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The polarized Elc oxygen K-edge x-ray-absorption near-edge structure (XANES) spectrum of
Bi,Sr,CaCu,04, 5 (Bi 2:2:1:2) has been calculated by a multiple-scattering approach and compared with
experimental data. The symmetry of the conduction bands over a range of 15 eV above the Fermi level
has been studied by a combined analysis of five different polarized x-ray-absorption spectra at the follow-
ing edges: O K edge, Cu K edge, and Cu L; edge. Information on the partial density of states of the con-
duction bands, D X () )s projected on the atomic site X (Cu and O) with selected orbital angular momen-

tum /, and its projection m,; along the c axis (Dcy(z,0 Dcuz, +1) and Dy (2, +2) for the Cu site; Doy o) and
Doy, +1) for the oxygen site) have been obtained. The symmetry of the itinerant states induced by doping
at the Fermi level is deduced to be a mixture of 3d holes with m; =2 and m; =0 orbital angular mo-
menta and holes on planar oxygen in the molecular-orbital combination of local b, and a, symmetry [the

ligand holes L(b,) and L(a,)].

I. INTRODUCTION

The anomalous electronic structure of superconducting
cuprate perovskites has been a subject of substantial in-
terest in attempts to understand the pairing mechanism
leading to high-T, superconductivity. The presence of a
large hole-hole Coulomb repulsion Uj; ~6 eV has been
found by x-ray photoelectron spectroscopy,!* resulting
in an inadequacy of the standard description of the states
at the Fermi level in terms of the one-electron approxima-
tion.*~% The quantitative picture of the electronic states
remains an open problem because of the lack of a micro-
scopic theoretical description of the electronic states at
the Fermi level (including the electron-phonon interac-
tion) which is able to predict all anomalous properties of
these metals detected by different experimental methods.
The absence of the itinerant Cu 3d® states and the forma-
tion of 3d°L* states by doping have been found experi-
mentally by Cu L; x-ray-absorption spectroscopy in
YBa,Cu;0._; (Ref. 7) and in La, gsSry ;sCuO, (Ref. 8) and
confirmed by many experiments. The controversy
remains on the nature of the 3d°L at the Fermi level in-
duced by doping.

Some authors have focused only on the Cu 3dx2_y2 and
the O 2p, , orbitals as describing the local spins responsi-
ble for antiferromagnetism as well as the carriers. This
point of view is the basis of the three-band extended Hub-
bard model that has been extensively studied including
electronic correlations.”™!! This model describes the
itinerant states at the Fermi level as the first ionization
states in a CuO, layer of the insulating parent compound
that mainly consist of one hole in the Cu 3dx2_y2 orbital

45

(b, symmetry) and of another one in a linear combination
of four oxygen o bonding orbitals also with b, symmetry,
the so-called Zhang-Rice 3dfz_y21_,(b1 ) singlet states.!!

The nearly pure x,y polarization of the O 1s —2p transi-
tions to the states at the Fermi level at the O K-edge ab-
sorption threshold of Bi cuprates'>”!* has been assumed
as giving experimental support to the three-band model.
Other authors have proposed different models where
the 3d°L* states induced by doping are different from the
first ionization states 3d32__y2L(b1) of the insulating

parent compound. These models assume a nonrigid elec-
tronic structure of the states at the Fermi level with dop-
ing. Experimental evidence for this model was given in
the early times of the research on cuprate superconduc-
tors by the Cu L x-ray-absorption spectroscopy® where
the polarization dependence shows (i) the presence of a
3d,,»_,, component of the Cu 3d holes modulated by the

doping level in all cuprate superconductors,'>'® and (ii)
the presence of oxygen holes on the O 2p, orbitals of the
apical oxygen O(apical) in YBa,Cu;0 _,," also if this last
system seems to be unique among the families of high-T,
superconductors. In agreement with this model, the
states induced by doping have been described as a sort of
impurity band growing in the correlation gap.'’

Several theories for the pairing mechanism based on
this model,'®"?* which consider the presence of two
bands with different symmetry around the Fermi level
and electron-phonon coupling via the pseudo-Jahn-Teller
effect,'® have been proposed. The modulation of the or-
bital angular momentum m; (or simply, m ) of the Cu 3d
holes by charge carriers can drive a large electron-
phonon coupling which motivated Bednorz and Miiller®*
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in their work that led to the discovery of high-T, super-
conductivity.

In order to resolve the present controversy it is neces-
sary to develop some quantitative data analysis of the ex-
periments probing the orbital angular momentum of the
holes in high-T, superconductors. X-ray-absorption
spectroscopy provides a direct probe of the orbital angu-
lar momentum via the dipole selection rules of the elec-
tronic transitions from deep core levels of well-defined
atomic symmetry. In the case of metallic cuprate
perovskites, this is a unique direct experimental method
providing this key information: ESR (electron-spin-
resonance) spectroscopy is inapplicable in this case; be-
cause the absolute value of the magnetic hyperfine shift in
NMR (nuclear-magnetic-resonance) spectroscopy de-
pends both on the atomic Cu 3d orbital angular momen-
tum and on crystalline effects, it cannot be used to mea-
sure the change of the 3d orbital angular momentum
from the insulating to the metallic phase.

The use of the x-ray-absorption spectroscopy to deter-
mine the unoccupied-electronic-state band structure is
limited by final-state effects. In fact, the core hole in-
duces an excitonic shift on the valence-band states, which
is different for different final valence-band states and/or
initial core states. In this work we propose a method to
determine the structure of the unoccupied electronic
states from a combined analysis of several x-ray-
absorption spectra.

