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Influence of hole correlation on polarized-x-ray-emission spectra of single-crystal YBa2Cu307 —Q
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Polarized-x-ray OKa and CuLa spectra of the high-T, superconducting YBa2Cu307 z compound are

presented. They show strong anisotropic features. The possible location of the holes, which are thought

to be responsible for the superconducting properties, are discussed in the light of these experimental

spectra. It seems that the Cu02 and BaO planes are important layers for these oxygenlike holes. Be-

cause of charge transfer and correlation effects, characteristic spectral features are obtained.

I. INTRODUCTION

Core-line and valence-electron spectroscopies provide
detailed information about the electronic structure of the
Cu-based high-T, superconductors. The recent results in
this field clearly show strong on-site d dand p-p-Coulomb
interactions to a large extent. Typically, x-ray photo-
emission spectroscopy, (XPS) core spectra of
YBa2Cu307 s(i:2:3) are characterized in the Cu 2p re-
gion by strong satellites' and features in the valence
band at 9.5 and 12 eV are still discussed. '

In our recent investigation of the valence-electron
spectrum of 1:2:3by means of a combination of XPS, ul-
traviolet photoemission spectroscopy (UPS), and x-ray
emission (XES), we determined the symmetry of the oc-
cupied states and tried to understand the observed
differences between high-energy spectroscopic results and
one-electron theory. We estimated "local partial corre-
lation shifts" of the theoretical Fermi level in the range
0.6-1.6 eV by comparing XES and calculations. The
central phenomenon we have to understand is the
response of the (correlated) valence electrons to a sudden
creation of a core hole (as a long-standing problem in
high-energy spectroscopy). The inherently acting param-
eters, e.g., the intrasite and intersite Coulomb repulsion
energy U and the charge-transfer energy 6 relative to the
bandwidths, have been adapted successfully in the last de-
cade in order to explain core-hole spectra of transition-
metal compounds. '

A similar extended Hubbard model to describe the
basic valence-band (VB) electronic structure of high-
temperature superconductors (HTSC's) is recently pro-
posed by Ramaker, Turner, and Hutson and Fujimori,
Takayama-Muromachi, and Uchida in terms of a Cu
0'„" ' cluster. The correlation parameters of interest
are given to Ud=9. 5 eV, U =12 eV, and U&~0=4. 5 eV
for 1:2:3material which include, especially, the intersite
repulsion energies Ud = I eV and U o (i.e., between
neighboring Cu-0 and O-O atoms, respectively). The im-
portance of the oxygen contribution to correlation phe-

nomena seems evident because, according to experimen-
tal results, the carriers in most of the HTSC's are holes
created and localized primarily on oxygen atoms. The
calculations of the oxygen-related U parameters are still
hampered by the situation that the basic Wannier func-
tions of the bandlike 0 2p states are not well defined
compared to nearly localized Cu 3d orbitals. Therefore,
0 site and symmetry-selective experiments are of sub-
stantial interest providing an independent measure and
proof of these parameters.

In the present contribution, we provide spectral infor-
mation on the symmetry of the occupied 0 2p and Cu 3d
orbitals utilizing polarized-x-ray-emission spectroscopy
(PXES) at single crystal YBa2Cu307 s for 0 Ea and Cu
La. The polarization is achieved with respect to the
characteristic crystal geometry of 1:2:3,i.e., parallel and
perpendicular to the (a, b) plane. In comparison with
conventional XES, the method is capable of probing the
occupied local partial density of states (DOS) at 0 and
Cu sites separately with additional selectivity obtained by
orienting the vector of polarization e (the electric vector
of x rays) relative to the preferred crystal axis. The ob-
tainable information of PXES are complementary to
electron-energy-loss spectroscopy' (EELS) and polarized
x-ray-absorption spectroscopy" (XAS) which probe the
unoccupied DOS in different crystalline directions.
Polarization-dependent experiments on oxygen sites are
still performed rarely. Nucker et al. ' proposed hole lo-
calization in the 0 2p orbitals of the CuOz plane in 1:2:3
studying the 0 1s transition into unoccupied 2p orbitals
by EELS. Experimental facts favor the holes located in
pe bonds, but a contribution from in-plane pm. orbitals
cannot be excluded. Recently, Zaanen, Alouani, and Jep-
sen' reinterpreted the experimental results of Nucker
et al. by using a band-structure calculation. They con-
cluded that the peaks at the 0 K-absorption edge could
be largely ascribed to the van Hove singularities in the
chain bands; From XAS measurements, Bianconi
et al. ' concluded the appearance of holes largely in off-
plane orbitals p, in contrast with Nucker et al. ' XPS
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data interpretation of 0-related structures are even more
different. The 0 1s main line appears at 528.8 eV. An 0
1s feature at about 531.0 eV in 1:2:3 material could be
sensitive to special conditions in the sample preparation
process generating a well-ordered superstructure on 0
sites and giving rise to the additional component. In
each case of analyzing experimental spectra, an under-

standing of the nature of the many-body problem in the
particular system seems to be an ultimate requirement.

