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INTRODUCTION

Oxygen deficient-perovskite materials with expected non integer formal valence state of
the Cu ions higher than two, have first attracted the scientific interest of the group of Caen
university [1-3] because some of these ceramic materials are very good conductors at room
temperature. Following the discovery of the high temperature superconductivity in this class of
materials [4,5] an impressive number of scientific investigation have been carried out on the
electronic structure of these systems to understand the microscopic mechanism of high
temperature superconductivity. ‘

Principal aim of this short review is to underline, in the dark jungle of the experimental
techniques, the role of the x-ray absorption spectroscopy (XAS) as one powerful technique to
investigate high ternperature superconductors materials. Recent results obtained by polarized x-
ray absorption spectroscopy with synchrotron radiation and polarized x-ray absorption
calculation in the frame of the multiple scattering theory on high temperature superconductors
are reported. They show that XAS can be used to investigate not only the amounts of Cul*,
Cu2+* or Cu3+ configurations in the ground state and their relative changes with the oxygen
content, moreover the detection of the symmetry of the hole state can be obtained giving unique
information on the electronic states near the Fermi energy. ’

Core level spectroscopies provide a direct tool to investigate the electronic structure and
the charge carriers in these majerials. [6] In particular x-ray photoemission spectroscopy (XPS)
Resonant XPS experiments at the Cu 3p threshold which shown the presence of strong electron
correlation around the copper atoms demonstrate the existence of a two-hole bound state,
[10,13-17] while Cu 2p XPS shown the close similarity between high temperature
superconductors and charge transfer type insulators {18] and strongly suggest
superconductivity mechanism via oxygen 2p holes. [7,19-21}



Core-level x-ray absorption spectroscopy (i.e. at copper K-edge, [22-27] at copper 13-
edge, [28-31] and at oxygen K-edge [20]) probes the different unoccupied electronic states of
angular moment £'=/£%1 at selected atomic sites, moreover polarized x-ray absorption
spectroscopy spectra probe the orientation of the unoccupied orbitals. Thus polarized XAS
spectroscopy of a single crystal is a suitable probe to determine experimentally the symmetry of
;he molecular orbitals where the electronic holes induced by doping in a deficient-perovskite are
ormed. )

In the classical quantum theory the absorption cross section is given by many-body
excitations of the N-electron system. Following the interaction with the photon beam with
energy @, the system is excited from the initial state i at energy E; to a final state f at energy Ep.
In the one-electron approximation the x-ray absorption is described by single-particle
processes. The N-electron system is separated into two parts: the single electron in the core
level which is excited into an unoccupied level and the N-1 passive electrons which do not
participate directly in the electronic transition. The one-electron transition takes place in a static
potential determined by a single configuration of the N-1 passive electrons.

The absorption coefficient [ic(E) for the transitions from the core level c(n,£]) with
energy E¢ and wavefunction @¢p, in the one-electron approximation, can be expressed in
atomiic units as

He(E) = 4n2 a F(B)/( QW) E>ER ¢y

where -1=137.036 is the inverse fine-structure constant, £ is the volume of the primitive cell,
v is the number of contributing atoms in the primitive cell and F.(E) is the spectral distribution
of oscillator strength {32] .
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Wk; and E; are the wavefunction and energy of the j-th conduction band at reduced vector k,
© 15 the photon energy @ = E - E and the integration is carried out over the volume of the
primitive cell. Since the dipole transitions dominate the process of photoabsorption, an electron
from a core level having angular momentum £ is excited into the #t1 final states. Neglecting
the spin-orbit coupling for the band states, Fo(E) can be written as [33,34]

Fo(E) = (0/3) QI+1)/2Q2 4+ 1) { HQ2 LD, 4 (B) + (L+1D/Q LD £, 41 (BY} “
where the partial strength £, {E) can be factorized into

fe. dE) = pc, s NAE) ©)
N AE) is the angular projected density of states defined as
NAE)= 2 Zgj 2 I<Y s | Wkj >12 8 E - Ey;) 6

where the energy band states are labelled by the reduced wave vector k and the band index j.
The effective matrix element p, AE) is given by

pc,1<E>=<wcirlME)>2/<¢2(E>> )

where the wave function ¢ {E,r) is a z’é&hﬁbh'fof the radial Schrodinger equation inside the
muffin-tin (MT) sphere of radius § (r<S), and outside the MT sphere (r2S), is given by

O AE.1) = [cos 8 (BN} T, [(E-V(p)121] - [sin 8, (E)] n/ [(E-V) 12 1] ®



where 8, (E) is the £-th phase shift of the muffin tin potential, Vo is the muffin tin zero of the
potentiat and J, and n ; are spherical Bessel functions.

The spectra of crystals are therefore interpreted in terms of the product of the partial (of
selected orbital momentum Z+1) density of states and of the matrix element. Miiller ez al.
[33,34] have shown that the x-ray absorption near edge structure (XANES) spectra can be
understood as the product of an atomic-like term and a solid state term. The factorization of the
partial oscillator strength into the solid state term X, (E) and atomic term 2t , (E) is given by

fe, 2 B)= ot 4 (B) + X, (B). ©)

“The atomic term is obtained by considering a single muffin tin potential confined in the
Wigner-Seitz (WS) sphere of radius Swg and the spectrum for the transition from the core level
in the single atom'is

fat, , (E) = (24+1) NFEE) < @c 17 194 (Er) >2 (10

where the integration is over the Wigner-Seitz (WS) sphere and NFEE) = (E - V0)2/21t is the
free electron density of states. The solid state term is

X 4 (B) = N£E) / Nat; (E) 68
where
Nat, [E)=1/Q (2£+1)NFEE) < ¢ 2E.1) > (12)

is the projected density of states for the single-sphere problem.