First, the polarized absorption cross sections of the
atomic species of the crystal and of different core levels of
each atom are calculated by the multiple-scattering ap-
proach. The calculation is carried out in an unperturbed
potential describing the ground-state properties. Each
conduction band will give peaks in the theoretical absorp-
tion spectra at slightly different energies because the
peaks in each partial and local density of states occur at
different energies. Therefore, the different calculated
final states reached in each spectrum can be aligned on
the same energy scale.

Second, the absorption cross sections are calculated in-
cluding the effect of the core hole in the final state. This
allows one to estimate the excitonic shift for each
electron-hole final state relative to the energy position
calculated in the first step.

Third, the experimental spectra are compared with the
calculated spectra, including the core hole and the photo-
electron lifetime. The experimental and the theoretical
spectra are aligned on the same energy scale by looking
for the best agreement among several features of the x-
ray-absorption near-edge structure (XANES) over a large
energy range above the Fermi level where the core hole
effect induces only a nearly rigid shift of the spectrum.

This procedure allows the alignment of the different ex-
perimental absorption spectra on the same energy scale
and the assignment of the final states in each spectrum to
the unoccupied bands in the ground state.

We have applied this method to investigate the unoc-
cupied states above the Fermi level in Bi,Sr,CaCu,04, 5
(Bi 2:2:1:2) which exhibits superconductivity with a criti-
cal temperature in the range 70—-90 K. This material has
been the subject of extensive experimental investigations.
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The dispersion of the bands near the Fermi level has been
measured by angle-resolved photoemission.?>”"2® The
angle-resolved photoemission data show a band crossing
the Fermi level in the I'-X direction and at the saddle
point in the I'-M direction where mixing with the BiO
bands is expected to be large on the basis of the one-
electron band calculations.” 3 The presence of two
different bands crossing the Fermi level?® in the photo-
emission spectra is controversial. The unoccupied elec-
tronic states have been investigated by infrared,**3° vacu-
um ultraviolet reﬁectivity,35 electron-energy-loss,36 and
inverse photoemission®” spectroscopies.

Here we have focused our attention on both the Cu
and O x-ray-absorption spectra of the Bi 2:2:1:2 crystal in
order to extract the electronic structure of the CuO,
planes relevant to superconductivity. The x-ray-
absorption spectra are determined by electronic transi-
tions from a selected atomic core level to the unoccupied
valence-band states above the Fermi level that is given,
according to the Fermi Golden Rule, by the product of
the matrix element M(w) and the selected partial density
of valence-band states 2;, with the orbital angular
momentum quantum numbers / and m (or m,;) projected
on the atomic site of the absorbing atom:
a(m)OC./l/LLi,Lf(w)ﬂ,,m(w), where L;=(l;,m;) and

L,=(l;,m,) indicate the orbital angular momentum
quantum numbers (/,m) of the initial (i) and final (f)
states. Therefore, the absorption spectrum of a single
level in a single atom X gives only partial information on
the unoccupied density of states Dy (; ). In order to have
a complete picture of the symmetry of the unoccupied
states in a system formed by several atomic species, it is
necessary to perform a combined analysis of the absorp-
tion spectra of the different atoms and different core lev-
els.

The dipole selection rule Al=1[,—1;==1 for the core
transitions from the atomic levels Cu 1s or O 1s with an-
gular momentum /; =0 selects the partial density of states
with angular momentum /=1 (p-like density of states) in
both Cu and O K-edge spectra. In the Cu L;-edge spec-
trum, the dipole selection rule Al=+1 from the Cu 2p
(1;=1) initial state selects the /=2 final states (the d-like
density of states). Because the cross section for the Cu
2p —s channel allowed by the A/ = —1 selection rule has
an oscillator strength a factor 100 smaller than the Cu
2p — 3d transition, it can be neglected.*®

The polarized absorption spectra provide additional in-
formation on the z components (the z axis is chosen
parallel to the ¢ axis of the Bi 2:2:1:2 crystal) of the orbit-
al angular momentum m; of the unoccupied conduction
states.

The dipole selection rules for the polarized x-ray-
absorption spectra are determined by the integral over
three spherical harmonics

A A A 2
% l( Y[i‘m‘_(l')lY[y’my(f)lylf,mf(r)>| ’

where Y, ,, (f) describes the core initial state, Y,f,mf('f')
the electron final state, and Y, ,. (T) the polarized pho-
YUY
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FIG. 1. Polarized Elc O K-edge XANES spectra of
Bi,Sr,CaCu,05. 5 from Ref. 39.
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which are different from zero under the condition that
m;+m,+m,;=0.

This additional dipole selection rule in the E||z polar-
ized K-edge absorption spectra selects only the p-like
(I=1) states with orbital angular momentum m;=0
(2p,), while in the Elz polarization only the p-like (I =1)
final states with orbital angular momentum m;==1
(2p, ,) are reached.

Unique information on the orbital angular momentum
m;=0,%1,%2 of the I =2 (Cu d-like) unoccupied partial
density of states can be extracted by polarized L;-edge
XANES spectroscopy.’® In fact, the dipole selection
rules select the unoccupied d-like (/=2) density of
valence-band states projected on Cu site with orbital an-
gular momentum m; =0,*1 in the E||z spectra, and with
m;=0,%1,%2 in the Elz spectra.
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FIG. 2. Polarized Elc (diamonds) and E||c (squares) Cu L;-

edge XANES spectra of Bi,Sr,CaCu,03. 5 measured in the total
electron yield mode (from Ref. 38).
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FIG. 3. Polarized Elc (or E||ab plane) (diamonds) and E|c
(squares) Cu K-edge XANES spectra of Bi,Sr,CaCu,0g4s from
Ref. 40.

