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The linearly polarized Cu L ;-edge x-ray-absorption near-edge structure (XANES) of Bi,Sr,CaCu,QOyq 5
has been measured and the spectra are interpreted by the full multiple-scattering approach in real space.
The polarized spectra over a range of 20 eV can be predicted in terms of the one-electron dipole
(Al=+1) transition Cu 2p — ed, probing the unoccupied d-like (I =2) density of states projected on the
Cu site with orbital angular momentum m; =0, 1 in the E||z spectra, and the m; =2, 1, and O in the Elc
spectra. The oscillator strength for the dipole allowed transitions (A/=—1) Cu 2p —&s is shown to be a
factor of 100 weaker than the 2p —3d transitions. The Coulomb interaction in the final state between
the Cu 2p core hole and the excited Cu 3d electron is found to be 5.5 eV forming a bound state below the
continuum threshold, the well-known Cu L; white line. On the contrary, the core hole induces a nearly
rigid redshift about 1 eV of the high-energy conduction bands.

I. INTRODUCTION

X-ray-absorption near-edge structure (XANES) is a
modern tool for the investigation of complex systems.' ™*
In fact, this spectroscopy provides a site-selective probe
of the local structure and of the electronic states in com-
plex materials. The recent development of this experi-
mental method is due to the availability of high-intensity
synchrotron radiation x-ray sources that make it feasible
to measure high-signal-to-noise-ratio and high-
resolution-absorption spectra.

The application of the XANES spectroscopy to the
high-temperature superconductors® '° is of interest
mainly for two reasons: first, because XANES spectrosco-
py is site selective, i.e., it gives unique information on the
local electronic structure’ ° at the different atomic sites
in these systems formed by many different atomic species
with a complex crystalline structure;'® second, because
XANES spectroscopy is a unique direct probe of the or-
bital angular momentum (defined by the quantum num-
ber I) and of its z components (defined by the quantum
number m;) of the unoccupied electronic states. In fact
the dipole selection rules Al ==1 for the transitions from
a core level, with a well-defined orbital angular momen-
tum [;, select only the final states having the angular
momentum / =/;=1. The information on the orbital an-
gular momentum of the unoccupied electronic states of
metals cannot be obtained by other experimental methods
probing the unoccupied bands such as the inverse photo-
emission.

A large number of the XANES works published so far
concern the K-edge spectra that are due to the 1s—¢gp
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transitions, therefore they probe the / =1 final states (the
p-like unoccupied partial density of states). The K-edge
polarized cross section provides information on the z
components of the orbital angular momentum of the
unoccupied conduction states, because for the E||z polar-
ization only the p-like (/ =1) states with orbital angular
momentum m; =0 are reached, while for the Elz polar-
ization only the p-like (/ =1) states with orbital angular
momentum m;=1 are reached The multiple-scattering
interpretation of the K-edge XANES spectra in the real
space®* has been successfully applied to large number of
systems,? and recently it has been proved to be success-
ful for the interpretation of the polarized K-edge XANES
of high-T, superconducting crystals.!! ™13

The L;-edge XANES spectra are more complex than
the K-edge spectra first because two photoabsorption
channels are dipole allowed: (i) the 2p —ed transitions,
probing the / =2 final states (the d-like unoccupied par-
tial density of states); (ii) the 2p —es transitions, probing
the / =0 final states (the s-like unoccupied partial density
of states). However, the 2p — ¢&s channel is usually weak-
er than the 2p —ed channel by a factor of 10 to 100.

Unique information on the z components of the orbital
angular momentum m;=0,%1,£2 of the / =2 unoccu-
pied partial density of states can be extracted by polar-
ized L;-edge XANES spectroscopy. In fact, the dipole
selection rules select the unoccupied d-like (I =2) density
of states projected on the Cu site with orbital angular
momentum m;=0,1 in the E||z spectra, and the m;=0,
*1,£2 in the Elz spectra. In the case of metallic sys-
tems, such as the high-temperature superconductors, this
is a unique direct experimental method providing this key
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information; in fact, the ESR spectroscopy is silent, and
the absolute value of the magnetic hyperfine shift in the
NMR spectroscopy depends both on the Cu 3d orbital
angular momentum and on crystal effects.

The multiple-scattering approach! ™* has been used to
predict the unpolarized L; XANES of some systems, see
for example, the classical example of Pd,"3 but we are not
aware of papers reporting the calculations of the polar-
ized L;-XANES spectra in order to study the orbital an-
gular momentum m; of the unoccupied states over a large
energy range. Recently Tyson et al.'® have studied and
interpreted the role of the electron spin state in the polar-
ized Mo L, and L; edges in MoS,0,, giving a different
ratio L; /L, of the white line intensities in the two polar-
izations.

In this paper we report for the first time the interpreta-
tion of the polarized L;-XANES spectra of a nonisotro-
pic system, Bi,Sr,CaCu,0y4, 5, by theoretical calculations
of the polarized Cu 2p —d absorption cross section over
a large energy range including the continuum and the
bound final states.

The study of the orbital angular momentum of the 3d
holes is of central interest for understanding the unique
electronic properties of the high-T, superconductors.
The application of the Cu L;-XANES spectra to the
determination of the electronic structure of high-
temperature superconductors has provided some key in-
formation.

First, the experimental study of the variation of the Cu
unpolarized L;-XANES with doping!’~?° has given a
direct experimental identification of the additional
itinerant states 3d°L *, induced by doping in the correla-
tion gap of the insulating system, i.e., for the lack of 3d®
states and the oxygen 2p (ligand hole L) character of the
charge carriers.