This approach leads to the following understanding of the x-ray absorption spectra: i) the
overall magnitude and shape of 2 particular spectrum is determined by the corresponding atomic
transition rate 2%, (E) and if) the fine structure of the spectrum is determined by the solid state
factor % ; (E) which is proportional to the density of band states with £+1 orbital characters.
The £-1 term is often ignored because usually it exhibits 2 much smaller amplitude than the
£+1 term. However in some cases, like in the first six electron volt above threshold in the S
Ls-edge, the £+1 density of states is negligible and the £1 term is the most important.

In some cases the atomic part exhibits strong resonances in a small energy range
therefore the contribution of the solid state factor X AE) can be neglected. In these cases the
spectra of solids can be interpreted in terms of atomic transitions (see for examples the L 3
edges of Ni and Cu in insulating systems). [35-37] In other cases the atomic part exhibits a
smooth structureless spectrum over a large energy range and therefore the spectral features can
be assigned to the solid state factor X 4 (E).

In the case of metals, the core hole in the static final state potential is fully screened by
valence electrons close to the Fermi level. Most of the XANES spectra, in this case, can be
interpreted in the frame of the von Barth and Grossmann final state rule, {38,391 which states
that the wave function of the excited photoelectron is determined by the final state potential with
the core hole and the relaxed N-1 electrons. Therefore in most cases the one-electron transitions
are assumed to take place in the potential of the fully relaxed configuration of the N-1 passive
electrons in the presence of the core hole. The fully relaxed configuration is defined as the final
state many-body configuration with the lowest energy. The final state rule breaks down for
transitions to nearly filled bands like in the case of 2p — &d transition in palladium or in nickel
metal.

Many-body effects in XANES can arise because of the presence of different many-body
final state configurations of the N-1 passive electrons. Configuration interaction of many-body



interaction in the ground state like in valence fluctuating materials {40} or correlated systerns
such as NiO, CeO», PrO; and CuQ. The electronic structure of these insulating correlated
oxides has been object of large interest in these last years. [41,42] In these compounds a strong
hybridization between a localized metal orbital and the delocalized 2p oxygen states coexist with
a large electronic d-d or f-f Hubbard repulsion. The cuprate high-T¢ superconductors belong to
this class of materials. The specific electronic structure of these systems is characterized by
localized states on the metal sites with a large electronic correlation. The ground state of the
system can be described by mixing of localized Cu 3d9 and Cu 3d10L configurations where L
indicates a hole in the oxygen derived valence band. In the stoichiometric insulating systems the
two ionic configurations are separated by the energy AE. The mixing between the localized
electronic configurations is due to a large oxygen-metal hybridization T (T~AE).

This type of ¢lectronic structure is possible, when some orbitals have an atomic-like localized
character, the energy separation between the delocalized ligand band and the localized metal
orbital is negligible and there is a large metal oxygen covalency. This seems to be the case of
high temperature superconducting perovskites where the Cu 3d states are atomic-like and both
the metal 3d and the oxygen 2p band cross the Fermi level. [6] Moreover since the first
experimental investigation by core-level spectroscopies [7,8,28,29] the d-d Coulomb repulsion
and the Cu-O hybridization energies were found to be about 6-8 eV and 2-3 eV respectively.

POLARIZED X-RAY ABSORPTION SPECTROSCOPY

Polarized x-ray absorption spectra show a strong dichroism for anisotropic sites. The
strong dichroism of XANES spectra of single crystals was observed by several groups and in
different materials. {43-57] The dichroism for electronic transitions is well known in the
classical quantum theory of the absorption cross section. By the interaction with the photon
beam the system is excited from the initial state i at energy E; to the final state f at energy Egand
in the dipole approximation the total absorption cross section is given by

() ~ © Zf | Mjf 2 8(E; - Ef + ) (13)

where the sum is extended over all the possible final states f and Mif is the matrix clement
involving the initial ¥; and final ¥¢~ many-body radial wave functions

Mje = J ¥ (1), Tor Tn) 2o (FpE) ¥ilry, T2, 1) A1 (14

where E is the unitary polarization vector of the electric field and the rp is the vector describing
the position of the n-th electron. Therefore, in anisotropic systems the matrix element is
dependent on the direction of the polarization vector via the terms (rpE)

In the multiple scattering description of the absorption cross section in real space the
polarization effects are determined by combination of terms like I(r;-E)12 where rj are the
positions of neighboring atoms respect with the central absorbing atom. Just one term of this
type remains in the single scattering approximation which describe the polarized extended x-ray
absorption spectra (EXAFS) {54] in which oscillations originating at a particular scaftered atom
can appear or disappear depending on whether the electric field is directed towards that atom or
not. This property has been widely used in surface EXAFS studies to determine separately the
interatomic distances parallel and normal to the surface plane. [55,56]

The multiple scattering contributions due to a set of atoms in a particular direction or on a
plane can be selected in the XANES spectra of anisotropic clusters using the polarization
dependence of the absorption cross section Therefore, the orientation and angular distribution
of neighboring atoms can be determined by changing the relative position of the incident beam.

