Cu(1) is dominantly formed and an
increasing number of the doped holes is transferred to ox-
ygen atoms. At maximum doping (YBa,Cu;05), about
0.6 holes per CuO; unit of the chain, or a total charge of
nearly one hole is distributed on the four oxygen neigh-
bors of Cu(1). This high level of hole doping in the chain
is the origin of its more normal metallic character, as evi-
dent from the absence of the UHB in the absorption spec-
tra of the chains.
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The charge transferred to the CuO, planes is much
lower than that introduced into the chain upon doping.
The band filling in the planes remains close to a half-
filling for all doping concentrations. Therefore, on-site
correlations play an important role for the electronic
structure of the planes. For the highest doping level, a
saturation of holes in the planes with 0.2 holes per CuO,
is observed. In the planes, the main electronic states at
Ey are in Cu 3dx2_y2-0 2p, , orbitals, while the states
with Cu 3d 32— 2 character contribute less than 10%.

At about 2 eV above Ej, spectra weight was observed
in O 1s spectra for polarization E|a, which increases with
oxygen concentration, and probably is equivalent to that
observed at =4 above E in YBa,Cu,O;. It is tentatively
assigned to Ba 5f states hybridized to O(1) atoms in the
chain.
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