Second, the study of the white line in the polarized E||c
L;-XANES spectra have provided evidence for the Cu 3d
unoccupied states with the orbital angular momentum

=0,+1.21725 These results show that the 3d°L*
itinerant states, giving the metallic phase, are not simply
the first ionization state of the insulating antiferromag-
netic phase (i.e., the Zhang-Rice singlets?® where the or-
bital angular momentum is frozen in the m;=2 symme-
try). This point is relevant in high-T, superconductivity
because the modulation of the orbital angular momentum
by the carriers can lead to a polaronic coupling with the
lattice dynamics and to virtual dipole or quadrupole elec-
tronic excitations that could provide the glue for the su-
perconducting pairs.?’

The quantitative interpretation of the polarized L;-
XANES spectra over a large energy range is a key step to
extract detailed information from the XANES spectra.

Here we have studied the superconducting cuprate
perovskite Bi,Sr,CaCu,05.,5 discovered by Maeda
et al.,?’ with critical temperatures in the range of 70—90
K, which is one of the most interesting high-temperature
superconducting systems. The structure of the
Bi,Sr,CaCu,04 5, crystal has been investigated by neu-
tron and x-ray diffraction®’ 32 and by extended x-ray-
absorption fine-structure (EXAFS) methods.’3™ 3 The
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Cu ion is fivefold coordinated by four planar oxygen
atoms O(P) in the CuO, plane at distance of about 1.9 A
and by one apex oxygen atom O(A) in the SrO plane
forming a distorted Cu square pyramid coordination
geometry. Calestani et al.?! have solved the 5X 1 super-
structure, showing the presence of five different Cu sites,
and the EXAFS analysis®® has pointed out the large
Debye-Waller factor for the apex oxygen as well as the
distortion of the square plane with two sets of Cu-O(P)
distances with an average bond length difference of 0.12
A3 There are large differences between the average
Cu-O( 4) distances reported by several authors, ranging
from 2.17 to 2.65 A from diffraction, and EXAFS data.

The oxygen content in the crystals of B128r2CaCu208+5
depends on the preparation procedure also the c axis in
different crystals has values ranglng from 30.6 to 30.95 A,
but the samples always remain superconductors with a
critical temperature modulated in the temperature range
from 70 to 90 K. Because the Bi,Sr,CaCu,0Og 5 crystals
are stable in a vacuum, they have been the subject of ex-
tended experimental investigation. The dispersion of the
bands near the Fermi level has been measured by angular
resolved photoemission3®3” and infrared spectroscopy.®®
The one-electron band calculations®®™* show two bands
crossing the Fermi level: the band of Cu 3d,2_,2
(m;=2) and O 2p,, O 2p, partial density of states and a
second band with contributions from the Bi layers.

A correlation gap between the 3d]+3d]—3d/°
+3d ng j opens up in the 3d band, due to the large Cu
3d-3d intra-atomic hole-hole Coulomb repulsion Uy, ~6
eV and for the Cu 3d-O 2p interatomic Coulomb repul-
sion Uy, ~1 eV. 44=47 The correlation gap in the ionic
limit is given by the A+ U,;, where A is the energy sepa-
ration between the 3d° and the 3d '°L configuration. In
the superconducting phase additional states 3d°L* a
formed in the gap at the Fermi level?! 2 as in other fam-
ilies of high-T, superconductors.!” 2!

We will show here that the localized character of the
Cu 3d states shows up in the XANES spectra because it
gives a large Coulomb attraction Q.;=5.5 eV between
the core hole and the Cu 3d states, which is nearly the
same as Uy; ~6 eV. On the other hand, the excitonic at-
traction Q.. between the core hole Cu 2p and the delocal-
ized states at the energy € in the continuum induces only
a rigid shift of about 1 eV.

II. EXPERIMENTAL

The Cu L, x-ray-absorption experiment has been car-
ried out on the Super-ACO storage ring at the Labora-
toire pour I’Utilisation du Rayonnement Electromag-
netique (LURE), Orsay, France. A double-crystal 1010
beryl monochromator with an energy resolution of about
0.35 eV at 900 eV has been used. The maximum of the
white line of the Cu L, absorption spectrum at 931.2 eV
in CuO has been used to calibrate the photon energy
scale.

The absorption coefficient has been measured by total
electron yield method, i.e., by recording the intensity of
the electrons emitted by the sample surface accelerated
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by a positive voltage toward a channeltron electron mul-
tiplier put at 900° from the x-ray beam direction. The
thickness of the probed surface layer is given by the aver-
age electron escape depth of all emitted electrons with an
energy spectrum extending from a maximum at 2—4 eV,
due to secondary electrons, to the energy of direct
valence-band photoemitted electrons with kinetic energy
hv-¢, where ¢ is the metal work function. Because the
mean free path is maximum for the low-energy secondary
electrons and their number is much larger than the direct
photoelectrons and Auger electrons, the average thick-
ness is determined by the electron escape depth of secon-
dary electrons of about 100-200 A.

The crystals have been cleaved with the surface normal
z axis parallel to the c axis of the crystal, i.e., with the
surface xy plane parallel to the ab plane of the crystal (or
to the CuO, planes). The crystals have been mounted in
the experimental chamber with the ¢ axis in the horizon-
tal zy plane, and they could be rotated around the vertical
x direction. The incident angle of the collimated x-ray-
beam direction with the sample normal was measured.
The polarized x-ray-absorption spectra (XAS) of the sin-
gle crystals using synchrotron radiation linearly polarized
in the horizontal plane have been recorded with several
incidence angles between the electric field E of the pho-
ton beam and the sample surface normal z (the z axis was
taken parallel to the c axis).

The line shape of the white line shows a broadening go-
ing from (Elz) to (E|z) as measured by studying the
changes of the white line of a nonoriented powder sample
of CuO with the incidence angle in agreement with Ref.
48, but this effect is so small that it is negligible in com-
parison with the intrinsic differences between the two po-
larizations found in the Bi,Sr,CaCu,Oj4 crystal.