With respect to this, the here-presented x-ray-emission
spectra have several advantages over XPS results which
enter into the various core-hole-valence-electron interac-
tion. In XPS, the different spectral main and satellite
components are broadened by configuration interaction
mixing and by the situation that many final-state multi-

plets can be attained rather than displaying specific mul-

tiplets. XES and, moreover, PXES are determined by
hl =+1 and hm = —1,0, 1 for the orbital angular quan-

tum number and the magnetic quantum number, respec-
tively. Only a limited number of states are accessible.
Furthermore, the XPS initial-state valence electrons ex-

perience the full potential of an unscreened core hole giv-

ing rise to strong satellites in the final state. Because the
lifetime of the excited x-ray states exists, comparable
longer orbital relaxation and screening before the core-
hole decay will reduce the attainable final states in the x-

ray process considerably.
Finally, we notice as an extrinsic advantage of XES

that the technique is less surface sensitive and ambiguities
due to surface contamination and alteration are avoided.
The measurements were focused on high-purity

YBa2Cu307 & single crystals and compared with previ-

ous integral spectra of superconducting 1:2:3 ceramic
samples.

II. EXPERIMENT

A. Samples and instrumentation

The starting composition of single-crystal growth was

YO, s 6.5 mol%%uo, BaCO3, 22.5 mol%%uo, and CuO 71.0
mo1%. The YBazCu30i s compound is formed by a

peritectic reaction. Typically, crystal plates grow into
melt-depleted cavities thus allowing mechanical separa-
tion after finishing the growth experiment. In the as-

grown state, the crystals do not show superconducting
properties above 80 K. After annealing in oxygen atmo-

sphere at 680'C for 12 h, superconductivity was observed

by the discontinuity of the magnetic susceptibility.
YBa2Cu307 s (5-0.1) single crystals with T, -90 K
were selected with respect to well-shaped faces in order
to allow an easier sample orientation. The lattice struc-
ture and crystal orientation with Laue pattern exhibit the
preferential growing in [a,b] direction resulting in plate-
like small twinned crystals, as usual in the case of
YBa2Cu307 & samples. The stoichiometry and phase

purity was checked by electron probe microanaiysis
(EPMA) approaching the 1:2:3 ratio without indication
of impurities. The estimation of the total oxygen concen-
tration by EPMA is uncertain because of the lack of reli-

B. Polarized-x-ray-emission valence-band spectra

In the dipole approximation the x-ray-emission intensi-

ty I (co,e) emitted from a single crystal is determined by a

transition from an initial core state ~%, ) to a final

valence state ~%k„) with the energies E, and E„„,respec-

tively. The intensity

el(c

P' m
C

etc

FIG. 1. Geometrical setup for measuring polarized-X-ray-

emission spectra (PXES) of single crystals.

able ZAF correction parameters. The polarized-x-ray-
emission spectra has been obtained on a dedicated long-
wavelength spectrometer channel with a RAP monochro-
mator (2d =26. 118 A) of an electron probe mi-

croanalyzer [Applied Research Laboratories (ARL)].
The exciting primary beam was set to 5 kV, 200 nA at
standard vacuum conditions ( —10 Pa). In order to
prevent or minimize possible sample degradation, the pri-
mary beam was slightly defocused to approximately 10-

pm spot size.
The free-standing single crystals in the dimensions of

about 2X2X0.5 mm were mounted on a special sample
holder with the emitting surface parallel to the ortho-
rhombic c axis and has been conducted to ground poten-
tial. The polarized spectra are registered for two special
positions of the emitting sample relative to the polariza-
tion vector e of the preferentially reflected radiation.
(Fig. 1, c~~e and cle). The partially polarized 0 Ka
(2p —+ ls) and Cu La (3d, 4s-+2p) x-ray-emission spectra
have been accumulated in a computer-controlled step
procedure at Bragg angles e of 64.5' and 30.7', respec-
tively. Both angles deviate from the ideal polarization
case of 8=45 and, hence, a correction procedure has

been performed (see subsequent part). It should be men-

tioned that the measured spectra of the two crystal orien-

tations result from the identical spot position by turning

the sample 90' around the primary beam directions as it

is illustrated schematically in Fig. 1. Therefore, the ob-

served spectral intensities are not obscured by self-

absorption or by position-dependent composition altera-

tions. No changes in the oxygen concentration before

and after the x-ray measurement could be observed.