We have analyzed here the polarized x-ray-absorption
spectra at the oxygen K edge (~528 eV), Cu L; edge
(~931 eV), and Cu K edge (~8980 eV) of Bi 2:2:1:2 crys-
tals. Because of the large difference in each core-level
binding energy, the absorption spectra occur in a
different photon spectral range requiring different mono-
chromators and synchrotron radiation beam lines.

The Elc polarized oxygen K-edge absorption spectrum
of Bi 2:2:1:2 has been measured by Krol et al.* (see Fig.
1) by means of a bulk-sensitive detection method, the Ka
soft x-ray fluorescence yield, at the National Synchrotron
Light Source, Brookhaven National Laboratory.

The polarized Cu L x-ray-absorption spectra (see Fig.
2) have been measured by using a double-crystal 1010
beryl monochromator by using the super ACO synchro-
tron radiation source at the Laboratoire pour
I'Utilisation du Rayonnement Electromagnétique
(LURE), Orsay, France.’® The absorption coefficient has
been measured by total electron yield method.

The polarized Cu K-edge absorption spectra of Bi
2:2:1:2 crystals (see Fig. 3) (Ref. 40) have been measured
by using the DCI storage ring at the Laboratoire pour
I’Utilisation du Rayonnement Electromagnétique, Orsay,
a double-crystal Si(331) monochromator and by record-
ing the total electron yield.

II. JOINT ANALYSIS
OF POLARIZED ABSORPTION SPECTRA

A. The oxygen K-edge absorption spectrum

The Elc oxygen K-edge absorption spectrum has been
calculated in the real space by using the multiple-
scattering formalism.*! ~*® In this approach the transition
rate from the atomic O 1s core level to the final states in
the conduction bands with p-like character (m;==1) is
calculated. The wave function of the excited electron is
constructed in a potential having the form of nonoverlap-
ping muffin tins with the absorbing O ion at its center. A
cluster of 40 atoms with the planar oxygen O(planar) at
its center has been created by using the atomic coordi-
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nates given by Bordet et al.*’

The calculation of the potential starts from the charge
densities for neutral atoms on each site which were ob-
tained by self-consistent-field atomic calculations of the
relativistic Hartree-Fock-Slater kind. The charge densi-
ties about each atom were superimposed and spherically
averaged. By solving Poisson’s equation for the Coulomb
part of the potential and adding a local exchange-
correlation contribution of the Xa type with a=1, the
spherically symmetric potentials in muffin-tin form were
obtained. The intersphere energies near each atomic site
i (the muffin-tin constants ¥,;) of the constructed muffin-
tin potentials were initially determined by taking the
average values of the potential in the space between the
muffin-tin radius R y;; and the radius of the Wigner-Seitz
spheres. The muffin-tin radius of each atomic species has
been chosen looking for a solution giving similar ¥ in
order to minimize the variations of the interstitial poten-
tial about its mean value. The zero of the energy scale
has been fixed at the Fermi level.

The calculated spectra are determined by the product
of an atomiclike factor determined by the dipole-matrix
element for the electronic transition from the oxygen 1s
level to the continuum states in the muffin-tin potential of
the isolated central Cu atom, ay(w), and a factor deter-
mined by the partial density of states of the conduction
bands projected on the absorbing atom X, Dy, ) that
determines the modulation of the atomic absorption
coefficient and it gives the interesting spectral features.
The calculation of ay(w) allows the normalization of the
absorption coefficient to the high-energy value « of the
atomic absorption, i.e., a(w)/a,. In this way the value of
the calculated normalized absorption coefficient a(w)/a,
is one for the atomic absorption jump of the absorption
edge under study.

The calculated normalized absorption coefficient of the
Elc oxygen K-edge spectrum is reported in Fig. 4(a). The
zero of the energy scale is fixed at the calculated Fermi
level E, indicated by an arrow. The transition rate to
both occupied valence-band states and unoccupied con-
duction band is given. In the actual spectra only transi-
tions to unoccupied states are allowed, but we have also
reported in Fig. 4(b) the calculations for occupied states
below the calculated Fermi level E in order to show the
full spectrum of the O 2p, , partial density of states con-
tributing to the Cu derived valence band around the Fer-
mi level as it comes out from the present one-electron cal-
culation.

The main reason for this uncommon way to present the
calculated XANES spectrum is that the present calcula-
tion is expected to be wrong near the Fermi level because
of the electronic correlations within the Cu 3d derived
states. Moreover, the range of energies where the elec-
tronic renormalization takes place is not well defined.
Therefore, the position of the Fermi level E, is not ex-
pected to be correctly estimated by one-electron calcula-
tions and in the following part we will denote the calcu-
lated absorption threshold as the continuum threshold E,,
to distinguish it from the actual Fermi level in the real
crystal, Ep. The calculated continuum threshold E,
crosses a continuum flat spectrum of O 2p, , density of
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states extending from —4 below to +4 eV above the Fer-
mi level.