III. RESULTS AND DISCUSSION
A. Polarized Cu L ;-edge XANES spectra

Several oriented Bi,Sr,CaCu,Oyq s single crystals with
a single jump at the critical temperature (7T, =85 K) in
the resistivity curve have been studied. The investigation
of the structure of these oriented crystals by x-ray
diffraction shows a single crystallographic 2:2:1:2 phase
with the c axis at 30.7 A.

We report in Fig. 1 the polarized spectra of
Bi,Sr,CaCu,0g4 5 obtained by summing many experimen-
tals spectra in order to obtain a good signal-to-noise ratio
in the continuum part of the spectrum, between the L,
and the L, white lines at 931.35 and 951.2 eV, respective-
ly.

We have extrapolated the polarized spectra E|c(I)
and Elc. (I)), shown in Fig. 1, from the linearly polar-
ized spectra of the crystal measured at several incidence
angles of the polarized synchrotron radiation direction
beam with the surface normal, 0°, 35°, 55°, and 75°. In or-
der to obtain the extrapolated polarized spectra, we have
used the formula
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S

I4(0)=(cos¢)’I,(w)+(sing)’ () ,

where I (w) is the normalized experimental spectrum
recorded at the incidence angle ¢ as function of the ener-
gy o. The spectra exhibit two isosbestic points at 935.5
and 949 eV. The absorption coefficient has been normal-
ized in such a way that the absorption coefficient of the
Ellc polarized spectrum is one at 937 eV. The spectrum
in Fig. 1 shows a large dichroism both in the energy re-
gion of the white line 928-936 eV as well as in the con-
tinuum part in the range 936-949 eV.

The E||c polarized x-ray-absorption near-edge structure
(XANES) spectrum in Fig. 1 exhibits some features C1
and C2 in the energy range between 935.5 and 949 eV,
while the Elc spectrum exhibits a minimum at about 939
eV and a weak structure D1 at about 941 eV.

B. Construction of the muffin-tin potential for a finite cluster

In order to understand the XANES spectrum we have
calculated the polarized XANES spectra in the frame of
the one-electron approximation. The XANES spectra
have been calculated in real space using the multiple-
scattering formalism.!™* In this approach the transition
rate of electronic excitations from the Cu 2p core to a
final state of a cluster of atoms with the absorbing atom
at its center is calculated. The final-state wave function
of the excited electron is calculated in a potential having
the form of nonoverlapping muffin tins.

The first step is the construction of a cluster of neigh-
boring atoms, around the central Cu, starting from atom-

Absorption coefficient (arb. units)

| .
930 935 940 945 950 955
Energy (eV)

FIG. 1. Polarized Elc (or E|ab) (diamonds) and E|c
(squares) Cu L,;-edge XANES spectra of Bi,Sr,CaCu,Os5
measured in the total electron yield mode. The unpolarized
spectrum (solid line) measured at the magic incidence angle
(35°) is also shown.
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ic coordinates given by crystallographic investigations.
We have used the atomic coordinates of
Bi,Sr,CaCu,0y , 5 from Bordet et al.?® The absorbing Cu
atom is the center of the cluster shown in Fig. 2. The
cluster is divided into five shells. In Table I we report the
distances of the atoms in each shell from Cu and their
distance from the CuO, plane. The oxygen atoms in the
CuO, plane are classified as planar oxygen atoms O(P)
and the oxygen atoms in the SrO planes are classified as
apex oxygen atoms O( A4). The cluster includes four Cu
ions of the neighbor CuO, square planes of the central Cu
and one Cu ion from a different CuO, plane, as well as
one Bi ion belonging to the BiO layers.

We used the Mattheiss prescription to construct the
muffin-tin potentials.> The calculation of the potential
starts from the charge densities for neutral atoms on each
site, which were obtained by self-consistent-field atomic
calculations of the relativistic Hartree-Fock Slater kind.
The charge densities 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 the muffin-
tin form were obtained.

The muffin-tin approximation has been thoroughly
tested to be rather accurate for XANES applications in a
large set of samples.’? The more open the structure,
however, the worse the muffin-tin approximation is ex-
pected to become because the interstitial region between
the muffin-tin spheres, where the muffin-tin approxima-
tion makes its worst errors, is larger. The muffin-tin ap-
proximation becomes poor, especially when the exact in-
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FIG. 2. Structure of the cluster of 38 atoms with the Cu
atom in the center used to calculate the XANES spectra. The
atoms are grouped in five shells of neighboring atoms. The clus-
ter includes one Cu atom of the neighbor CuO, plane and a Bi
atom from the BiO plane.

terstitial potential undergoes large variations near its
mean value. Therefore, having five different atomic sites,
Cu, O, Sr, Ca, and Bi, the present search has been fo-
cused to find a set of muffin-tin radii for each atomic
species that gives a constant intersphere energy, by keep-
ing the condition for nearly touching and nonoverlapping

TABLE I. Structure of the five-shell cluster for Bi,CaSr,Cu,Oj3 (Ref. 29).

