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Abstract—The current state of theoretical and experimental studies on the electronic structure of high-T,
superconductorsis analyzed. The agreement between the theory and experimental spectroscopic datais shown
to be rather poor in certain cases. The reason is that the X-ray and electronic spectrareveal strong electron cor-
relations. At the same time, no realistic model has been developed up to now in which both one-electron and
multielectron mechanisms of the formation of the spectra could be described in a unified way in compounds
containing transition and rare-earth elements. In this paper, particular attention is paid to a sudden-perturbation
model, by which it has been possible to describe or interpret some X-ray and electronic spectra, including both
one-electron and multielectron effects. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

It can now be confidently said that the discovery of
high-T, superconductivity (HTSC) has given vigorous
impetus to the development of many areas of both
experimental and theoretical physics. Particularly strik-
ing is the development of high-resolution electron
spectroscopy and the theory of strong electron correla-
tions. The first attempts to elucidate the features of the
electronic structure of high-T, superconductors and to
correlate them with the nature of the HTSC were made
amost immediately after the discovery of these com-
pounds [1]. It became clear that the spectral data
obtained by X-ray and electron spectroscopy methods
could not be unambiguously interpreted. The reason
was that the atomic and electronic band structures of
the HTSC materials were complicated and also that the
spectra showed the effects of strong electron correla
tions [2-4].

Detailed analysis of the literature concerned with
experimental and theoretical studies on high-T. super-
conductors shows that a great deal of information on
their electronic structure has been accumulated to date.
Thisinformation was obtained mainly by experimental
methods, namely, by X-ray electron and photoel ectron
spectroscopy, X-ray spectroscopy, X-ray emission
spectroscopy, X-ray absorption spectroscopy, and opti-
cal spectroscopy.

Photoel ectron spectroscopy of core electron states
alowed one to obtain some information about more
general characteristics of the electronic structure, such
asthe oxidation levels of copper and the occupancies of
multiel ectron configurations due to strong electron cor-

relations. The X-ray absorption spectra (XASs) aso
suggest that strong electron correlations affect the elec-
tronic structures of high-T. superconductors, in partic-
ular, the structure of unoccupied electronic states in
them.

Also, theoretical one-electron calculations of the
electronic structure of key objects were made, which
were not accompanied, as a rule, by the theoretical
modeling of relevant spectroscopic experiments. Only
some features of physical experiments, predominantly
of those on metallic phases, were adequately described
in terms of the theoretical one-electron models devel-
oped thusfar.

On the other hand, multielectron models of HTSC
(the Anderson model, several versions of the Hubbard
model, the t—=J model, etc.) undoubtedly gave some
insight into the role of strong electron correlations.
However, one-electron excitations of a system were not
theoretically treated in these models, which does not
allow oneto directly compare the theory with the great
bulk of the experimental data.

In fact, the view of the electronic structure of high-
T, superconductors has been fragmentary up to now;
some effects have been investigated only in one-elec-
tron models and others only in multielectron ones. No
realistic model was developed, in terms of which one
could interpret a great body of experimental data
revealing both one-electron and multielectron effects
(for example, X-ray absorption spectra and various
electronic spectra).
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EFFECTS OF STRONG ELECTRON CORRELATIONS

1. BASIC DATA ON THE ELECTRONIC
STRUCTURE OF HIGH-T, SUPERCONDUCTORS

1.1. Electronic Spectra of Superconductors

Analysis of the literature [3, 5-13] showsthat Cu2p
X-ray photoelectron spectra (Cu2p-XPSs) of copper
were investigated the most, because they can be exper-
imentally measured quite easily. From these spectra,
one can obtain some information about the valence and
charge states of copper in compounds. Figure 1 shows
typical Cu2p-XPSs of compounds CuO, La, _,Sr,CuO,
(x=0, 0.15), and Cu,0O [3, 5]. In the spectraof CuO and
La,_,Sr,CuQ,, in contrast to those of Cu,O, there are
two intense peaks, which the authors of [3, 5] associate
with transitions to 3d*° and 3d° states, respectively. The
3d° peak has a complex structure due to the Coulomb
interaction of 2p and 3d vacanciesin thefinal state; this
peak is nearly rectangular in shape for “good” samples
(fabricated under certain conditions). In the process of
physical degradation of the samples, the 3d° peak first
becomes asymmetric and then less intense.

The satellite structure of Cu2p-XPSs was widely
used to estimate the charge distribution in the ground
state [14, 15]. Most of the estimations, made in the
Anderson model (described in [16-22]) using experi-
mental data, show that, in CuO and La,_,Sr,CuO,
oxides, the weight of the 3d° configuration does not
exceed 50-60% and only a moderate contribution is
observed from the 3d® configuration.