The final states O 2p, , of the planar oxygen atoms
O(planar) that contribute to the calculated cross section
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FIG. 4. (a) Calculated polarized Elc (E||ab plane) O K-edge
XANES spectra of the planar oxygen O(planar) in the CuO,
plane in the unrelaxed potential of Bi,Sr,CaCu,04. (b) Calculat-
ed polarized Elc (E|lab plane) Cu K-edge and Cu L;-edge
XANES spectra in the unrelaxed potential. The atomic absorp-
tion spectra ay(w) for the Cu ls—¢p and for the Cu 2p—ed
transitions are plotted (solid lines). (c) Calculated polarized Ef|c
Cu K-edge and Cu Lj;-edge XANES spectra in the unrelaxed
potential. The atomic absorption spectra ao(w) for the Cu
1s—ep and for the Cu 2p—sed transitions are plotted (solid
lines). The zero of the energy scale is fixed at the calculated
Fermi energy level E, in the present one-electron calculations.
Both transitions to occupied (below the Fermi level E,) and
unoccupied valence-band states (above the Fermi level E;) have
been calculated.
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from the O 1s level in the calculated Elc oxygen K edge
are derived by three sets of molecular orbitals: (i) The b,
molecular orbitals L(b,) formed by the molecular orbital
combination of the O 2p, , orbitals of the four planar ox-
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FIG. 5. Schematic picture of the final valence-band states of
symmetry (a) b,, (b) a;, and (c) b, that can be reached with po-
larized Cu L;-edge and O K-edge absorption.
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ygens coordinated by Cu in the CuO, layer with the
molecular orbital combination of local b, symmetry
(1/V'4)(+p,;—Pyy—Px3FP,s) that are mixed with the
Cu 3dx2_y2 orbitals, where the phases of the orbitals have
been chosen with the same standard convention used in
Ref. 48; (ii) the a, molecular orbitals L (a, ) formed by the
molecular orbital combination of the O 2p, , orbitals of
the four planar oxygen atoms coordinated by Cu in the
CuO, layer with the molecular orbital combination of lo-
cal @, symmetry (1/V/4)( +Px1 Py, —Px3—Pys) that are
mixed with the Cu 3d 3222 orbital; (iii) the b, molecular
orbitals L(b,) formed by the molecular orbital combina-
tion of the O 2p, , orbitals of the four planar oxygens
coordinated by Cu in the CuO, layer with the molecular
orbital combination of local b, symmetry (1/V'4)(+ Py
+Px2—Py3—Px4) that are mixed with Cu 3d,, orbitals.

The E||c oxygen K-edge spectrum is not discussed here,
it will probe the electronic transitions (1) to the final
states L(e) formed by the O 2p, components of the pla-
nar oxygen atoms O(planar) mixing with the Cu 3d,, and
Cu 3d,, orbitals with the e symmetry (1/V2)(+p,
—DPs3), (I/Vi)(pzz —P,4), and (2) to the final states L(a,)
formed by the O 2p, components of the apical oxygen
Of(apical) contributing to the molecular orbitals with the
a, symmetry.

A schematic picture of the b, b,, and a; molecular or-
bitals and the allowed polarized transitions from Cu 2p
and O 1s are shown in Fig. 5.

B. Symmetry of calculated conduction bands

In order to define the symmetry of the calculated con-
duction bands, we discuss here the joint analysis of the
calculated absorption cross sections in the ground state.
The calculated polarized Elc Cu L;-edge and Cu K-edge
XANES spectra in Fig. 4(b) and the E||c Cu L;-edge and
Cu K-edge XANES spectra in Fig. 4(c). The technical
details on the Cu XANES spectra are discussed else-
where. 3840

Following the dipole selection rule for polarized x-ray-
absorption spectra m; +m,, +m =0 discussed above the
calculated Elc Cu L;-edge absorption a (w) is given by
the sum of partial contributions 7, ,, to the absorption
cross section due to final states with orbital angular
momentum [, m:

a(@)=1I,,(0)+1/61,4(0)+1/2I, (o) ,

and the E|lc Cu Lj-edge absorption spectrum () is
given by a|(@)=2/3I,4(w)+1I, (w). We can identify
from Fig. 4 the presence of four bands (i =0,1,2,3) above
the Fermi level that are schematically reported in Fig. 5.
The first band (with i =0) covers the energy from E to
1 eV. At the Fermi level the Cu 2p — 3d cross section in
the Cu L;-edge Elc polarized spectra has a sharp peak at
E, due to the Cu (I =2, m;=12) partial density of states.
The calculated normalized absorption coefficient reaches
the value a(w)/ay=290 at the maximum to be compared
with the range of values from O to 4 shown in Fig. 4.
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This strong peak is due to the Cu dxz_yz band crossing
the Fermi level, and its large intensity is due to the large
overlap between the Cu 2p core level and the Cud ,_
orbital at the Cu site. The states of the i =0 band at the
Fermi level also has oxygen 2p,,2p, character (/=1,
m;==%1) as is shown by the Elc O K-edge absorption
cross section. The calculated E||c Cu L ;-edge normalized
absorption coefficient reaches the value a(w)/ay;=15 due
to the tail of the Cu d3z2-r2 partial density of states

which extends beyond E, mostly because of the distor-
tions in the CuO,4-square plane,*® we find therefore at the
Fermi level a 5% component with orbital angular
momentum m; =0, of the total Cu 3d holes in the mostly
Cu dxzvyz band, i =0, crossing the Fermi level in the
present one-electron electronic structure calculation us-
ing the real distorted Cu site structure.

The second band (with i =1) extends from ~1 to ~4
eV above E, this band can be identified with the band
that is usually assigned to BiO layers in band-structure
calculations.”® " The E||c Cu L;-edge spectrum exhibits
the peak C1 due to the calculated partial density of states
in the continuum & with d-like symmetry and orbital an-
gular momentum m;=0. There is a large difference of
the overlap between the Cu 2p atomic level with the Cu
3d states of the i =0 band and the Cu ed states in the
continuum for bands i =1,2,3 as is demonstrated by the
value of the Cu 2p —d normalized absorption coefficient
alw)/a, going from 290 for the former states to 1-4 for
the latter. This band has a relevant O 2p, , component as
is shown by the peak F1 in the oxygen Elc K-edge spec-
trum. Therefore, these oxygen 2p states reached by oxy-
gen K-edge spectra should have L(a,) symmetry. Also
the Cu 2p, partial density of states contributes to this
band as is demonstrated by peak A1 in the E||c Cu K-
edge spectrum.