Number Distance Distance from
Shell Atom of atoms from Cu (A) CuO, plane (A)
1 O(P) 1 1.893 —0.42
1 O(P) 1 1.923 —0.42
1 O(P) 1 1.937 +0.21
1 O(P) 1 2.024 +0.21
1 o(4) 1 2.261 +2.261
2 Sr 2 3.19 +1.69
2 Sr 1 3.07 +1.69
2 Sr 1 3.32 +1.69
2 Ca 1 3.12 —1.67
2 Ca 2 3.18 —1.67
2 Ca 1 3.25 —1.67
2 Cu 1 3.35 —3.35
3 (o] 2 35 —2.93
3 Cu 2 3.72 0
3 Cu 2 3.94 0
4 (o] 2 4.0 —3.56
4 O(P) 4 43 +0.21
4 O(P) 4 4.3 —0.42
4 0O(4) 2 43 +2.26
4 Bi 1 4.37 +4.37
5 Oo(4) 2 4.56 +2.26
5 (o] 2 4.7 +4.19
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spheres. The intersphere energies near each atomic site i
(here called the muffin-tin constants ¥,) of the con-
structed muffin-tin potentials, were initially determined
by taking the average values of the potential in the space
between the muffin-tin radius Ryp; and the radius of the
Wigner-Seitz spheres. The muffin-tin radius of each
atomic species has been chosen looking for a solution giv-
ing similar ¥; in order to minimize the variations of the
interstitial potential about its mean value. The average
interstitial potential ¥ for the crystal has been taken as
the value of ¥,; for the Cu site. The values of muffin-tin
radii Ryy; and the muffin-tin energy constant are given
in Table II.

C. The transition rate to final states
with selected orbital angular momentum m;

In Fig. 3 we report the calculated spectra for the
different photoionization channels for final states with the
I'=2 and m;=0, m;=1 and m;=2 orbital angular
momentum, which can be classified as (I,m)=(2,0), (2,1),
and (2,2) final states, where the component of the orbital
angular momentum m,; is shortly indicated by m. The
zero of the energy scale of the calculated spectra has been
taken to be V.

In the XANES multiple-scattering calculation the
wave function of all electronic states above the average
interstitial potential l_/o are calculated, and the transition
rate for dipole transitions from the Cu 2p level is calcu-
lated without taking into account whether the valence
states are occupied or unoccupied. The Cu 3d valence
states can be described**° in the single-point-group rep-
resentations via the standard-model-symmetry-adapted
spherical harmonics Y,,,. The generalized harmonics
transforming according to the four one-dimensional rep-
resentations of a C,, point group:

da o (1/V2)[Yyp(r+Y, ,(r)],
dy, (1/V2)[Yy(r) =Y, ,(n],
3d,2, Y,(r),

d., (1/V2)[Yu(nN—Y, (N,
d, (1/V2)[Yy(r+Y, ;(r].

Therefore the main peaks in the transition rate from

TABLE II. The muffin-tin radii Ryr(A) of the elements in-
cluded in Bi,Sr,CaCu,0O; and the muffin-tin constants ¥, (V).

Rur (A) Vo (V)
Elements Unrelaxed Relaxed Unrelaxed Relaxed
Cu 0.978 0.952 —20.4664 —21.1979
O 0.91597 0.94197 —20.4602 —21.1146
Sr 0.9993 0.985 —20.4385 —21.1850
Ca 1.331 1.332 —19.2440 —19.2096
Bi 1.05 1.05 —19.7741 —19.8785

A. BIANCONI et al. 44

the Cu 2p level to the m; =2 valence states shown in Fig.
3 is determined by both the deyz and the d,, states.
The crystal-field splitting separates the two valence
states; therefore the m;=2 spectrum shows a low-energy
peak due to the d,, states and a second high-energy peak
due to the dxz_yz states. The spectrum in Fig. 3 for the

m;=0 valence states is determined by the 3d , valence

states. The spectrum in Fig. 3 for the m;=1 valence
state probes the 3d,, and 3d,, valence states.

The Fermi level is found at 11.6 eV above the average
interstitial potential I_/o, i.e., at the maximum of the peak
for the m;=2 channel in agreement with the fact that
only a single Cu 3d hole is present in the Bi,Sr,CaCu,0Oq4
sample. All the final states at energy lower than the
dashed line in Fig. 3 (the Fermi level) are occupied, and
they do not contribute to the experimental absorption
spectra. Therefore the white line in the experimental
spectrum in Fig. 1 can be assigned to the unoccupied Cu
3d states with mainly m;=2 character with some contri-
butions from unoccupied m; =0 states above the Fermi
level, while the contribution of the states with m;=1
symmetry is negligible.

In Fig. 4 we report the results of the calculations of the
transition rate for the transitions to the final states with
selected orbital angular momentum in the continuum
above the Fermi level that will give the XANES features
in the continuum. The atomic absorption coefficient «
calculated for the single muffin-tin potential of the central
Cu ion is also shown. The absorption coefficient has been
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FIG. 3. Calculated photoionization cross section for the
transitions from the Cu 2p level to the final states with orbital
angular momentum m; =0, 1, and 2. The large cross section for
the 2p —3d transitions gives the strong peaks between 10 and
12.5 eV. In the experimental spectrum only transitions to unoc-
cupied final states above the Fermi level (the dashed vertical
line) are expected. The zero of the energy scale of the calculat-
ed spectra is chosen at the average interstitial potential V.
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TABLE III. Energy of the peaks in the XANES spectra.

White line (E||c) White line (Elc) C, C, D,
Calculated peak positions in the unrelaxed potential

(E—V,) eV 11.6 13.7 21.2 20.6

(E—E,) eV 0 2.1 9.6 9

Calculated peak positions in the relaxed potential

(E—V,) eV 6.1 12.4 20 17

(E—E,) eV —5.5 0.8 8.4 5.3
Experimental (eV)

931.1+0.5 931.3+0.5 936.5+0.5;939.5+0.5 944.£0.5 941=+1

normalized to the value of the atomic absorption
coefficient a,, for the central Cu ion at 50-eV energy
above the edge.

We classify the transitions, determining the XANES
features, as 2p —¢€d, i.e., to the / =2 final states at ener-
gies £ in the continuum, to be distinguished from the
2p — 3d transitions determining the white line.