Fig. 1 reports the vanadium K-edge XANES spectra of a spontaneously dehydrated sol-
gel sampie of V,Os. This sample is formed of oriented sheets separated by about 10 A of water
molecules. Each sheet consists of square plane bipyramid with the base on the xy plane and &



on the other side, in the z direction. The
experimental spectra for the electric field E
oriented along the z direction (Ellz) and
parallel to sheet planes (Elz) are shown. These
spectra are a good example of angular resolved
XANES because the dichroism is very large and
it appears both in the threshold region for the
molecular like bound excitations, giving the
white line, and in the continuum region. The
white line is completely suppressed for the
polarization vector oriented on the plane,
showing that it is produced by the short double
V-0 bond. [52]

FIG. 1 - Polarized experimental XANES spectra of
V40s5 dehydrated sol-gel. Curve a: the electric field E is
parallel to the normal z of the V5Og layers, i.c.along the
axis of the square pyramids; curve b: the electric field E is
parallel to the V504 layers; the lowest curve is the
unpolarized spectrum and above it the the weighted
spectrum from the two polarized spectra.
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The interpretation of polarized XANES spectra in terms of muitiple scattering allows the
determination of the role of a selected group of atoms. This is illustrated in Fig. 2 where the
angular resolved XANES calculations are reported for two type of VOg clusters. The
calculation clearly shows that the white line appears only with the electric field along the V-O
double bond. The main features of the expenmental specoum (Ellz) are well reproduced by
theoretical calculations for both clusters with and without (upper curve) vanadium atom on the

Xy plane.

The interpretation of angular
resolved XANES is very useful for
understanding and interpreting the spectra
of unpolarized spectra. Some features in
unpolarized spectra can be assigned to
multple scattering with a selected number
of atoms, like for the structures at about
25 €V and that at 60 eV in the unpolarized
spectrum in Fig. 1 which can be
associated with multiple scattering in the
plane and along the normal respectively.
Starting with simple models a qualitative
agreement with experimental results can
be reached which is improved as soon as
more complicated clusters are used.

Cross section

E-Eo (eV)

FIG. 2 - The theoretical angular resolved multiple scattering calculation for a square
bipyramid with a short double V-O bond (d=1.58A) and with 2 long V-0 bond (d=2.6A)
aloni the z axis due to the oxygen of a water molecule and four oxygens on the xy plane at
2.0 A. Polarized spectra with the V out of piane by 0.5 A (upper curves) and for a similar
cluster with the same distances but the with the V atom in the plane (lower curves).
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FIG. 3 - Structure of the clusters of neighbor atoms surrounding the Cu(1) and Cu(2) sites in
YBayCu3O7.

The Angular Resolved XANES at the Cu K-edge

Due to the local character of this experimental probe, angular resolved XANES are used
to determine the orientation of biological complexes and of chemisorbed molecules on surfaces.
[49,57,58] Recently was applied to the study of the Cu K-edge XANES to determine the
structural changes associate with the loss of oxygen going from the high temperature
superconductor YBayCuz Oy to the antiferromagnetic insulator YBa;CugOg. [26,27,59-63]
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FIG. 4. - Structure of the clusters of neighbor atoms surroundings the Cu(1)
and Cu(2) sites in YBayCu30g.

XANES calculation in the frame of multiple scattering (MS) theory has been performed
to interpret a large variety of materials, from the transition metal oxides, to biological molecules
andmolecular complexes and recently 1o the study of the distortions of Cu site. [64]

In the case of copper oxides the orthorhombic crystalline structure of YBayCus04
changes to the tetragonal structure of YBa,Cu30Og (see for example Cava, et al., [65]). Tﬁere
are two types of Cu sites, named Cu(1} and Cu(2), in the crystalline cell. Therefore two
clusters of about 35 dtoms, relevant for the Cu K-edge XANES, within a sphere of SA radius
around each of the two central Cu ions for YBasCuzQy (YBa;CuzOg), are shown in Fig.5
(Fig.4). [66]}
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multiple scattering approach, to get an an agreement with the experimental data a large clusters
of about 35 atoms within a sphere of SA radius was necessary. [67] In agreement with the
experimental data on the copper K-edge, multiple scattering calculation shows that changes in
the XANES spectra induced by oxygen vacancies are the elongation of the Cu(2)-O(4) distance
(between the Cu(2) in the CuO» plane and its apical oxygen) which induces the shift of the
main peak in the polarized XANES spectra with Ellc toward lower energy. “The formation of
the oxygen vacancies induces changes also in the E 1< spectra for the Cu(1) ion in the linear
chains. {66}

Starting from the oxygen rich phase YBayCu3O7 the structural changes observed in the

Cu coordination spheres by multiple scattering calculation are:

i) the Cu ion in site Cu(1) changes from a square plane configuration with 4 oxygens in the be
plane (Fig. 3) to a linear coordination (Fig. 4) in YBa3Cu3Og;
1i) the Cu ion in site Cu(2) has a fivefold square pyramid configuration where the Cu(2)-apical
oxygen O(4) distance changes from 2.26 A'to2.47 A in YBayCu30g,
The axial distances of Cu(1)-O(4) and Cu(2)-O(4), measured by neutron diffraction
experiments [65], are shown in Table 1. Moreover the different Cu(2)-O(2) and Cu(2)-O(3)
nearest neighbor distances (Fig. 3) become the same in tetragonal YBayCuz0¢ (Fig. 4).

TABLE 1
Axial distances from neutron diffraction data {65]
oxygen stoichiometry 7-x 0.0 0.2 0.5 1.0
Cu(1)-0(4) distance (A) 1.84 1.84 179 179
Cu(2)-0(4) distance (A) 230 232 243 247

The E L ¢ polarized Cu K-edge XANES of single crystals of YBa;Cu307.4 has been
measured for two different oxygen concentration (x=0.15 and x=0.8) by Tolentino e al. [62}
The main difference between the two spectra is the presence of two peaks at 1.6 and 8.6 eV
(the zero in energy has been chosen at the first point of inflection of the absorption spectrum of
metallic Cu, E;=8976 €V). These peaks are associated to the formation of linear chains
Cu(1)O(4) along the ¢ axis, and to the change of formal valence of the Cu(1) from +2 to +1 °
(i.e. from the electronic configuration mainly 13d9L> 10 mainly 13d10>). Moreover only a red-
shift in energy of about 1 €V has been found in unpolarized XANES [62] going from x=0.05
to x="0.15 in agreement with findings of several groups. [59,61,63,68].