The third band (with i=2) extends from 4 to 11 eV
above E,. It gives origin to the peaks F2 and F3 in the
oxygen Elc K-edge spectrum, to the weak peaks D1 in
the ELc Cu L;-edge spectrum, to the structure C2 in the
Elc Cu L;-edge spectrum, and to the structure A2 in the
E|lc Cu K-edge spectrum. The peak C2 in the E|jc Cu L,
edge is given mainly by the m;==x1 Cu d density of
states in the continuum £.® The peaks F2 and F3 show a
relevant contribution of the O 2p, , orbitals. The peak
A2 in the Cu K-edge spectrum shows the Cu 2p, contri-
bution to this band. We note that the present calculation
predicts that the final states in the i =2 band can also be
reached in the oxygen Eljc K-edge spectrum because of
the predicted mixing of the O 2p, orbitals of planar oxy-
gens with the Cu d states with e symmetry.

The fourth band (with i =3) extends from 11 to 15 eV
above E;. This band gives only a well-defined peak in the
Elc polarized Cu K-edge absorption spectrum, the main
maximum B 1, and a weak maximum is seen also in the
Cu L;-edge Elc polarized spectrum. The present calcu-
lation shows that this band has mainly Cu ep, , charac-
ter. A schematic picture of the electronic structure of the
conduction bands (with i=0,1,2,3) as derived by the
present calculations is shown in Fig. 6.
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FIG. 6. Schematic picture of the final states reached by x-ray
absorption from the oxygen and copper core levels. The open
boxes indicate the positions of the final state as calculated in the
unrelaxed potential. The horizontal lines divide the bands with
i=0, 1, 2, and 3 above the Fermi level. On the right-hand side
of the figure the main orbital contributions to the partial density
of states for each band are given. The dashed boxes indicate the
final states reached in the experimental x-ray-absorption spectra
in Figs. 1-3.

C. The excitonic core-hole final-state effect on the XANES

In order to compare the experimental spectra with the
one-electron calculations, we have included the perturba-
tion of the final states induced by the core hole. The
core-hole relaxation effect can be reduced to a one-
electron problem by assuming that the potential seen by
the photoelectron is the static potential where all passive
electrons are fully relaxed in the presence of the core
hole. According to the final-state rule, XANES spectra
have to be calculated using the fully relaxed potential,
closely approximated by that of the atom with its atomic
number Z increased by 1 (Z + 1 approximation).*?

The oxygen K-edge polarized x-ray-absorption spec-
trum in the fully relaxed potential in the presence of the
O 1s core hole is shown in Fig. 7(a). The oxygen K-edge
spectrum is compared with the Cu L;- and K-edge spec-
tra calculated in the presence of a Cu 2p and 1s core hole,
respectively, see Figs. 7(b) and 7(c).

The oxygen ls core hole has a weak effect on the O 2p
states of the i =0 and /i =1 bands, moving the final states
toward lower energies by only 0.5 eV, and a little larger
effect on the peaks F1 and F2 inducing a red shift of
about 1 eV.

The effect of the Cu 2p core hole, shown in Figs. 7(b)
and 7(c) is much larger for the Cu 3d states in the i =0
band, moving the final states toward lower energies by 5.5
eV in agreement with the large overlap between the Cu
2p core and the Cu 3d valence states already discussed.

The effect of the Cu 2p core hole on the delocalized Cu
ed final states is much smaller, ~1 eV, and it is similar to
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FIG. 7. (a) Calculated polarized Elc (E||ab plane) O K-edge
XANES spectra of Bi,Sr,CaCu,0; of the planar oxygen in the
CuO, plane in the fully relaxed potential in the presence of the
oxygen ls hole. (b) Calculated polarized Elc (E|lab plane) Cu
K-edge and Cu L, -edge XANES spectra in the fully relaxed po-
tential in the presence of the copper 1s or 2p hole calculated by
the Z + 1 approximation. The atomic absorption spectra ay()
for the Cu 1s —€p and for the Cu 2p — &d transitions are plotted
(solid lines). The zero of the energy scale is the Fermi level. (c)
Calculated polarized E|lc Cu K-edge and Cu L;-edge XANES
spectra of Bi,Sr,CaCu,0; in the fully relaxed potential in the
presence of the copper 1s or 2p hole obtained by using the Z +1
approximation. The atomic absorption spectra ay(w) for the Cu
Is—¢p and for the Cu 2p—ed transitions are plotted (solid
lines). The zero of the energy scale is the calculated continuum
threshold E, in the unrelaxed potential for one-electron calcu-
lated spectra as in Fig. 4.

the effect of the Cu 1s core hole on the Cu €p final states
in the Cu K-edge spectrum. In conclusion, the Cu 2p
core level induces an excitonic red shift on the Cu 3d final
states of 5.5 eV that separates the Cu 3d final states from
all other final states which are affected by the core hole
for a nearly rigid shift of only 0.8—1.5 eV.

D. Comparison with experimental XANES features
in the high-energy continuum

Figure 8 shows a comparison of the calculated XANES
spectra with the five polarized spectra plotted in Figs.
1-3. The energy broadening due to the core hole and
photoelectron lifetime® are included in the calculated
fully relaxed absorption spectra of Fig. 7. Only the calcu-
lated absorption cross section to unoccupied states is
plotted to be compared with experimental data. The zero
of the energy scale is kept fixed at E, the calculated Fer-
mi level in the one-electron unrelaxed calculations of Fig.
4. The experimental spectra are plotted in Fig. 8 by
aligning the experimental XANES features in the high-
energy range with the calculated XANES features in the
range from 1 to 13 eV above E.