Following the core-hole excitation, the electrons, in the
excited atom, move in a different potential due to the ex-
cited electron-hole dipole. The positive nucleus is less
screened after removing the core electron; therefore the

E B Unrelaxed
5 o
+~ F !
§ af
S g
& sf
g E
8 2F
§ 1fF
CA
~ O:‘
2 &
g o0
o 4P
— — (o4
g 3;*2 0 m,=1 m,=0 m,=2
2 LI \ \
5 '
Z, 1 K —
o : i R A
10 20 30 40

Energy (eV)

FIG. 4. Calculated photoionization cross section for the
2p—ed transitions to the final states with orbital angular
momentum m;=0,1,2 in the continuum, above the Fermi level
(upper panel). In the lower part the absorption cross section in
the fully relaxed potential in the presence of the core hole is cal-
culated. The atomic absorption ay(w) of the central Cu ion is
shown (dashed line). The absorption coefficient has been nor-
malized to the value of the atomic absorption coefficient for the
central Cu ion ay,, at high energy (45 eV). The zero of the ener-
gy scale of the calculated spectra is at the average interstitial
potential ¥,,.

wave functions of the passive electrons are pulled in to-
ward the nucleus by the attractive interaction, while the
core and the passive electrons relax to lower energy.
Therefore the description of the final state becomes a
many-body problem. In order to reduce the problem to a
one-electron problem we have to consider that the excit-
ed photoelectron moves in a new potential, which evolves
in the time following the rearrangement of the passive
electron toward the fully relaxed configuration, i.e., the
lowest-energy configuration for all other N —1 electrons
in the presence of the core hole. According to the final-
state rule the core-hole relaxation effect can be reduced to
a one-electron problem by assuming that the potential at-
tracting the photoelectron is the static potential, where
all passive electrons are fully relaxed in the presence of
the core hole. Therefore according to the final-state rule
the XANES spectra have to be calculated using the fully
relaxed potential.

In the Z + 1 approximation the fully relaxed potential
is closely approximated by that of the atom with its Z
atomic number increased by one.! We have calculated
the fully relaxed potential by assuming that the central
atom is Zn. The muffin-tin potential of the cluster has
been calculated for the relaxed electronic configuration.
The results of Cu L;-edge XANES calculations for the
fully relaxed potential are shown in the lower part of Fig.
4.

The effects of the core-hole-induced relaxations on the
Cu L; XANES moves the Cu 3d final states toward lower
energy by 5.5 eV, while the ed states in the continuum
are moved down by only 1 eV. The Cu 3d states are
much more localized than the states in the higher con-
duction band, therefore the overlap with the core hole is
much larger than for the higher states. The Coulomb in-
teraction between the Cu 2p hole and the Cu 3d electron
is as large as the Coulomb repulsion between the 3d holes
in the valence band U,; =6 eV. The final result of the
core-hole effect on the valence states is that the unoccu-
pied Cu 3d states at the Fermi level are split from the
higher conduction band, and they form a bound state at
—5.5 eV below the predicted continuum threshold. The
peaks in the continuum at higher energy than the white
line are due to the unoccupied partial density of states
with d-like character, and they are shifted only by ~1
eV. The first peak beyond the white line, at 14 eV in Fig.
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4, is due to the first conduction band above the 3d band;
it is at 2.1 eV above the continuum threshold Ey in the
initial state, and it is moved by the final-state effect at 0.8
eV above Ep.

D. Selection rules in polarized L ; XANES

The polarized absorption coefficient of a photon hv
with polarization E, for the initial and final states with
energies E; and E, respectively, in the dipole approxima-
tion is given by

a(hv)=4r’ahv S |{¥; Bty ) [*8(E;—E;hv) ,
if
where the sum is extended to all many particle final states
S such that E;—E;=hv. In the one electron approxima-
tion where the initial wave function ¥;(r) is the Cu 2p
atomic wave function is given by

¢n. 1.

%

mi,ms(r):Rni,li(r)Yli,m‘.Xms ’
where for the Cu 2p electrons R, ;(r)=R, (r) satisfies
the radial Schrodinger equation, being finite at the origin

and zero at the muffin-tin radius Ry,
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Y, . (r)(m;=0,%1) is the standard spherical harmonic

and )(ms(ms =x1) is a two-component spinor describing
the two possible spin polarizations of the core electron.!®

The final-state wave function is the valence-state wave
function*”>® extending over a large cluster of atoms,
given in the frame of the group theory by

¢n,l,m,ms(r)= ERn,I(r)Xhl(r)Xms ’
h,l

where the radial part of the wave function R, ,(r) extend-
ing beyond the site of the absorbing atom and satisfies the
same differential equation as the core radial wave func-
tion but matches on to the solution outside the atomic-
sphere radius RMT,51 Xn(r) are symmetry-adapted spher-
ical harmonics that can be expressed in terms of the regu-
lar harmonics>>>? by

X1 = 2 bnim Yi,m (1)

Finally by combining the above expression for the ini-
tial and final states and by summing over the spins, the
polarized absorption coefficient is given by

alhv)=8mahvS IMKr)S by Y} m,|ET] Y,f,mf)|28(Ef—Ei —hv) .

iLf m

Therefore the dipole selection rules for the polarized Cu
L;-XANES spectra are determined by the integral over
three spherical harmonics,

§|< Y m (OIY, o (P)] Y,f_mf(r»l2 ,

where Y,l_,mi(r) describes the core initial state, Y,f’mf(r)
the electron final state, and Y; , (r) the polarized pho-
YUY

ton field. The value of each integral is proportional to
the 3—j Wigner symbols,

L oL 1)

1]
m; m, mg| "’

Y

which are different from zero under the condition that
m;+m,+m f=0.54 For example the dipole selection
rule for the Cu 2p —3d , transition for the E||c polariza-
tion is given by

2
1 2

1
00O

ST (DY 0(N13d ) P

In the E||c polarization, m, =0, the dipole matrix ele-
ment is different from zero only for m f=i1, 0 because
m;==%£1,0. The transitions to thed ,_ , and d,, valence
states, m, =12, are forbidden in the E||c polarization,
We obtain for the E|c spectrum [ () in terms of the

partial contributions I, ,, to the absorption cross section
due to final states with orbital angular momentum [/, m,

I(0)=31,0(0)+1, () .