This calculation shows that changes of the XANES spectra going from YBa;CuzO5to
YBa,Cu30g are due 10 structural changes in the Cu coordination shells based on changes in the
local structure induced by depletion of oxygen.

The Eli¢ polarized XANES spectra. The main changes observed [68] in the polarized
Ellc XANES spectrum going from YBayCu307 to YBa,yCu3Og are: i) a red-shift of the energy
of the absorption edge (features at 7.3 eV and at 14.6 eV) and 1i) 2 lowering of the intensity of
the main absorption peak (at 17.1 V), both measured relative to the Cu metal K-edge for
YBayCuzO4.
The crystallographic data show that in the direction of the ¢ axis, the main struciural changes
are: i) the contraction of the axial distance Cu(1)-O(4) and ii) the elongation of Cu(2)-0(4)
distance, as shown in Fig. 3.

It is well established that the bond length variations induce an energy shift of the XANES
peaks according with the rule (E~-En)d2 = constant (in which E is a reference energv and d is



Ad/d. In order to test this rule, XANES have been calculated using as reference energy the
intersphere constant Vg, which is the value of the potential in the interstitial volume between
the muffin tin spheres, for both linear and sguare plane coordinated copper ions by varying the
Cu-O distance in the range 1.85<d<3.5 A. Fig. 5. shows that these calculations give an
important deviation from the linear trend for d >2.6 A. Therefore a linear red-shift versus
decreasing 1/d2 (increasing bond distance) in the range of Cu-O distances 1.8<d<2.5 Ais
expected.
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FIG. 5. - Energy of the strongest peak in Cu K edge XANES due to the
multiple scattering resonance determined by the first shell of oxygens for 2 CuO»p
linear cluster as a function of 1/d2 where d is the Cu-O distance.

The calculated Elle XANES for the two Cu(1)0(4),0(1), and Cu(2)0(2),0(3),0(4)
clusters for YBayCu305 are compared in Fig. 6 with Cu(1)O(4), and Cu(2)0(2),0(3),0(4) for
YBayCuyOg. The variation observed in the spectrum of Cu(2)0(2),0(3),0(4) going from
YBayCu307 to YBayCu3Ogin panel b gives an energy red shift induced by the elongation of
the Cu(2)0(4) distance by 0.21 A.

The small contraction of the Cu(1)O(4) distance and the change of the overall shape of
the Ellc spectrum of Cu(l) site (panel a) due to the change from square plane to linear
coordination, induces a blue shift.

The experimental polarized spectra are determined by the weighted surn 1:2 of the spectra
of Cu(1) and Cu(2) site. The sum of the two spectra is shown in Fig. 6, panel c. The weighted
sum of the two sites, is in good agreement with the experiment of Heald, er al., {68} moreover
the calculated spectra predict the lowering of intensity of the main absorption peak (about 9%
from theory, versus 5% from experiment). The calculated energy interval between the shoulder
on the rising edge and the main peak in calculadon is about 12 eV, and it is consistent with
experimental. The missing peak at 14.6 eV is assigned to a contribution of further shells.

The E L ¢ polarized XANES spectra. The experimental data of Tolentino, et al., [62]
show the formation of two peaks named A and B at 1.6 and 8.6 eV respectively and the
lowering of the main peak D at 16.5 ¢V going from YBayCu30; to YBa;CuzOg. The main
structural changes in the directions parallel to the ab plane are the missing of 8(1) ions in the
Cu(1) site of YBa;Cu3Og. Looking at both Fig. 3 and 4 the Cu(2) clusters of the two
crystalline structures are very similar up to the 3th shell, therefore in the Ellab polarized Cu
X ANES spectra the most prominent differences are expected 1o arise only from the site Cu(1).



Fig. 7 shows the results of the XANES calculation of the same clusters as in Fig. 6 but
for the E L ¢ polarization. The spectra for the Cu(2) sites, on panel b, exhibits only small
differences between the two compounds that can be assigned to the orthorhombic to tetragonal
transition, and to the effect of changing Cu(2)0(4) distance. The XANES calculation for the
Cu(1) cluster in panel a shows a large change determined by the fact that there are no atoms in
the ab plane in the Cu(l) site of YBayCu3Og, therefore the spectrum-E Le of Cu(l) in
YBayCu3Og is determined mainly by the atomic muffin tin potential.

The spectrum ¢ in the bottom of Fig. 7 is obtained summing the absorption of the two sites,
and shows only the main absorption peak similar to experimental finding by Tolentino, etal .,
[62] without the features A and B.