There are a number of papers in which the Cu2p-
XPSs are misinterpreted. In most of the papers, it was
concluded that the Cu(+3) ions make a considerable
contribution to the chemical bond. Theoretically, we
believe that the spectra of the ionsin the NaCuO, com-
pound [23] (Fig. 2), inwhichthelocal structural param-
eters of the environment of the copper ion (CuQ, clus-
ter) are close to those in the HTSC compounds under
study, are of greatest interest. There are two fundamen-
tal ditinctions between the Cu2p-XPS of NaCuO, and
those of La,CuO, and CuO: a noticeable shift of the
principal peak and its satellite to shorter wavelengths
and the emergence of an additional long-wavelength
satellite at an energy of 937.5 eV.

The presence of a complex satellite structure in all
the X-ray electron spectramentioned aboveisan unam-
biguous manifestation of strong valence electron corre-
lations in high-T,_ superconductors.

1.2. X-ray Absorption Spectra of High-T,
Superconducting Compounds

The best understood X-ray absorption (XAFS)
spectraof HTSC compounds are CuK spectra. They are
observed when X-rays induce transitions of 1s elec-
trons of copper to unoccupied Cup orbitals. In copper
oxides, there are no vacant Cup states up to the ioniza-
tion threshold. For this reason, in this energy range,
there are no intense lines in all CuK spectra of HTSC
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Fig. 1. Cu2ps/, X-ray photoelectron spectra[3, 5] of com-
pounds (1) CuO, (2) Lag g5Srg15CuOy, (3) LayCuOy, and
(4) Cu,O.

.
=
7

948

&

Intensity, arb. units

928

Energy, eV

Fig. 2. Cu2ps, X-ray photoelectron spectra [23] of com-
pounds (a) CuO, (b) LaCuO, (c) YBa&yCuz0; and
(d) NaCuO,. The half-width of the spectra line '(eV) is
(a) 3.25, (b) 3.30, (c) 3.20, and (d) 1.60.

compounds and related oxides. Historically [1], the
CuK absorption spectrawere used, first of all, for deter-
mining the oxidation level of copper in high-T, super-
conductors. In fact, it was on the basis of these spectra
that the erroneous inference was first made that Cu(l 1)
ions are of considerable importance in forming the
electronic structure of La,CuQ,. Later, the nature of the
principal peaks of the near-range fine structure of X-ray
absorption spectra was elucidated on the basis of one-
electron calculations [24-27]. The features of the spec-
tra were identified that are associated with the scatter-
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Fig. 3. Experimental CuLz X-ray absorption spectra[31] of
the Y Ba,Cu30; _ 5 compound for different values of 6.

ing of photoel ectrons by the atoms of thefirst coordina-
tion shell [1, 24] and by more distant atoms [25-27].

Noteworthy is the paper by Li et al. [26], in which
the experimental spectrum was compared with theoret-
ical one-electron calculations of polarized CuK spectra
for an extended cluster and the conclusion was drawn
that the peak 7 eV higher than the principal peak in the
z-polarized spectrum has a multiel ectron nature. How-
ever, this hypothesis was not substantiated in [26], not
even qualitatively. The CuK spectra are well repro-
duced, and hence, their variations with composition
and under different conditions can be determined with
ahigh degree of accuracy. In the experimental work by
Kosugi et al. [28], owing to this property of CuK spec-
tra, the spectra of two-hole Cup states were first
obtained for doped La,_,Sr,CuO, and YBa,Cu;0O,
compounds. It should be emphasized that work was
very important, because only the method proposed in
[28] made it possible to separate the spectra corre-
sponding to the electronic states produced by doping.

Another experimentally well studied spectrum of
HTSC compounds is the CulL; spectrum. The Cul,
X-ray absorption spectra are associated with the transi-
tion of an electron, excited by an X-ray quantum, from
the 2p energy level of copper either to a d-type bound
state or to the s or d orbital in the positive-energy range
(after which the electron leaves the system).
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Up to now, the mechanism of the formation of Cul,
X-ray absorption spectra of high-T, superconductors
has been studied either by a method based on the one-
electron approximation and multiple-scattering theory
(see, e.g., [2, 27]) or by amultiel ectron treatment based
on the Anderson model [29]. The former approach
ignores the effects of strong electron correlations,
which are important in forming these spectra, whilethe
latter gives a very rough picture of X-ray absorption,
reducing the entire spectrum to a single white line and
not allowing one to describe the intricate part of the
spectrum above the ionization threshold. Nevertheless,
some interesting results were obtained using even this
much-simplified multielectron description of the for-
mation of CulL; X-ray absorption spectra. In [29], the
modeling of the white line (transitions to vacant Cud
bound states from the core Cu2p orbitals) of Cul,
absorption spectra was performed for both one-hole
and two-hole configurations of the CuO, cluster in
terms of the three-band p—d model. It was shown that
the z-polarized spectrum becomes noticeably more
intense after doping. A comparison between the results
obtained in [29] and [30] shows that the theory agrees
well with the experimental X-ray absorption data;
hence, the conclusion is substantiated that the density

of Cud . statesbecomessignificantly higher after dop-
ing.