We can see that there is good agreement between the
experimental and the calculated spectra for all final states
beyond about 1 eV above E,.

The comparison of the calculated O(planar) K-edge
Elc polarized spectrum with the polarized experimental
spectrum of Ref. 39 is satisfactory considering that the
experimental features F1, F2, and F3 are correctly pre-
dicted. It is necessary to be reminded that the experi-
mental spectrum is determined by eight oxygen atoms for
one formula unit: the four equivalent planar oxygen sites
O(planar) in the CuO, layers (for which the XANES cal-
culation has been carried out), the two oxygen atoms in
the SrO layers, and the two oxygens in the BiO layers.
The main peaks F2 and F3 are assigned to the oxygen
atoms in the plane because they are common to all cu-
prate perovskites with CuO, layers as shown by the oxy-
gen K-edge spectra of both Nd,CuO, and La,CuO, (Ref.
50) and in La; 4sSrj ;sNiO,4 (Ref. 51) exhibiting the peaks
F2 in the range 533-535 eV and F3 in the range
537-540 eV. The peaks F2 and F3 in the experimental
spectra are therefore assigned to final states in the i =2
band in Fig. 6. This band can be reached by polarized
El|lc Cu L;-edge and K-edge spectra giving the broad
spectral features C2 and A2, respectively, in Fig. 8(c).
The i =2 band also gives a weak feature D1 in the Elc
Cu L;-edge spectrum.

The i =3 band with Cu ¢p, , character gives the main
peak B1 in the Elc Cu K-edge spectrum, Fig. 8(b), and a
broad maximum in the Elc Cu L;-edge spectrum, Fig.
8(b), but it gives no contribution in the oxygen Elc K-
edge spectrum in Fig. 8(a) and in the E||c spectra of
copper levels in Fig. 8(c).

The i=1 band in Fig. 6 in the continuum ¢, but only
about 1.5-2 eV above E, with d-like character and
m; =0 orbital angular momentum is moved by the core-
hole Coulomb final-state excitonic effect close to E,. It
gives origin to the following: (i) The peak F1 in the oxy-
gen K-edge spectrum at about 2 eV above E; in Fig. 8(a)
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FIG. 8. (a) Calculated polarized Elc (E||ab plane) K-edge ab-
sorption spectra of the planar oxygen in the CuO, plane in
Bi,Sr,CaCu,0y for the fully relaxed potential in the presence of
the oxygen ls hole including the energy-dependent broadening
(solid line) compared with the experimental oxygen 1ls absorp-
tion spectra. (b) Calculated polarized Elc (E|lab plane) Cu K-
edge and Cu L;-edge XANES spectra in the fully relaxed poten-
tial including the energy-dependent broadening compared with
the experimental spectra in the lower panel. (c) Calculated po-
larized E|lc Cu K-edge and Cu L;-edge XANES spectra of
Bi,Sr,CaCu,0z in the fully relaxed potential including the
energy-dependent broadening compared with the experimental
spectra in the lower panel. The zero of the energy scale is the
calculated continuum threshold E, that corresponds to the cal-
culated one-electron Fermi level in the unrelaxed potential in
Fig. 4.
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and at 532.5-eV photon energy in the experimental spec-
trum in Fig. 1. The peak F1 is unresolved from the peak
(L) due to oxygen 2p states at 531 eV in the experimental
spectrum. The final state is unresolved from the spectral
distribution of the oxygen p, , density of states of the ox-
ygen 2p band crossing the Fermi also in the one-electron
calculation for the unrelaxed potential, see Fig. 4(a),
where it appears as the structure F1 at about 2.5 eV
above E,. The calculated core-hole excitonic shift is only
~0.5 eV. (ii) The i =0 band gives origin also to the peaks
C1l and 41 in the E||c Cu L; -edge and Cu K-edge spec-
tra in Fig. 8(b) in both calculated and experimental spec-
tra. The peak A1 appears at about E; and C1 at about
0.8 eV above E;. The core-hole excitonic effect has
moved these final states by about 1-1.5 eV from the posi-
tion in the ground state. Therefore, the presence of the
E|lc components in both Cu edges shows that this i =0
band at about 1-2 eV above E; has components €p, and
ed ; at the Cu sites as predicted by the one-electron cal-

culations reported here and summarized in Fig. 6.

E. The final states in the band around the Fermi level

The discussion of the final states in x-ray-absorption
spectra rising from the electronic states in an energy
range of about 1 eV around the Fermi level requires a
separate discussion. In fact, we have seen that the calcu-
lation of the electronic states in the high-energy continu-
um within the one-electron approximation and the pre-
dictions of the final-state XANES features including the
core-hole Coulomb final-state effect are in good agree-
ment with the experimental results. Moreover, the exci-
tonic shift for these final states in the continuum € gives
only a nearly rigid shift, therefore it is not difficult to ex-
tract direct information on the ground state from the ex-
perimental spectra.

The situation is twofold different for the final states in
the range of 1 eV around the Fermi level, with i =0 in
Fig. 6. In fact, the Cu 3d orbitals are localized at the
atomic Cu site while the ed states in the high-energy
bands (with i =1,2,3) are delocalized over a large cluster.
This gives rise to, first, a large electronic correlation
within the Cu 3d states U;; ~6+2 eV in the ground
states, second, to a large Cu 2p, Cu 3d excitonic final state
U, ~5.5 eV effect in the x-ray-absorption spectra.