In Fig. 8 the calculation of the polarized E 4 ¢ XANES for the Cu(1) site for a larger
cluster including the second shell of § Ba ions shows two new features A and B in the spectra
of YBa;Cu3Og, at energy ~ 1.5 and ~10 eV. The difference spectrum between the calculated
spectra, shown in Fig. 6, reproduce well the experimental features named A, C and D in the
difference spectrum of the experimental results {62} while a difference of about 1.5 eV for the
B feature remains.
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FIG. 6. - Calculated polarized Cu K-edge
XANES with the electric field Elle axis for
one oxygen shell clusters. Solid line:
YBayCu3 07, dashed line YBayCuzOg. Panel
a) Cu(1) site: Cu(1)0(4)7,0(1)y cluster of
YBapCu3z0+9 and Cu(1)0(4)7 cluster of
YBapCuszOg, panel b) Cu(2) site:
Cu(2)O(2)20(3),0(4) cluster for YBayCuz 07
and for YBayCu30g, panel ¢) weighted sum of
the two Cu sites in the unit cell.
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FIG. 7 - Calculated polarized Cu K-edge XANES with the electric field E 1 ¢ axis, for one oxygen shell
cluster. Solid line YBapCu307, dashed line YBayCu3zOg. From top to bottom as in Fig. 6, a) Cu(l) site, b}
Cu(2) site, ¢) weighted sum of the two Cu sites in the unit cell.
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FIG. 8. - Upper panel: caiculated polarized Cu K-edge XANES of Cu(1) site for two shell clusters (including
Ba ions) with the electric field E L ¢ axis. Solid line YBayCuz07, dashed fine YBayCu30Og. Lower panel:
difference between the spectra of YBayCu30Og and YBajCu307 in the upper part of the figure.

DETERMINATION OF THE STATES INDUCED BY DOPING AT THE Cu L3
EDGE

The ‘Case of Strontium Doped La2CuO4

In the many body description LagCuQy4 is expected to be a mixture of 3d% and 3d10L
configuration, like CuO and other divalent copper compounds. [70] The doping by oxygen
should induce new states 3d8 and 3d9L, if the hole is created at the Cu or at the oxygen site
respectively and 3d10L.2 states if both holes are in the oxygen site. Moreover, a distortion of the
structure can induce a variation of the mixing between the 3d10L and 3d° configuration.
Therefore the ground state of Lay xSrxCuQy is expected to be a mixture of the 3d and 3d10L
configurations for the local clusters (CuO4)®- and of the 3d9L, 3d10L.2 and 3d® configurations
for the local clusters (CuO,)3 induced in strontium doped sites. The weight of these

configurations depends on their relative energy position and hybridization.

The analucic nf hath the (1 T .-adoe x-rav ahsorntion and the nhotoemission spectra



ground state parameters such as the energies to create a d hole (g4} and an oxygen hole (g1 ), as
function of T, the hybridization energy in the ground state. This approach can be used also to
determine the energy parameters of formal trivalent Cu compound such as NaCuQ, which are
described by the mixing of the two-hole configurations 3d°L, L2 and 3d8 in the ground state,
and to discuss the important role of the two holes Coulomb interaction Uy between the core

hole ¢ and the ligand hole L in the final state and the interaction Uqr, between the d hole and the
ligand hole L.

The ground state energies for the two-hole configurations of the strontium induced states
in the superconducting compound La-Sr-Cu-C can be made with the same calculation. It shows
that the two hole d-L and c-L. Coulomb interaction play an important role both in the energy
position of the initial and the final states and that the final states are determined by the 3d®
contribution in the initial state, also with an hybridization energy of T=2.2 eV, are too weak
(~1%) to be detected experimentally. {71}
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FIG. 9.- Cu L3-edge XAS and XPS spectra from the Cu 2p3/ core level of LapCuO4.

In Fig. 9 the Cu L3 XAS and the Cu 2p3p XPS spectra of LayCuQy are compared on the
same energy scale. This compound contains a formal divalent copper and shows a hopping-
conductivity behavior but when it is doped with swondum, which induces the increase of the
Cu formal valence state, it shows the superconductivity behavior.

The one hole ground state wave function for the divalent copper site is a mixing of the two pure

configurations: 13d%> with one hole on the copper site and 13d19L> with one hole on the oxygen
site )

V=g l3c19>+bg 13d10L> (15)

The 13d10L> is the first excited state of the ionic configuration obtained by a charge transfer
excitation giving one hole in a 2p orbital. Thus the XAS white line is due to the ¢3d10 final state



whi%%ihe two XPS peaks are due to the hybridization of the two configurations ¢3d® and
¢3diVL.

In the frame of this simple orbital model it is possible give an estimation of the firial state
and ground state energies as a function of the parameters A, 1, €4, Q, U, and T, where
A=¢gj -4 is the energy to transfer a hole from the copper site to the oxygen site (d->L) , g and
g4 are the energies for creating one hole in the oxygen 2p orbital and in the-Cu 3d orbital, Q is
the d-¢ hole interaction, T is the hybridization integral between the two configurations
(T=<3d%HI3d!0L>) and Uy is the pair hole interaction between ¢ and L orbital.

Starting from the energy separation between the two XPS peaks: E;XPS which is the
energy of the 2p3d!0L main line and E;XPS which is the energy of the 2p3d? satellite line
(experimental value E,XPS-E,XPS= 8 5 ¢V) and their intensity ratio (Ip/1;=0.43) it is possible
the determination of both Q-Ugy and A as a function of the hybridization T.

g is given by the expression of the energy separation between the XAS main line and XPS
main line, which is strongly U dependent :

E(XPS.EXAS= g +U g +[(Q-Up)-Al2-{[(Q-Ug )-AI12+4T2} 1122 (16)

The introduction in the calculation of the parameter Uy, which determines simply a
renormalization of the Q term, reduces the calculated € value and the measured energy
separation (E;XPS.EXAS=] 8 eV) becomes mainly a final state effect. The values of g, €4 and
Q, calculated for several values of Uy clearlal show that the energy of the ground state, with
respect to the energy of the pure copper 3d10 (Cu™) oxygen 2p6 (02-) ionic configurations,
decreases by increasing the c-L repulsion in the final state. A characteristic set of data obtained
by this approach is £y =1.3 eV, £;=0.3 ¢V and Q=9.5 ¢V for Uy =1.3 ¢V and T=2.2 eV).