The measured peak positions of the polarized spectra
were aligned with reference to the 0 Ea emission of Si02
(quartz) at 526.0 eV and to Cu La of metallic Cu at 930.1
eV. ' At optimal Rowland circle adjustment, the energy

resolution is approximately 0.4 and 0.7 eV for 0 Ka and

Cu La, respectively. Corresponding broadening due to
the lifetime of the 0 1s and Cu 2p3/2 core levels is 0.2 and

0.7 eV, respectively is, i6
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OCC

I(co,e)-co g ~(tP, ~e r~%k„) ~
5(Ek„E—, —%co)

kv

depends on the orientation of the polarization vector e
(parallel to the electric field component of the emitted ra-
diation) with respect to the axis t)=x,y, z of a principle
coordination system which is determined by the crystal-
lographic axis of the sample. The kv summation is over
all occupied states.

The principal intensities I„(co)for a polarization paral-
lel to the principal axis g can be measured by an ap-
propriate experimental arrangement. ' In practice, one
accumulates the spectra predominantly polarized parallel
and perpendicular to an estimated preferred crystallo-
graphic axis, e.g., in our case, the c axis of the ortho-
rhombic 1:2:3single crystal.

Because of the twinning in the (a, b) plane of the 1:2:3
crystals, the angular distribution of x-ray emission must
be cylindrically symmetric relative to the c axis and is a
function only of the polar angle 8 between the polariza-
tion vector e and c. If we denote I„=I„=I and I,=I,
we obtain

I(co,e)=I (ru)sin @+I (co)cos 8

and, in the case of an idealized polycrystalline sample,

III. RESULTS

A. OKa

Figure 2 shows the 0 Ka emission of single crystal
YBa2Cu307 & for the polarization vector e parallel and
perpendicular to the orthorhombic c axis, denoted by
It. (~~) and Ir (l), respectively. The lines through the
points were determined by using a simple three-point
smoothing algorithm. The 0 Ka emission probes the lo-
cal occupied DOS with 2p symmetry at the 0 sites as-
suming the transition matrix element independent of en-
ergy in the considered region. The spectra of different
polarizations are referenced and adjusted with respect to
the well-known 532.0-eV satellite structure [attributed to
an oxygen refiectivity anomaly in acid phtalat (AP)
monochromators] assuming no polarization dependency
of this feature.

Generally, a strong anisotropy is observed by compar-
ing the two spectra in Fig. 2 obtained from different
single-crystal orientations relative to the position of the
polarization vector e. Between the two orientations,
three main differences are obvious: (i) a peak shift of
about 1 eV, (ii) an additional broad low-energy shoulder
in the E(l) spectrum separated 4.5 eV from the max-

I(a))=—,'(2I +I ) . (3)

According to these geometrical considerations, and be-
cause I„=I~=I„no anisotropic intensity distribution is
expected by investigating single crystals with cubic lattice
symmetry. Polarized-x-ray-emission spectra display a
selected part of the density of occupied states. More de-
tailed formulas and calculated results (of hexagonal struc-
tures) are given in Ref. 18.

In practice, the geometrical conditions limit the direct-
ly separable I„components due to deviations from the
ideally linearly polarized case 8=45', having, in most sit-
uations, a polarization q =~cos28~ %0 (for an ideally
mosaic crystal monochromator). In addition, the takeoff
angle a of the microprobe (52.5') causes mixing effects
between I and I . Therefore, the spectra taken for a
certain orientation, where radiation with elc is preferen-
tially registered, for example, always had contributions of
effc.