Nowadays, there is a great body of experimental
data [29, 31] suggesting that, in copper-containing
HTSC oxides, the mechanisms of the formation of
CuL,, ; spectra are essentialy different from those
described by a one-electron, crystal-field model. First
of al, the experimental spectraindicate that there occur
electron transitions, known as nondiagrammatic, to the
states that cannot be described by this model. These
transitions are associated either with strong electron
correlations or with photoelectron scattering on possi-
ble potential barriers produced by surrounding atoms
and chemical bonds in the compounds under discus-
sion. The discrepancies were best demonstrated in [31]
in the CuL; spectrum of Y Ba,Cu;0; _5 (Fig. 3).

In [31], the fundamental peak A of the white line
was attributed to the transition Cu2p%3d® —
Cu2p®3d'° for any value of d, while the peak B for
0=0.07-0.30 was ascribed to the transition

Cu2p®3d°L — Cu2p°3d°L , accompanied by strong
electron-correl ation effects, which agrees with the the-
oretical results abtained in [32], where X-ray absorp-
tion due to transitions from the core 2p energy level of
copper was investigated in the YBa,Cu;O,_5 com-
pound using the Anderson model. When d is increased
(causing the electron vacancy concentration to
decrease), the intensity of the peak B fallsto zero and a
peak C appearsat adistance of 2.8 eV fromit. The peak
C was attributed in [31] (taking into account the posi-
tion of the fundamental peak in the CuL; spectrum of
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EFFECTS OF STRONG ELECTRON CORRELATIONS

Cu,0 [33]) to copper ionswith the (+1) oxidation level.
Undoubtedly, thisinterpretation of the peak C deserves
attention, but the mechanism of the formation of the
CuL; spectrum of univalent copper was not discussed in
[31] and [33]. Moreover, the absolute values of the
absorption oscillator strengths for the 2p orbital of cop-
per in YBa,Cu;0;_5 and Cu,O were not presented in
[33], which does naot alow one to correctly analyze the
CuL; spectrum of the complex YBa,Cu;0,_5 system,
which is a combination of the spectra of copper ions
with +1, +2, and +3 oxidation levels. Thus, it looks as
if, even with alowances made for the multielectron
effects, one cannot explain all features of the Cul;
spectra of copper-containing HTSC materials.

According to [32], in the undoped system (with one
electron vacancy per formula unit), X-rays can induce

only transition 2p‘5diz_y2 —~ 2p3d'°, even though in

theinitial state there are two d° and two d'°L configu-
rations, due to the hybridization of the vacant states. In
doped systems (with more than one vacancy per for-
mula unit), there appear contributions from the Cud?,

Cud®L, and CuleH_ configurations and, hence, the

multielectron effects are much stronger. For this rea-
son, the Cul; spectra of dopant-produced electronic
states of doped compounds noticeably differ from the
spectra for undoped ones; in particular, there appear
shakeup satellites near the white line [2, 32, 33].

1.3. X-ray Spectra of Core Energy Levels

Nowadays, there is a great body of spectral data
available in the literature (see, e.g., [34, 35]) on CuK,
X-ray spectra (transitions from the Cu2p to the Culs
orbital ionized by an X-ray quantum). In most of the
papers dealing with the theoretica and experimental
investigation of these spectra, some spectra features
are explained in terms of the Anderson model or the
two-band Hubbard model. The mechanisms of the for-
mation of the spectra are commonly discussed for the
one-hole configuration, and no account is taken of the
contribution from the two-hole configuration, for
which the correlation effects are of fundamental impor-
tance.

The authors of papers [36, 37] considered the
energy shift of the principal peak in the CuK, spectra
that is caused by the phase transition from the nonsu-
perconducting to the superconducting state in HTSC
oxides, among them La,_,Sr,CuQ,. It was shown that
only in YBa,Cu;0;, the principal peak of the CuK,
spectrum is shifted by 0.35 eV, due to a change of the
leading configuration. Theoretically calculated spectra
of systems with a one-hole configuration were
described in detail in [36, 37]. A low-intensity satellite
was shown to exist which depends on the density of
states of the Cud® configurations and whose position is
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higher by 0.4 eV than that of the principal peak; the lat-

ter depends on the density of the Cud'°L stateinthe1s
and 2p hole configurations. It was shown in [37] that
the shift of the K, line of copper cannot be measured
without separating out the contributions of the satellite
structure. Hence, analysis of these spectra cannot be
performed without resorting to multiel ectron methods.