Formally trivalent copper NaCuO, compound extends this approach to the case of two
holes configurations in the ground state in the XAS final state and to the three holes in the XPS
final state. The cluster appropriate for NaCuO, is a square plane CuO, where the diamagnetic
ground state is considered to be a singlet pair of two holes given by the linear combination of
the 3d°L, 3d10L2 and 3d8 configurations. The final states are formed by the hybridization of
¢3d9L, ¢3d10L.2 and ¢3d8 for XPS and of ¢3d9, ¢3d10L for XAS.

A diagram of the energy levels probed by X-ray photoemission and absorption is shown
in Fig. 10 for the trivalent case. The experimental XPS [72] and XAS {73] spectra are shown
in Fig. 11, where the white line in the absorption spectrum is due mainly to the ¢3d10L and the
two XPS peaks come principally from ¢3d10L.2 and c3d°L final states.

The input to extract the energy values of €, £, and Q as a function of the pair-hole
interactions (Ugq, Ugp, Ugp and Uy ) and T, are a}gsain the experimental value of the energy
separation of the photoemission peaks E,XPS-E,XPS=92 eV, their intensity ratio I,/1;=0.24,
the energy separation between XAS and XPS: E,XPS.E,XAS=] 8 eV (see Fig. 16) and the
effective parameters Ugq, Ucr, Ug and Uy ;. With Ugy=8 eV, chosen in agreement with the
experimental valence band photoemission spectra, as in the divalent case, the introduction of
hole interactions involving ligand holes reduces in this case both the single-hole energy values
and the ground state energy. In Fig. 12 are reported the values A, g, &4, Q as a function of T,
obtained with U =Ug; =1.5 eV and Uy =0.5 eV. The energy parameters €; and g4 are
lowered respect to the calculation without pair hole interactions Uy , Uy and Uy , giving the
values (at T=2.2 eV) of g =0.3 eV, g,=0.2 ¢V and A=0.1 eV.

The important result for the trivalent compound is that the cost to create one hole on the
ligand orbital is reduced as well as the charge transfer energy A. Using these parameters is
possible calculate the intensity for the transition at higher energy: about 2% for the XAS and
less for the third XPS feature. The XAS and XPS transitions at higher energy named EgXAS
and EqXPS, due mainly to the 3d8 contribution, in fact are not detected experimentally.



The energies of the ground state and of the two excited levels obtained from the
hybridization of the ionic configurations d19L2 and d8 are plotted in Fig. 13 as function of the
hybridization energy, while Fig. 14 shows the weight of the ionic configurations 3d°L (0?,)
331012 (B), 3d8 (C) in the ground state of NaCuO»,. The contribution of the 3d°L and 34! __i
is nearly the same while the weight of the 348 is only about 4%.
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For doped La-Sr-Cu-O superconductor with formally mixed copper valence the ground
state is a superposition of the nominally divalent Cu with one-hole states 3d9 and 3d10L, and
nominally trivalent Cu with two-hole states 3d®, 3d°L, and 341012 states. Although extra holes
move around and are not localized in actual systems the ground state is constructed by
hybridization of the one-hole and two-hole configurations. ‘However, neglecting at first
approximation the mixing between divalent and trivalent configuration, by subtracting the
L.a,Cu0, spectra to the superconductor ones a simulation of the spectra of a "trivalent”
compound could be obtained. In Fig.15 the differences between the 1, core level XAS and
2p3p XPS 'spectra of the superconducting compound Laj 15Cu0y4 and La,CuOy are plotted.
Similar experimental results are obtained for the differences of XPS spectra of Y-Ba-Cu-O
system. {72]

Similar analysis of NaCuO%(can be carried out on these difference spectra using the

experimental values of E,XPS-E;XPS=8.1 eV, I5/1;=0.3 and E;XPS.-E,XAS=2.1 eV, which
gives the curves reported in Fig.16. The g5, €4, A and Q curves are obtained for parameters
values of Ug =Ug =1.3 eV and Up; =0.8 eV (Ugg=8 €V) with T=2.2 eV obtaining now the
values of £, =0.5 eV, £5=0 €V and A=0.5.eV. ,
The energy values of the three hybridized states for the two hole states are reported in Fig. 17.
The configuration F1 is the ground state. The excited configuration F3 at the highest energy is
mainly due to the 3d8 conﬁ%uration. Tis energy is calculated to be at about 9 eV above the
energy of the pure copper 3d10 (Cu™) oxygen 2p6 (02-) ionic configurations. The contribution
of the 3d® configuration to the ground state (Fig. 18) is of the order of 6%.
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FIG. 17 - Energies of the ground state (F1) and of the two excited levels (F2 and F3)
obtained by the hybridization of the ionic configuration leLz and a8 as a function of
the hybridization energy T for the iwo hole states induced by doping in the
superconducting compound Lay g5S1g15Cu04.

CORRELATION BETWEEN T, AND THE ENERGY SPLITTING
OF POLARIZED Cu 2p->3d TRANSITION

Sr doping in LayCuQy system or oxygen doping in YBayCu3Og 5., show the formation
of 3d°L states at the copper Ly X-ray absorption spectra. These states are due to many body
configuration with itinerant holes in the oxygen valence band coupled with localized 3d
electrons on the Cu sites which are close to the Fermi level in the superconducting phase. A key
point in a deeper investigation of the electronic structure is the determination of the changes of
unoccupied states induced by oxygen doping in the antiferromagnetic insulating background.

High resolution polarized Cu L3 x-ray absorption spectra of single crystals of three
classes- of high temperature superconductors Lay ,Sr,CuOy4 (x=0.04 and x=0.1)
BiyCaSryCuyOg and YBayCuzOg 5 have been measured in order to determine via the different
direction of the polarization vector where extra holes exist in a high temperature oxide
superconductors.