As a consequence, the measured spectra

518.0 523.0 528.0
Photon energy (eV)

533.0

exp

It" '=I (1+q cos a)+I q sin a
(4)

are a linear superposition of the pure intensities I and
I with coefficients depending on the special sample
orientation. In order to obtain the true intensities, the
coefficient matrix has to be inverted and multiplied with
the measured and suitable normalized intensities I~~"p' and
Iq" '. In our case, we had a point-to-point transformation
and uncertainties in the energy calibration would cause
discontinuities and singularities in the calculated spectra.
The 0 Ka spectra have a typical statistical uncertainty of
+2.5% and the Cu La spectra of +1.6% estimated from
the maximum intensity.

518.0 523.0 528.0
k

533.0

Photon energy (ev)

FIG. 2. Polarized 0 K single-crystal YBa2Cu307 z spectra
perpendicular (j.) and parallel ( ~( ) to the orthorhombic c axis.
(a) Original spectrum and (b) corrected for total polarization.
The possible local triplets 'B

&
are shown by an arrow.
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imum, and (iii) a less structured overall shape of the K (
~~

)

spectrum relative to the K(l) orientation.
Further on, the p orbital anisotropy is documented in

the different FWHM of 2.7 and 3.2 eV for cle and c~~e,
respectively. Because of the 0 2p ~1s transition, princi-
pally 0 1s, BE shifts between the three different 0 sites in
1:2:3 could cause part of the observed anisotropy. We
have performed systematically XPS 0 ls measurements
on 1:2:3ceramic samples using monochromatized excita-
tion obtaining 0 1s symmetric lines at 528.8-529.0 eV
(always with a well-separated smaller component at about
531.0 eV). Hence, we assume the 0 Is threshold at
528.8+0.2 eV as an averaged value of all oxygen sites.

The 0 Ea peak shift between the two orientations
~~

and j. as it is already observed in the original measure-
ments and is visible more clearly in the corrected spectra
of Fig. 2(b). The spectra correction for total polarization
is performed by a mathematical procedure described in
Sec. II [Eqs. (4)]. The total linearly polarized com-
ponents I~~ and I~ confirm the strong anisotropic behav-
ior. The above-indicated spectral differences between the
parallel and perpendicular crystal orientation are more
pronounced after correction owing to band shifts and fine
structure. In 0 Ka(i) at 522 eV, now a subband of sub-
stantial intensity is observed well separated 4.5 eV from
the main peak. The p„states in K(J.) maximum appear
at 1 eV higher energy relative to p, orbital [E(~~) spec-
trum]. It is interesting to note that, in the case of the 0
K-absorption spectra, the source of the energy shift has
been observed (Niicker et al. ). This effect has been ex-
plained by Zaanen et al. to be due to about 1 eV smaller
binding energy of the 0 ls core level of the 0(4) atom
compared with the corresponding binding energy of the
chain 0(1}and the in-plane 0(2), 0(3), is states. On the
long-wavelength side of the 0 Ka(j.), smaller but repro-
ducible structures at 524 and 525 eV appear while the
corresponding 0 Ea(~~) part between 522 and 525 eV is
relatively Hat. However, in the totally polarized spec-
trum, a weak shoulder at 527.0 eV (~~) on the high-energy
side of the main peak probably indicates local triplets
B,. ' In that case there would exist holes both in the

BaO plane and in the Cu02 plane having largely an oxy-
gen character. This would possibly mean that the local
singlets 'A

&
close to the Fermi level would have a larger

binding energy than that of the local triplets BI for a
1:2:3compound. It is also suggested by the results from
configuration-interaction (CI) cluster calculations by
Fujimori for a (Cu05) cluster which take into account
ligand-to-metal transfer.

In Fig. 3, we show a comparison of two O Xa spectra.
The lower one is measured previously on a YBa2Cu307
(5-0.1) ceramic sample and is comparable with the cor-
responding results of other authors. ' The upper spec-
trum is obtained by a mathematical synthesis according
to I = (2I& + I~~ )I3 using the fully polarized components
of Fig. 2(b). Evidently, the spectral similarities are re-
rnarkable, especially concerning the overall position and
shape of the xnain band. The low-energy shoulder at 522
eV is observed in the ceramic spectrum, however, with
comparable less intensity. The origin of the lower spec-

CD

C

CO

CD
C

C

518.0 523.0 528.0
Photon energy (eV)

533.0

FIG. 3. 0 E spectrum of ceramic YBa&Cu30& z sample com-
pared with summarized single-crystal polarization spectra ac-
cording I =(2I&+I

}~
) /3.

tral weight in the ceramic spectrum compared with the
sum of the polarized components could be a crystalline
orientation effect or contributions from grain boundaries
and intergrain species covering and smoothing charac-
teristic spectral bulk features. Because of the good agree-
ment of the two spectra in Fig. 3, we conclude that our
polarization measurements and the correction procedure
outlined with respect to the estimated individual 0 K(~~)
and 0 K(l) components seem reasonable. If large
single-phase, untwinned 1:2:3 crystals are available, a
principle separation between the a and b axes related x-
ray components becomes possible. Our approach to treat
the plane lattice parameters as a = b emphasizes small re-
strictions only.