1.4. One-Electron Calculations
of the Electronic Sructure of Cuprates

Even the first attempts to describe the electronic
structure of copper-containing HTSC materials by non-
empirical, cluster, and band, one-electron methods
were accompanied, asarule, by comparing the calcula-
tions and experimental photoelectron and X-ray emis-
sion spectra of these compounds (see, e.g., [1-7, 38—
43]). These calculations gave practically the same pic-
ture of the electronic structure formed by the Cu3d and
O2p orbitals (see Fig. 4 and, e.g., [44, 49]).

However, it immediately became obvious that there
are fundamental limitations to such calculations when
applied to HTSC materials.

(1) First of al, the one-electron calculations give
zero magnetic moment for copper ions, whereas the
experiment shows that all undoped HTSC compounds
are antiferromagnets, with the copper ion magnetic
moment being equal to p ~ 0.5, and athough the
high-T, superconductors themselves possess no long-
range antiferromagnetic order, they show strong spin
fluctuations [46].

(2) The experimental photoelectron spectra are
shifted to lower energies by about 1-2 €V as compared

oy
3212

xy
A

Cu

Fig. 4. Schematic diagram of the electronic states of the
Cu3d and O2p orbitals of the CuO, plane in terms of
the crystal-field theory and its interpretation in terms of the
LCAO-LDA method [44, 45]. The hatching shows the
occupied states; ot*) and Tt designate (anti)bonding pdo
states.
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to the band calculations for both La,_,Sr,CuO, and
Y Ba,Cuz0; _s.

(3) The one-electron calculations predict a metallic
behavior for the ground state of undoped oxides such as
La,CuO, and YBa,Cu;O, whereas the experiment
shows that they are insulators.

(4) The one-electron models offer no explanation of
X-ray electron spectra and X-ray spectra of the core
energy levels of copper and oxygen, because they have
acomplex satellite structure.

(5) A comparison of the theory and the experiment
showed that a number of features of the X-ray absorp-
tion spectra of copper also cannot be explained in terms
of asimple one-electron model.

In more recent papers [47—-49], an attempt has been
made to improve the one-electron approach by intro-
ducing a vacant-state potential correction. In effect,
such a correction to the potential is analogous to the
introduction of the parameter U, in the Hubbard model,
which will be discussed below.

This improved approach alowed one to qualita-
tively explain the forbidden gap, the shift of the photo-
electron spectra to lower energies, and the magnetic
moment of copper atomsin the ground state of undoped
oxides, such as La,CuQ,, CaCu0O,, Sr,CuO.Cl,, and
Y Ba,Cu;0;. The nature of the electronic states of the
top of the valence band and the bottom of the conduc-
tion band was al so adequately described and the results
agreed with the most reliable experimental and theoret-
ical data. Unfortunately, in those papers, modeling of
the X-ray and photoel ectron spectrawas not conducted
and a comparison of the calculations and the experi-
mental data was made only indirectly, which does not
allow one to definitively judge the adequacy of this
approach.

1.5. Srong Electron Correlations

As mentioned above, the one-electron models can-
not describe the features of the electronic structure of
undoped cuprates and some of their physical and spec-
tral properties associated with strong electron correla-
tions. To take these correlations into account, two
methods were used in the literature. One of them is
based on models like the Hubbard or the Anderson
model, and the other is an ab initio approach, such as
the configuration interaction (Cl) method or the multi-
configuration self-consistent field (MC SCF) approxi-
mation.

Model calculations are the simplest and physically
most illustrative method for taking strong electron cor-
relationsinto account. The simplest of themisthetight-
binding model, which describes the electronic structure
of the CuO, plane and takes into account only the
atomic orbitals of the CuQ, cluster (two occupied p,

orbitals of oxygens and one half-filled Cudxz_yz
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orbital). The corresponding model Hamiltonian hasthe
form