Polarized spectra of single crystals with several incidence angles between the electric field

of the photon beam E and the sample surface normal z can be simply recorded, using
synchrotron radiation linearly polarized in the horizontal plane. {74]
For the case of Bi,5r,Ca;Cu,0gand YBa,Cu;0; 5 the z axis is parallel to the ¢ axis while for
Lay_,S1,CuQy., the 2 axis is parallel to the b axis. The full polarized XAS spectra (EMz) (E
parallel to the Xy plane of the CuQ» layers) and (Ellz) can be obtained by extrapolation of the
spectra taken at four different incidence angles. The study of the polarization dependence of the
"white line" in the Cu Lz-edge XAS due to 2p3p->3d transition in the antiferromagnetic
insulating La;sCuQOy4 and superconducting crystals of Lay_,Sr,CuQOy4 (x=0.04 and x=0.1),
BiyCaSr,Cu,Og and YBa;CuyO7 5 (8=4.5 and 8=0.2) shows the presence of the electronic
transition polarized in the z direction which probe the components of the orbitals of the d holes
in the z direction. {75] The investigation of the energy splitting 4 € between the in-plane and
out-plane 2p->3d transition shows that the splitting for each class of superconductors is
correlated with the critical temperature of the superconducting crystals.
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While it is well established that the holes induced by doping are mainly in the oxygen
derived valence band i.e. ligand holes giving the 3d°L configuration, [28,30,71,76-78] the
determination of the symmetry of the two holes states found by photoinduced IR [79] and by
many other methods is still an open problem.

As is well known, the 5 Cu 3d orbitals are splitted by the crystalline field with Dyy
symmetry into four energy levels: the b (x2-y2) orbital which corresponds to the highest level,
the 2; (322-12) orbital, the by (xy) orbital and e (d,,,d,,) orbitals. The ligand hole L wave
functions consist of linear combinations of oxygen 2p orbitals with the above symmetries.

The electronic configuration of the Cu ions in the antiferromagnetic insulating compounds is
expected to be the Cu 3d% configuration, where the d hole is in the Cu 3dy2.y2 orbital of by
molecular symmetry in the CuQy4 square plane cluster. This is expected for 4 perfect square
plane but it is well known that a simple system of regular CuO4 square plane does not exhibit
high temperature superconductivity above 20 K.

The tilting of the €longated octahedron of the La, ,Sr,CuQy4 and the distortions of the CuOs
square pyramids of Bi;CaSr,CuyOgand YBayCu30Oq 5induces a mixture of 3d3;2.42
symmetry (a; molecular symmetry) or of the 3dy, (e molecular symmetry) with the 3d3,2.12 1n
the ground state. {80,81)

There are several experimental indications that the holes are not present only in the upper
valence band 6 bond formed by the 3dy2.2 and the O(2px) or O(2py) in the CuO, layers. The
holes induced by doping in YBayCu30O4.5 (T¢=80K system) are présent in the apical oxygen
0O(4) of Cu(2) which is also in the linear Cu(1)O chains.[74,78].

Evidence for d-d excitations in YBa;Cu307 has been also reported, [82] and the study of the
polarization dependence of the "white line" in the Cu L3-edge XAS of BiyCaSr,Cu,0g has also
indicated the presence of 10%-20% of Cu 3d holes oriented in the z direction. [75,83]

Several theoretical models for high T superconductivity such as the three band model
{84,85] the spin polaron pairing mechanism {86] the d-d excitation model, [87-90] the
Kanamori model [91] and the interlayer pairing [92-94] require the presence of electronic states
with two holes in two different orbitals.

Fig. 19 shows the white line due to Cu 2p->3d transitions of the polarized, Ellz and
EMz, Cu L3 XAS of the insulating LapCuOy4.y and of superconducting La, 94516, 04CuQO, and
La, ¢St ;Cu0y. The curves in Fig. 19 are normalized to the white line maximum 1o show the
energy shift. The white line maximum for the Eliz polarization is always at lower eneigy than
for the EMz polarization. The energy separation .4 € between the maxima of the two polarized
white lines can be obtained by curve fitting avoiding the artifact of the variation of the lineshape
with the incidence angle. The energy separation .4 € decreases from 230 £ 50 meV 1o 80 £ 50
meV going from La,Cu0,,, to La, ¢Sry,Cu0y. The intensity of the Eliz white line is about
25% of the intensity of the EMz whate line with an error in the measure of the relative intensity
of about 15-20%. The presence of a small component of the white line for Ellz polarization
indicates that there are Cu d holes having a component of their orbital in the z direction d5 (d, is
introduced here to indicate one of the three possible 3d orbital: 3d3;2.12, dxz Or dy, that this
experiment cannot separate).

Fig. 20. reports the polarized Cu L3-edge XAS of YBa,Cu30g 5 (Tc=60K), b)
YBa,Cu3Og g (T;=82.5K) in a larger energy range including the white line and the shoulder at
about 1.5 eV above it. The energy separation 4 € between the white lines in the two
polarizations decreases from 200 meV to 120 meV going from T¢=60K to T=82.5K sample.
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In Fig. 21 the white lines of polarized Cu L3-edge XAS of a highly oriented film
Bi,SryCa;Cuy0y, (T=61K) with incidence angle ¢=10° and 75° are shown. [83] The spectra
of a CuO polycristalline sample of the same size have been recorded in the same run in order to
keep under control the energy calibration and any other possible effects on the data collection.
The CuO spectra do not change by changing the angle of incidence while the white line of
Bi,Sr,Ca; Cu,0, film shows a large anisotropy. This data show that the white line has two
components separated by an energy splitting 4 € of about 400 eV. The peak B at higher
energy observed for the polarization direction EMec is interpreted as an evidence for the
presence of d holes with 3d3,2_;2 simmetry.
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F1G. 21 - Polarized Cu L3-edge XAS spectra for BipSroCa)CuyOy, oriented film (T=61K) for two extreme
incidence angles ¢=10°, i.e. with the electric field nearly parallel 1o the CuOy planes (EMc)(O), and for
¢=75°, with the electric field nearly normal to the CuOs planes (Elle)(©).