B. Cu Lu

The polarized measured and corrected Cu La (Cu 3d,
4s —+2p3&2) spectra in Figs. 4(a) and 4(b), respectively,
demonstrate the anisotropic properties of the occupied
Cu 3d (4s contributes less} orbitals in 1:2:3 material.
Again, we measured the spectra from a single-crystal
orientation in the two positions with respect to the polar-
ization vector e.

We observe for the Cu La spectra similar trends and
behavior compared to the orientation results on 0 Ka.
The peak maxima were located at 930.2+0.2 eV (l) and
929.6+0.2 eV (~~) and the FWHM estimated to 4.4 and
4.7 eV, respectively. The Cu La spectra are more sym-
metric than the 0 Ka, but final decisions about this prop-
erty depend strongly on the background. While the in-

plane spectrum Cu L(l) exhibits four characteristic
structures and additional weaker features, the L(~~) band
shape is comparably structureless without clear spectral
features on both sides of the peak maximum. In a first
approach this situation would indicate the strong in-

plane cr Cu(2)-0(2, 3) d 2 2 bonds in CuLa(l) and the
X

presumably dominating Cu(l)-0(4) d 2 bond along the c
direction. The inherent energy scale of the here-
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projected Cu d orbitals is determined by a combination of
x-ray and XPS parameters.

From XPS measurements, we obtain a Cu 2p3/2 spec-
trum characterized by two principal structures at 933.5
eV and a broader less intense band between 940 and 945
eV representing typical final states of the configuration
Cu 2p3d' L and Cu 2p3d, respectively. The energy sep-
aration of approximately 9 eV is close to the energy of
the core-hole —d-electron Coulomb attraction. The ques-
tion arising from the XPS situation concerns the ex-
istence of only one x-ray-emission band. The energy-level
scheme for the XES final states shows that, upon x-ray
excitation because of relaxation and screening processes
of the type 2p31 ~2@ 3d

' L, mainly the d' L state is the
x-ray-active initial state for Cu La leading to a 3d L final
state. Hence, the threshold energy for the La spectra
should be 933.3+0.2 eV. In a similar way, we deter-
mined from the 0 1s spectrum the oxygen threshold ener-

gy to 528.8 eV.
Assuming the above-described threshold energies for

the Cu La and 0 Ka transitions, a correlation of the po-
larized spectra on a common energy scale can be shown
in Fig. 5. It is interesting to note that there might be a
hybridization between the Cu 3d and 0 2p bands as far as

I I I II
YBa2Cu307 g

I t I

OK

CO

C:

-10.0 -5.0
Energy (eV)

0.0 5.0

FIG. 5. Polarized 0 E and Cu L spectra combined in a com-
mon energy scale using the reference of 0 1s and Cu 2p3/p ener-
gies obtained by XPS.

the broad feature at about 7 eV from the Fermi level is
concerned. This is evident if one compares the Cu La
and 0 Ka spectra in the case when elc as can be seen
from Fig. 5.

Again, as a related proof of the relevance of the mea-
sured and corrected Cu La polarized components we
compare the composite spectrum (2Il+2I~~) according
to Sec. II with a previously measured Cu La integrated
result on a ceramic 1:2:3 sample in Fig. 6. A sufficient
agreement between the two spectra can be established. A
closer inspection of Fig. 6 confirms the already in 0 Ka
observed small differences between the spectra demon-
strating the generally higher information content in po-
larized spectra relative to integral measurements. On the
high-energy side of the Cu La spectrum, the intensity is
quite high if one compares with that of the low-energy
side. There are some features extending above the as-
sumed Fermi level energy position 933.3 eV as well.

920.0
I

925.0 930.0
Photon energy leV)

I

935.0 940.0

YBa2Cu 307
Cu La

COc
tb

920.0
I

925.0 930.0
Photon energy (eV)

935.0 940.0
920

~ I I I I ~ I ~ I I I I ~ I I I I ~ I

925 930 935

Photon energy (ev)

FIG. 4. The same as Fig. 2 but for Cu L spectra.
FIG. 6. The same comparison between spectra of single crys-

tal and ceramic material as in Fig. 3 for Cu L.