In the Elc polarization all final valence states can be
reached, but with different probability, for example the
relative weight for the 3d ; final state is given by

ST m (DIA/VLY) (N +Y, (N]13d 2] .

In conclusion, we obtain for the Elc spectrum I,(w) in
terms of the partial contributions I;,, to the absorption
cross section due to final states with orbital angular
momentum /,m,

Il(a))zlzvz(a))+%Iz,o(w)+%12,1((0) .

The unpolarized spectrum is given by
Iw)=2I(0)+4]1 (o)
=1[2I, ,(0)+1, (@) +2I, (®)] .

In Fig. 5 the polarized 2p —3d spectra are reported.
Only transitions above the Fermi level at 11.6 eV indicat-
ed by the dashed line are allowed. The white line is clear-
ly due mainly to the Elc polarization, but beyond 12.5
eV, i.e., at about 1 eV above the Fermi level, the unoccu-
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FIG. 5. Calculated polarized E||c and E|lab (Elc) Cu Lj-
edge XANES spectra of Bi,Sr,CaCu,05.5 for a cluster of five
shells as shown in Fig. 2. The transitions to occupied and unoc-
cupied Cu 3d valence states are calculated. The Fermi level is
close to the maximum of the highest-energy peak (dashed line).

pied states in the continuum are predicted to have mainly
m;=0 character. In Fig. 6 we plot the calculated polar-
ized E||c and Elc XANES spectra for transitions in the
continuum above the Fermi level. The polarized spectra
for the fully relaxed potential, using the Z +1 approxi-
mation is shown in Fig. 7.

Normalized absorption coefficient
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Energy (eV)

FIG. 6. Calculated polarized E||c and E|ab (ElLc) Cu L;-
edge XANES spectra of Bi,Sr,CaCu,0g. 5 for the 2p —ed tran-
sitions to final states in the continuum (&) above the Fermi level.
The absorption coefficient has been normalized to the value of
the atomic absorption coefficient for the central Cu ion at high
energy Q.-
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FIG. 7. Calculated absorption coefficient, using the Z +1 ap-
proximation for the fully relaxed potential, for the polarized
Ellab (Elc) and E|c Cu L;-edge XANES spectra of
Bi,Sr,CaCu,0345 for the 2p —ed transitions to final states in
the continuum (&) above the Fermi level.

E. Comparison between the calculated
and experimental spectra

In order to compare the calculated spectrum with the
experimental data we have to introduce in the calculation
the broadening due to the experimental resolution the
core-hole life time and finally the energy-dependent pho-
toelectron lifetime due to the inelastic scattering with
valence electrons. The inelastic scattering due to valence
electron-hole excitations and plasmons reduce the ampli-
tude of the elastic channel contributing to the XANES
spectrum.

In Fig. 8 the different contributions to the total
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FIG. 8. Energy bandwidth of final states in the Cu L;-edge
XANES due to the core-hole lifetime, experimental resolution,
and photoelectron lifetime due to the inelastic scattering of the
excited photoelectron.
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broadening term are shown. The energy-dependent band-
width function (due to the photoelectron lifetime) should
be zero for bound states below the Fermi level, and jumps
are expected at the energy of plasmon excitations.”> In
the present case it has been found by fixing the zero at the
Fermi level, and it has been extracted from the integral of
the electron energy loss function in the range from O to
40 eV.%® This procedure gives a qualitative estimate of
the energy-dependent bandwidth function, but its actual
values are adjusted by looking for the agreement with the
experimental data.

The calculated polarized Cu L;-XANES spectra are
shown in Figs. 9 and 10 for the fully relaxed potential.
The transition to the unoccupied Cu 3d valence states
gives the white line at 6.1 eV above the intersphere ener-
gy, which is a bound state at 5.5 below the continuum
threshold E,. The E|jc calculated spectrum shows a
component of the white line, which is about 10% of the
total oscillator strength of the Cu 2p-—3d transitions.
The energy position of the white line in the two polariza-
tions is predicted to be the same. The component of the
white line in the E||c spectrum is expected because of the
pseudo-Jahn-Teller distortion of the Cu square pyramid
coordination, which mixes the m;=2 with the m;=0
states in agreement with early x-ray-absorption calcula-
tions for a small Cu cluster.”’

The comparison between the experimental spectra and
the theoretical spectra (see Table III and Fig. 10) show
first that the best agreement is found with the calculation
in the fully relaxed potential, obtained by using the Z +1
approximation. The most direct experimental evidence is
that given by the energy separation between the peak C1
and the white line that in the experimental spectra is at
5.2 eV, while in the calculated spectra it is 6.3 eV and 2.1
eV in the fully relaxed or in the unrelaxed potential, re-
spectively. )

The validity of the fully relaxed potential for the pre-

Normalized absorption coefficient

Energy (eV)