Fig. 22 reports the energy difference 4 € between the maximum of the in-plane (the xy

plane of Cu0O, layers) EMz polarized white line and the out-of-plane Ellz polarized line for the
three classes of compounds as function of the critical temperature of each sample.
In the series of La, ,Sr,Cu0Q, the values of 4 € reaches its maximum for the insulating x=0
system. These results show that the doping induces an important change in the d unoccupied
states by reducing the energy separation between the unoccupied states with components along
z and that with components along the xy plane.

Bianconi ez al. [30] in order to discuss the problem of the symmetry of the 3d°L states in
the doped La,_ ,St,CuQy, have shown that the 3d9L states induced by doping gives an high
energy tail of the white line of unpolarized La;CuO,. The difference between the ElMc spectra
of La, ,S1,Cu0, for x=0.04 minus x=0.10, recorded under the same experimental conditions
and with the same instrumental broadening, is reported in Fig. 23. While no detectable
variation are found in the difference between the Ellc spectra, the spectrum of the difference is
similar to that of the unpolarized spectra, {30] therefore the states induced by doping in the low
T, regime (T;=12K) are mainly dyL. From the resulis of De Sanctis et al. {71] the observed
shoulder can be associated with the formation of singlet states d(by)L(by) with Uy =1.3 €V,
therefore both Lay_,Sr,CurO, (x=0.1) and BiySryCaCu,yOg [83] crystals show the presence of
a resolved shoulder 2p3d1CL, in the range 1-2 eV above the white line for the EMz polarization
indicating the presence of d(b;)L(by) states.
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The triplet states d(aj)L(b;) are not detected by the Cu Ly XAS spectroscopy because the
split-off of the shoulder from the energy region of the white line is determined by the Coulomb
repulsion Uy ~Ugr, which for the d(a;)L(b;) is expected to be much smaller than 1.3 eV for
d(bp)L(by). [87-90] Because of the small value of UL, the final states determined by
d(aj)L(by) configuration are expected to be unresolved from the Eliz white line. The presence
of the white line component Ellz indicates the possible presence of the d(a;)L(b;) or d(€)L(b;)
configurations with U,y ~ Uy smaller than 1 eV. In fact the L(b;) was detected by oxygen K-
edge absorption of Bi;SrCaCu,Og by Fink et al. [77] and the holes d, with Cu 3d orbital
components in the z direction (d; indicates one of the 3d orbital: 3d3,2 /2 (a;) or dyy, dyz (€)
are detected by the polarization dependence of the L3 XAS white line.

The presence of the holes out of the CuO, plane is found in the high T, range of the
YBa;Cu307.g system. Moreover the shoulder at 1.5 eV above the white line in Fig. 20 is much
weaker in the spectrum of the T=60K sample than in the spectrum of the T,=82.5K sample.
[74) The EMz spectrum of the T,=60K sample shows an asymmetric high energy tail of the
white line indicating the presence of a 3d°L configuration with § unoccupied orbital dyL in the
CuO, plane. Most of the weight of the 1.5 eV shoulder observed in the Ellz spectra of the
T ~80K is formed with the transition from the low T, range (50-60K) to the high T range (80-
90K). Taking into account that the presence of the hole in the apical O(4) is detected by the
analysis of the x-ray absorption at the Cu(l) ions, these results are in agreement with the
theoretical prediction of Fujimori, [95] which shows that the ligand hole is stabilized in the
apical oxygen by decreasing the Cu(2)Q(4) distance. Therefore for 50-60K superconductivity
both dyL and d,L configuration have comparable probability while in the 80-90K
superconductivity the holes are found to be mostly out of the CuO, plane.
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SUMMARY

Joint analysis of XPS and XAS spectra of the same core level is a simple experimental
approach to obtain the energies of the two hole configurations in a formally trivalent compound
and for the states induced by doping in superconductor systems like Laj g5Srg 15Cu0y.
Without neglect the limitations of this simple approach which does not consider the multiplet
splitting, the bandwidth, and takes in consideration only one type of orbital symmetry for the d
and L holes it shows that in the copper-oxygen compounds the pair-hole interaction in the final
state U , strongly affects the energy difference between the x-ray absorption (XAS) and the x-
tay photoemission (XPS) main lines, and the pair-hole interactions Ugy and Uy both in the
ground state and in the final state are important to calculate the energies of the two holes ground
state.

There is evidence from polarized L3 XAS spectroscopy of a correlation between the
critical temperature of a superconductors and the energy splitting of the Eliz and EMz polarized
"white lines" in agreement with the predictions of the d-d excitation model. {87-90]. The
expected formation of singlet states d(b;)L(b;) states have been found but d, holes are also
present. In particular in the YBa,Cu304 system for the higher critical temperature there is
evidence of oxygen induced ligand hole out of the CuO, planes. The intensity of the d(bj)L(b;)
is expected to decrease with the decrease of the ratio between dy2_,2 and d,, states over the Uy,
interaction. On the contrary the configurations d(a M .(h.) IR7-G01 or AR (2.} whara the
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