The final states in the x-ray-absorption spectra have
been discussed in the local-density band picture, with
both disagreement® and agreement®® with experiments
reported, and within the Andersen impurity model**
mainly for YBa,Cu;0 _.

The present calculation of the Elc O(planar) K-edge
spectra, Fig. 8(b), shows a small excitonic final-state red
shift for the calculated final states. This excitonic effect
moves the calculated threshold by only 0.5 eV below E,.
The small value for the O 1s core hole and the O 2p
valence is in agreement with other authors.’>>* The ex-
perimental spectrum exhibits a minimum at E, with a
peak at about —1.5-2 eV (the peak L* at ~528 eV in
the photon energy scale of Fig. 1) and a second peak L
just above E, (the peak L at ~531 eV in the photon ener-
gy scale of Fig. 1).
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The peak L is present both in the insulating
(Bi,Sr,YCu,045) and in the metallic phase,'?”!*!7 and
it decreases very slowly by increasing doping.!””*® The
peak L* appears only in the hole-doped metallic phase.!”
By a comparison between the experimental and the calcu-
lated spectra in Fig. 8(a), we can ascribe the minimum at
E, in the experimental spectra to the formation of a
correlation gap of about 2 eV around E,.

A correlation gap between the 3d/+3d ]-9—+3d,-10
+3d ,?Lj opens up in the 3d band, due to the large Cu
3d-3d intra-atomic hole-hole Coulomb repulsion U,,; and
for the Cu3d-O2p interatomic Coulomb repulsion
Vg ~1 eV.’’ The correlation gap in the ionic limit is
given by the A+ V,; where A is the energy separation be-
tween the 3d° and the 3d'°L configuration. The final
state for the peak L in the oxygen K-edge absorption
spectrum in the insulating case is the upper Hubbard
band. In fact, the absorption process takes place at an
atomic oxygen site where the electronic configuration will
be described by mixing of 3d° and the 3d!°L
configuration giving a single final state O ls'-Cu3d'°
where an oxygen 2p hole (the ligand hole) is annihilated
by creating the O 1s core hole. The intensity of the peak
will be proportional to the probability of the 3d'°L
configuration (i.e., the number of ligand holes L) in the
initial state. This interpretation of the oxygen K edge of
transition-metal oxide Mott insulators is similar to the
one originally developed for the interpretation of the NiO
spectrum>®>® and later extended to doped NiO semicon-
ductors.®® The present results in Fig. 4(a) show that the
position of the 3d!° final state occurs just above the Fer-
mi level predicted by a one-electron calculation. The
same result was already obtained for NiO from the
analysis of the oxygen K-edge spectrum.’®

In the doped metallic phase, an additional peak L*,
not predicted by one-electron calculations, appears well
below the predicted Fermi level at about 528 eV. This
peak is broad extending over a range from about —2 eV
to 0. The energy separation from the peak at 530-531
eV is of the same order of magnitude as the correlation
gap in the insulating phase of 1.7 eV determined by opti-
cal spectroscopy.’®> This peak is assigned to the final
states O 1s'—Cu 3d° originating from the formation of
the 3d°L* states induced by doping. It is due to annihi-
lation of one hole L* and the creation of one O 1s core
hole, therefore, its intensity probes the number of
itinerant L* induced by doping in agreement with
analysis of the La,_ , Sr, CuO, oxygen K-edge spectra.>

Information on the symmetry of the states 3d °L* can
be obtained by polarized x-ray-absorption spectra. The
peak L* at 528 eV in the metallic Bi,Sr,CaCu,Oyq, ; is
observed only in the Elc polarized oxygen K-edge spec-
trum.'?”!* Therefore, the oxygen orbitals 2p, both of
planar oxygens atoms O(planar), contributing to the L(e)
orbitals, and of the apical oxygen atoms Of(apical), con-
tributing to the L(a,) orbitals, do not contribute to the
itinerant ligand hole L * states.

While the presence of ligand hole states with symmetry
e is completely ruled out by our work, the presence of
ligand holes with @, symmetry is not ruled out because
the planar O(planar) 2p, , orbitals can also be at the ori-
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gin of the L(a;) holes. Therefore, the polarized Elc
transition O 2p — L * given the information that the sym-
metry of itinerant state can be of b, b,, and a; symmetry
but not of e symmetry (see Fig. 6). In fact, the probabili-
ty of O(apical) 2p, orbitals contributing to the L(a,) or-
bitals depends on the distance Cu-Of(apical) that deter-
mines the T(apical), i.e., the transfer integral between the
Cu 3d, ,_, orbital and the oxygen 2p, of Olapical).

The probability of the O(apical) 2p, holes was found to
be relevant in the 80-K phase YBa,Cu;O_; (Ref. 15)
where the Cu-Of(apical) distance is very short 2.30 A
(Refs. 61-63) at 300 K (2.28 A at 13 K); on the contrary,
it was found to be negligible in the 60-K phase
YBa,Cu;0 _¢ s where the Cu-Olapical) distance is longer
2.38 A.S1.62

We would like to remark that the presence of holes on
the apical oxygen orbital can be associated with the vari-
ation of the ratio » =d ¢y o(apical) /@ cu-O(planar)- 1 he ratio r
is 1.18 in YBa,Cu;0_, and r =1.16 (Ref. 64) in the 3d®
compound La,_,Sr,NiO,’! to be compared with
r=1.23 for YBa,Cu;0_¢s, r~1.28 for La,_,Sr,CuO,
where no holes in apex 2p, orbitals have been found. In
Bi 2:2:1:2 the Cu-O(apical) distance is not well defined in
the literature but we can assume that the ratio r is larger
than 1.18 if no holes are observed on the apex oxygen 2p,
orbitals. This result is in agreement with the diffraction
data of Bi 2:2:1:2 giving r ~1.3.%

Following the rigid-band model (or three-band Hub-
bard model) (Refs. 9-11), a single final state
O1ls!'-Cu 3d32_y2 gives rise to the 528-eV peak, for the

models assuming a nonrigid electronic structure or multi-
band models'>~? the final states O 1s!'-Cu 3d32_y2 and

Ols'-Cu3d],_, will contribute to the 528-eV peak.