FIG. 9. Calculated polarized E||ab (Elc) (solid line) and E||c
(dashed line) Cu L;-edge XANES of Bi,Sr,CaCu,0;. 5 includ-
ing the energy-dependent broadening (shown in Fig. 8) in the
fully relaxed potential (shown in Fig. 7). This calculated spec-
trum has to be compared with the experimental spectrum in
Fig. 1.
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FIG. 10. Calculated cross section for the 1p —s channel con-
tributing to the Cu Lj-edge XANES spectrum of
Bi,Sr,CaCu,05.5 and a blowup of the polarized spectra for
transitions to the continuum states, including the energy-
dependent broadening in the fully relaxed potential. In the
lower panel the blowup of the experimental polarized XANES
spectra is shown for comparison.

diction of the XANES spectra! is well established for
electronic transitions to nearly empty bands, and it is
known as the final-state rule.”® The final-state rule has
been questioned for the case of transitions in the nearly
filled band limit, which is the case for the 2p — 3d transi-
tions in Cu, where the final state gives a completely filled
shell 2p°3d'° in the insulating system or a nearly filled
shell in the metallic phase 2p>3d ' L(k).5>% Therefore,
while the Z +1 approximation was expected to be valid
for the transitions to the unoccupied state in the continu-
um, it was expected to break down for the white line pre-
diction. On the contrary, the present work shows that
the 2p —3d transitions in this Cu compound are also well
predicted by the final-state Z + 1 approximation.

Moreover the agreement between the calculated and
the experimental energy separation between the white
line and the peak C1 shows that the calculated Coulomb
interaction 5.5 eV between the Cu 2p core hole and the
Cu 3d electron is correct within 1 eV.

The feature in the continuum C1 at 936.5 eV is well
predicted by the calculation; a second peak at 939.5 eV is
not predicted by the present calculation; the third
feature, C2, which appears as a broad band extending
from 943 to 946 eV is predicted by the calculation but at
lower energy. The peak D1 of the in-plane polarized
spectrum is weak, but we have found it in all samples that
we have measured, and in some spectra it was better
resolved. It is well predicted by the calculated E|ab
spectrum as well as the minimum at 939 eV.

The main disagreement between the calculation and
the experiment concerns the peak at 939.5 eV measured
for the out-of-plane polarization. This peak was also ob-
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served recently by Abbate et al.®! and by Pompa et al. in
the bulk XANES measurement of an oriented film by the
fluorescence mode.®? This peak is at the energy of the ex-
pected Cu 2p°3d”° final state due to some probability for
the Cu 3d? configuration in the ground state. Further
work comparing the insulating with metallic phase is in
process to establish if this peak is growing with doping or
it is due to a multielectron final-state feature.!3~15>3

The comparison of the experimental XANES spectrum
in the continuum and the calculated spectrum shown in
Fig. 10 is satisfactory, taking into account that the coor-
dinates of the atoms of the cluster taken from Bordet
et al. are only averaged values over the five different Cu
sites present in the real structure of Bi,Sr,CaCu,Oq, s,
which exhibits a 5X1 superstructure.’! In fact a
disagreement between experiment and calculation is
found in the range between 938-941 eV. However, the
calculation predicts the correct experimental dichroism
of the XANES spectra and the main features C1, C2, and
D1. By comparing the calculated and the experimental
curves in Fig. 10, the continuum threshold E, is
identified at about 936.5+1 eV in the Cu Lj;-edge
XANES.

Several authors have assigned the weak-absorption
peaks in the continuum to the 2p —s channel allowed by
the dipole selection rules Al=—1. We have found that
this assignment is not correct by calculating the contribu-
tion of the 2p—»s channel. The results of the present cal-
culations for the p—s absorption cross section are re-
ported in Fig. 10. The results show that this contribution
is really negligible; in fact, the oscillator strength for this
channel is close to zero in the white line energy range,
and it is about one order of magnitude smaller than the
2p —ed channel in the continuum XANES range, show-
ing that the strength of the 2p —s channel is at its max-
imum at two orders of magnitude smaller than the oscil-
lator strength for the 2p — 3d transitions.

Finally we would like to discuss the comparison be-
tween the experimental and the calculated white line.
The extended investigation of several cleaved
Bi-Ca-Sr-Cu-O single crystals, oriented pellets, and films
that show the characteristic 2:2:1:2 crystallographic
single-phase and a single resistive jump at the critical
temperature show that the energy position of the E|ab
white line is doping dependent, and it appears in the
range from the energy position of the white line of CuO
(931.2 eV) up to ~200 meV above it. Also the energy po-
sition of the E||c white line moves from ~931.1 eV, in
the insulating systems obtained by Y to Ca substitution,
toward higher energy. Therefore the energy splitting Az
between the in-plane and out-of-plane polarization can
range from ~400+100 meV to ~100+100 meV. The
polarized white line spectrum reported in Fig. 1 shows a
typical spectrum of the 2:2:1:2 sample, where the E|jc
white line is at 100 meV below the CuO white line and
the E|lab white line is at about 100 meV above it. Con-
sidering the 900 meV of the white line width, the energy
splitting of 100 meV is close to zero. Therefore because
the energy splitting is doping dependent, the results of
our investigation are not in contradiction with either the
data of Niiker et al.®® measured by electron energy loss,
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who have reported no energy splitting, or with the data
by Abbate et al.,®! who reported for a Pb-doped sample
a 500-meV energy splitting. In fact, these values are the
limits between which we have found that the energy split-
ting changes with different dopants, and by taking into
account the broadening of the white line and an error of
100 meV in the energy splitting measurement. The
present results are also in agreement with our early re-
port of Az as 400—-300 meV (Ref. 23) or with the recent
soft x-ray-absorption measurement probing the bulk by
using the soft x-ray fluorescence yield by Pompa et al.,®?
giving an energy splitting of 150 meV.