4962 F. WERFEL, G. DRAGER, J. A. LEIRO, AND K. FISCHER 45

Ch

518.0 523.0 528.0
Photon energy (eV)

533.0

FIG. 7. 0 Ea spectra, when the polarization vector e is po-
larized i and ~) to the c axis, obtained from 1:2:3single crystals
of different oxygen concentrations (5=0.1 and 0.4).

These can be attributed to the high-energy satellites
caused by Cu 3d-like holes which are mainly due to the
Coster-Kronig transition in the Cu atom.

We notice in Cu La( I} a fine structure at 926.0 eV,
separated about 4 eV from the main peak. As in the case
of 0 Ea(l}, this small subband arises from orbitals in the
(a, b) plane providing experimental arguments for an
essential geometrical localization of the involved elec-
tronic states. Following our XPS and UPS measurements
on polycrystalline samples, the 1:2:3valence band in the
occupied part extends to about 7 eV from the Fermi ener-

gy EF in good agreement with energy range obtained by
calculations. Therefore, the observed x-ray structure
located at about 7 eV relative to EF can hardly be solely
explained in terms of the initial DOS. It should also be
mentioned that a corresponding satellite structure
separated by a comparable energy from EF or from prin-
cipal core lines is neither observed in photoemission VB
spectra nor in XPS core-level measurements. On the oth-
er hand, we have to remember the highly selective char-
acter of PXES transitions reducing considerably the
number of accessible states on the same atom. Hence, we
suggest that Coulombic interactions may contribute to
the unusual subband in the polarized spectra by transi-
tions to oxygen in-plane orbitals (hybridized with Cu d
states) interacting with orbitals possessing holes on neigh-
boring sites as well as to oxygens in the Cu-0 chains. As
shown in Fig. 7, we have measured polarized 0 Ka spec-
tra of single crystals with reduced oxygen concentration
(5=0.4) and compared with those of the 5=0. 1 samples.
Following structure analysis, oxygen release removes O(1}
atoms from the Cu-0 chains. With respect to the 522-eV
shoulder in 0 I|.'a(l), we observe (i) an energy shift of the
shoulder towards the main peak and (ii) a more localized
character of the shoulder. In addition, the 0 Ea(i) main
peak of 5=0.4 is shifted with respect to the 5-0. 1 spec-
trum by about 0.5 eV to lower energy. Interestingly, this
shift can be observed only for the case where polarization
vector e is perpendicular to the c axis (elc). This result

emphasizes the role of the plane and/or the chain contri-
butions.

IV. INTERPRETATION AND DISCUSSION
WITH RESPECT TO HOLE CORRELATION EFFECTS

Basically, our 0 Ka and Cu La polarized emission
spectra display two effects with respect to the projected
symmetry of orbitals under consideration. A strong an-
isotropic behavior is judged by comparing spectra of the
same atom parallel and perpendicular to the (a, b) plane
while, on the other hand, a consistent picture of the elec-
tronic and hole states can be terminated by analyzing
spectra of different atoms but obtained on the same direc-
tion.

In order to interpret the polarized-x-ray-emission spec-
tra properly, we refer to a theory of an extended Hubbard
model based on a CuO'„" ' cluster and reported recent-
ly. The model describes the electronic structure when
intrasite and intersite Coulomb repulsion energies are
larger than the free-electron Fermi energy and dominate
covalent or hybridization effects. This should not mean
that hybridization is excluded completely. We would
also like to point out that the cluster model seems to de-
scribe the essential phenomena, however, because of the
inherent restrictions (limited number of atoms, neglected
interaction with Y and Ba atoms) at least quantitative
differences compared to experiments may appear.