This peak is very broad and does not show splitting;
therefore, it is possible to put only a limit of about 0.5 eV
for the energy splitting between these two possible final
states.

The information on the symmetry of the Cu 3d holes
can be obtained by the polarized Cu L; edge shown in
Fig. 2. The excitonic final-state effect of the core hole is
such that the 3d states are pushed down by U_;=5.5 eV
in spite of the metallic screening.’* The experimental
data show this effect clearly because the ~5-6 eV energy
splitting between the white line and the peak C1 is in
agreement with the calculations in the fully relaxed po-
tential, while it is in disagreement with the calculated
splitting of about 1 eV in the unrelaxed potential.

The polarization dependence of the white line shown in
Fig. 2 shows a relevant contribution of the Cu 3d orbitals
oriented out of the CuO, plane, along the ¢ axis. Follow-
ing the dipole selection rules (see Fig. 6) and considering
that the presence of unoccupied molecular orbitals with e
symmetry has been ruled out between the three possible
symmetries b, a,, and b, left from the in-plane polarized
O 1s—L* transitions, the out-of-plane component of the
Cu L; edge probes only the out-of-plane component of
the Cu 3d §z2—r2 holes. Because the out-of-plane com-

ponent of the white line in Cu L;-edge spectra increases
from 7% of the total integral of the nonpolarized in the
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insulating Bi,Sr,YCu,0y phase to 15~20 % in the metal-
lic Bi 2:2:1:2 samples,'®*® we assign the increase of about
10% of this component to Cu 3d §z2~r2 L states formed

with doping. The presence of the Cu 3d32Ay2L_ states is

shown by the additional states forming with doping in the
gap between the white line and the Fermi level. This
gives origin to the asymmetric high-energy tail of the
white line in the metallic phase that in the insulating
phase shows a symmetric line shape.

In conclusion, the combined analysis of the Cu and ox-
ygen K-edge spectra shows the presence of both Cu
3dfz,y2L * and Cu 3d§zz_r2L probed by Cu L; absorp-
tion and 3d°L(b,) and 3d°L(a,) by oxygen K-edge spec-
tra. However, only planar oxygen 2p, , orbitals contrib-
ute to the L (a,) molecular orbitals, where the transfer in-
tegral T(a,)=(1/V'3)T(b,)+ T (apical) is mainly deter-
mined by the hybridization with the O 2p, , plane orbit-
als (1/V'3)T(b,) with a negligible contribution due to
the hybridization T(apical) with the Of(apical) 2p, orbit-
als.

The energy splitting between the two polarized white
lines can be associated in the language of the electronic
cluster configurations with the energy separation between
two possible final states Cu 2p°L(a,) and Cu 2p°L(b;)
that will probe the energy separation A; between L(a,)
and L(b,) states considered to be a key term by some
theoretical models for high-T, superconductors.®®¢’

III. CONCLUSIONS

The one-electron calculation of the partial and local
density of states of the high-energy conduction bands in
the range beyond 1 eV above the Fermi level are in good
agreement with the polarized x-ray-absorption spectra at
both the copper and oxygen edges. The scheme of the en-
ergy distribution of the high-energy bands, shown in Fig.
5, obtained by the present study is in agreement with the
vacuum ultraviolet reflectivity data® and the electron-
energy-loss data.*®
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The presence of a band in the continuum above the
Fermi level with maxima in the partial and local density
of states only ~ 1 eV above the calculated Fermi level E|,
is found. This band, usually assigned to the BiO layer in
band-structure calculations,? ~3? is shown here to have a
relevant component in the CuO, plane with Cu ed m;=0
(peak C1 in Cu L, edge), ep m;=0 (peak A1 in Cu K
edge), and O 2p, , (peak F1 in O K edge). Considering
the fact the BiO band has been found to cross the Fermi
level at the M point (where a Van Hove singularity is ex-
pected) by angle-revolved photoemission,?® we think that
this band can play in the Bi 2:2:1:2 system a similar role
to the chain band in YBa,Cu;0_;.

Finally, the symmetry of the 3d and O 2p hole states at
the Fermi level contributing to the 3d°L* states induced
by doping has been found to have Cu 3a’x92_y2, and Cu

3d Zzz_rz symmetry probed by Cu L; absorption and in O
2p in-plane components of L(b,) and L(a,) symmetries.
These results show a breakdown of the rigid-band elec-
tronic structure with doping assumed in the three-band
Hubbard model and support the nonrigid-band models.

The relevant contributions of Cu 3d 322—# and L(a,) par-

tial density of unoccupied states to the band crossing the
Fermi level show the presence of a band of 3d 3,22 char-

acter very close or crossing the Fermi level in agreement
with several models of the electronic structure of high-T,
superconductors.*® 66,1823
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FIG. 5. Schematic picture of the final valence-band states of
symmetry (a) by, (b) a;, and (c) b, that can be reached with po-
larized Cu L,-edge and O K-edge absorption.