In order to show the experimental situation we have
compared the polarized white lines detected in different
samples by different techniques in Fig. 11. The reason for
the differences shown in Fig. 11 are not due to the detec-
tion techniques but to intrinsic differences of the samples;
similar differences can be observed by studying different
samples by using the total electron yield. In fact, we have
found that polarized white lines change their intensity
and energy position not with doping but with the type of
dopants. Also the 2:2:1:2 samples can be quite different,
with the ¢ axis ranging from 30.6 to 30.95 A, with 25% Y
substituting for Ca, with Pb doping (as it was in the case
of the sample studied by Abbate et al.), with different
heat treatments changing oxygen concentration, with a
different Ca/Sr ratio, and so on. In fact, the local site
structure of the five different Cu sites, giving the nearly
5X1 superstructure with largely different distortions can
be dependent on the dopants.

The energy shift of the E||c white line is here assigned
to the impurity states formed in the correlation gap by
the dopants, and therefore it is sensitive to the doping
level and on the actual dopants inducing different distor-
tions of the Cu sites. Further systematic work on well-

—
o

o (EEL) Ref.63
+ (TY) Ref.61
o (FY) Ref.62

o]

n

=

=]

-

o

|

I

=z 8

9

9

T 4-

o)

o

o

o 2

2

jol

5 ; 3
n 0 et L

2 928 930 932 934 936

Energy (eV)

FIG. 11. Polarized Cu L;-edge white lines of Bi-Sr-Ca-CuO
samples with 2:2:1:2 crystallographic phase reported in the
present work (solid line), compared with the spectra measured
in fluorescence yield (FY) mode by Pompa et al. (Ref. 62) (emp-
ty circles), by total electron yield (TY) by Abbate et al. (Ref. 61)
(stars), and by electron-energy loss (EEL) by Niiker et al. (Ref.
63) (squares). The peaks of the E||ab white lines are in the range
7-10 in arbitrary units in the figure and the peaks of the El|c
white lines are in the range 1.5-2.5.
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characterized samples is necessary to fully understand
how these states are correlated with doping.

The E||ab white line of all metallic 2:2:1:2 phase crys-
tals shows the characteristic asymmetric white line. The
agreement between several authors on the line shape is
good, as shown in Fig. 11. Because of the different cali-
bration of the energy scale of different authors, we have
aligned the energy position of the E|ab white lines of
different authors in Fig. 11 at the same energy for com-
parison. We have found that the energy position of the
white line shows a blue shift with increasing doping, and
also this effect contributes to the different values of the
energy shift Az reported by different authors and found in
different samples.

Finally the relative number of the Cu 3d , holes n, on

the total number of the Cu 3d holes has been extracted
from the Cu L; absorption spectra. It is given by the in-
tegral of the absorption spectrum over the energy range
of the bound states below the continuum threshold:

nz:flz,o(a))dw/f[212,2(co)+12,0(a))+212,1(a))]dw
=1 [fI“(co)dco/fI(w)dw} ,

i.e., one half of the ratio between the integral of the E||c
polarized spectrum and the integral of the unpolarized
spectrum, assuming a negligible contribution of the unoc-
cupied m; =1 states to the E||c polarized spectrum. The
integrals are calculated in the range of the bound states
below the continuum threshold, where all unoccupied Cu
3d states are pulled down by the core-hole final-state
effect. We have calculated the integrals over the energy
range of 928-935.5 eV by fixing the higher-energy limit
to the isosbestic point. We have found a value of n, rang-
ing from 15+2 % to 20%2 % in different samples, and it
is in qualitative agreement with Niiker et al.%> and Ab-
bate et al.® Taking into account that in the insulating
crystals obtained by Y to Ca substitution a value of
n,=8% was found®* % and that the absolute number of
n, can be affected by systematic errors due to incomplete
polarization of the x-ray beam, we estimate that about
7-12% of the weight of the Cu m; =0 holes is associated
with the itinerant ligand holes.

The calculated E||c white line in Fig. 9 is at the same
energy position as the E|lab white line, and it can be con-
sidered as the prediction of the probability of m; =0 com-
ponents in the mainly m; =2 band crossing the Fermi lev-
el due to Cu site distortion.

The E||c white line at lower energy than the CuO white
line can be partially associated to impurity states
3d§ 2_,L(a;) in the correlation gap formed by the

dopants that are present also in the insulating phase at
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low doping level that are not included in our calculation.
By increasing the doping at the insulating-to-metal tran-
sitions additional itinerant 3d gzz_,zL(k) states are

formed at the same time as the singlet states 3dfz . 2L (k)

states giving the high-energy tail of the E|ab white line.
The interplay between the band formed by the impurity
band and the Zhang-Rice singlet states formed by doping
is probably the reason for the modulation of the energy
splitting between the out-of-plane and in-plane polarized
white line. An extended investigation of many crystals
with different doping and the effect of the transition from
the insulating-to-metallic phase on the polarized white
lines is in process to clarify this key aspect of the elec-
tronic structure of high-T, superconductors.

IV. CONCLUSIONS

In conclusion, we have interpreted the experimental
features of the Cu L;-edge polarized XANES spectrum
of Bi,Sr,CaCu,05, 5. We have identified the physical ori-
gin of the peaks C,; and C, in the continuum. The inter-
pretation of the XANES of Bi,Sr,CaCu,0ys 5 in terms of
a one-electron approximation shows that the high-energy
bands beyond the Cu 3dx2_y2 band does not evidence

electron correlation effects. The oscillator strength for
the 2p —s channel is shown to be negligible. The Z +1
approximation describing the fully relaxed final-state po-
tential is shown to be valid also for the 2p —3d transi-
tions in the nearly filled band limit. The electron-hole
Coulomb interaction in the final states splits off the Cu 3d
unoccupied states from the continuum states ed of the
high-energy conduction bands. The integral of the polar-
ized spectra is shown to give a measure of the relative
weight of the Cu 3d , unoccupied states.
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