In a geometrical consideration of Y-Ba-Cu-O, the basic
elements are the Cu03 ribbons along the b direction and
the CuOz planes in the (a, b) direction. The principal or-
thorhombic lattice structure gives rise to the orientation-
dependent physical properties. With respect to the ex-
istence of holes in the structure the CuO„cluster model
assumes that the hole is shared between the Cu 3d and 0
2p valence orbitals in the ground state. Upon x-ray exci-
tation, the additional core hole will in6uence the ground
state leading to a double-hole initial-state configuration.
In the case of a Cu-0 cluster approach, the initial x-ray
states have the same configuration as the XPS final
states: 0 ls Cu d (528.8 eV) for 0 Xa transitions and
analogous Cu 2pd (940—944 eV) and Cu 2pd' L (933.3
eV} for the Cu La spectrum. In the XPS mechanism, the
x-ray core-hole excitation will induce screening and
charge-transfer interactions of the type Cu
2pd ~Cu2pd' L on Cu sites. We believe the latter
configuration is largely x-ray active. According to the in-
herent x-ray transition mechanism, the final states
reached by 0 Ka and Cu La have identical
configurations, i.e., 0 1s2p Cu d ~0 1s Cu d L and Cu
2pd' L~Cu Zpd L, respectively. The fina states are
again two-hole states. The selective character of the x-
ray process described above prevents the appearance of
satellite structures as we observe in the corresponding
XPS 0 1s and Cu 2p spectra. Being aware of these mech-
anisms, we analyze the orientation-dependent x-ray spec-
tra, particularly with respect to hole interactions in the
1:2:3structure.

Earlier calculations based on final-state configuration
interaction on a Cu06 cluster and including interatomic
Coulomb and exchange interactions between d electrons
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exhibit a broad level structure around 2 eV relative to
EF. Alternatively, initial-state p orbital splitting into
bonding and antibonding components in the (a, b) plane
may also be the origin. In view of the geometrical factors
involved in the polarized spectra the 0(l), 0(2), and 0(3)
sites should contribute to the 0 Ka(l) spectrum, princi-
pally. For Ka(

~~ ), mainly orbital contributions from 0(4)
are expected. Therefore, whether the observed (l) and
(~~} structures are a projection of the 0 ptr orbitals
separated by about 0.5 eV from. in-plane 0p, we cannot
finally decide. The main feature in the La(l) spectrum is
connected with the Cu 3d„„symmetry which is associat-
ed with the ~ bonding of the Cu 3d-0 2p coupling.

We concentrate now on the question of where in the
structure of YBa2Cu307 & the holes are localized. The
observed subband in 0 Ka(l) separated about 7 eV from
the threshold (Fermi level) could be explained by transi-
tions cd ~pd (now in the hole picture; c denotes a core
hole) and a simultaneous charge-transfer process
pd —+pp, i.e., an orthoneighboring two-hole final state.
This two-hole final state can be reached directly by a
cp ~pp transition where, in the initial state, the core
hole c is in an orthoneighboring position with respect to a
valence hole p . In this case the polarized-x-ray-emission
spectra give experimental evidence and weight that these
holes are largely localized in the plane especially for the
3d' L configuration. Beyond the model of Ramaker,
our polarized 0 Ka(l) spectra of samples of different ox-
ygen concentration in Fig. 7 evidently depend on the
number of the 0(1}atoms in the Cu-0 chain. This behav-
ior is also supported by other theoretical calculations. ' '

A comparable orthoneighboring situation is given by the
pair 0(1)-0(4) in a plane parallel to the c axis. But, in
this direction, the corresponding polarized 0 Ka(

~~ ) and
Cu La(

~~
) spectra do not show any spectral feature in the

expected way from final-state pp transitions. Further-
more, following the model of the two-hole final-state in-
teractions, which are responsible for the observed sub-
band, we observe the structure in both (l) spectra at
about the same energy from EF. From this correspon-
dence we suggest hole information in orbitals with
predominantly 0p cr character.

Our suggestion is based on the assumption that the
coupling in the o band between d and p orbitals of the
CuOz plane is considerably stronger than a p-d coupling
in m. orbitals. The important question of whether the hole
formation in the Cu02 plane is restricted to p~ orbitals
or whether in-plane pm orbitals are included, we cannot
finally decide. The measurements give experimental evi-
dence of p dorb-ital hybridization in the (a, b) plane
favoring cr bonds for the hole localization.

As a conclusion of our experiments, we can say that it
is not only in the CuOz plane where the oxygenlike holes
possessing the lowest binding energy can be expected.
Our experimental polarized 0 Ka spectra indicate that
the holes in the BaO plane are also quite likely in the case
of YBa2Cu30& compound. Furthermore, the possible
holes in the Cu-0 chain cannot be excluded, either.

In a recent paper by Kottman et al. , the polarized 0
Ea spectra are presented. For c parallel to e, the feature
at 527 eV was also observed.
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