Hgbd = Sdzdrcdic'i'epE p;rcpjc
i,o

j,o

+ Z tgd(drcpjc + H-C') + Z th]p( p]tcpjo + HC)
O, jo O, j'o
Here, the summation is carried out over atoms in the
cluster, [, jUmeans that the summation is performed
over its nearest neighbors, and o isa spinindex. In this
model, there are three bands containing five electrons.
In actual practice, however, this Hamiltonian is written
in the hole representation, in which the state
Cu3d202p° is taken as the vacuum state. In the case
of one vacancy, the electronic structure of the CuO,

planeis reduced to one Hubbard band Cu3d®202p%. As

iscustomary inthismodel, di, and pj, arethecreation
operators for holes at d and p orbitals, respectively, of
copper and oxygen atoms in the CuO, plane. The
charge-transfer gap A equalsthe difference between the
energies of the p and d states of oxygen and copper (A =
€, — &) and is positive in the hole representation. The

hopping integrals t.y and ti}, are parameters of the sys-
tem, determined either from the experimental data or
from some nonempirical calculations. The signs of

these parameters are dictated by the symmetry of the
system, and their absolute values are much less than A

(the, th < A).

This model ignores one of the main features of the
strongly localized d orbitals of copper, their strong
Coulomb interaction. The Emery model is not sub-

jected to this drawback. It is athree-band analog of the
one-band Hubbard model,

_ 0 d d
Hapg = Hsbd"'Udznnnu
i

P P d.p
+UpanTnjl +Updzni n,
j

G, o

where nf, = di;d,, and nf, = p/,p, are the densities
of Cu3d and O2p holes, respectively. The quantities Uy
and U, are the Hubbard interaction parameters at the
same orbitals for copper and oxygen, respectively, and
U,q Characterizes the copper—oxygen interaction. In the
hole representation, these quantities are positive and
correspond to repulsion. The quantity Uy isdominantin
the formation of the electronic structure and because of
this, the transition Cu3d® —» Cu3d® is suppressed.
The limit case where all three Hubbard interaction
parameters are zero (Uy = U, = U,y = 0) correspondsto
one-electron calculations. In this case, the upper o*
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band (Fig. 4) is twofold degenerate (in terms of this
model) and, hence, half-filled.

As the Hubbard repulsion parameter U, increases,
the degeneracy of the o* band islifted and there appear
the lower (LHB) filled and the upper (UHB) vacant
Hubbard bands[50]. When Uy < A, the el ectronic struc-
ture corresponds to a Mott—Hubbard insulator, with the
filled upper band being composed of the Cud-type
states. When U, > A, we have a charge-transfer insula-
tor. In the latter case, the lower Hubbard band is situ-
ated bel ow the oxygen subband, and aminimal electron
excitation energy is required for the electron charge
transfer to occur from the oxygen sublattice to copper
centers.

Magnetism of individual copper atoms in undoped
cuprates is smply and naturally explained in terms of
the three-band Hubbard model. Indeed, when the cop-
per d band is split into two Hubbard bands, correspond-
ing to the d® — d® and d® — d° excitations, the
number of the remaining electrons per formula unit is
even, which explains the insulating behavior of these
compounds. Since the d® configuration corresponds to
a magnetic ion, it is not surprising that magnetism
occurs [51, 52].

The long-range antiferromagnetic order in such
compounds is due to the spin superexchange between
copper centers having one vacancy. It can be described
by performing aunitary transformation that reducesthe
three-band model to the two-dimensional Heisenberg
model [53]

H=Jcy (S5~ U4n'n%),
G, jo
where Jc is the exchange coupling constant and S is
the spin operator of acopper center. We have

Joc = (Athg/A)(L/Ug+2/(2A + U )).

A lower experimental estimate of this constant is
Joc 00.15 V.

Another evident success of Hubbard-type modelsin
studying undoped high-T, superconductors is the fact
that, using this approach, it has been possible to quali-
tatively describe CuK, X-ray spectra and Cu2p X-ray
electron spectra (Cu2p-XPSs) of these compounds
[52, 54-57]. However, in most of those papers, only the
mechanisms of the formation of spectrafor a one-hole
configuration were discussed, ignoring the contribution
from two-hole configurations, for which electron corre-
lations are of fundamental importance.

For atwo-hol e configuration of the structural unit of
a high-T, superconductor, this problem was first solved
by Zhang and Rice [58]. One would think that, in a
charge-transfer insulator, an extra hole should be situ-
ated in the oxygen subband, which is just below the
upper Hubbard band. However, Zhang and Rice argued
againgt this point of view. They demonstrated that the
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covalent mixing of atomic states of copper and oxygen
(due to which, in the band theory, the 1t band is basi-
cally of an oxygen nature, see Fig. 4) leads to the for-
mation of atriplet and asinglet (Zhang—Ricesinglet) in
the Cu3d°02p° states through Hubbard splitting of
occupied states in the one-electron 11 band. According
to their calculations, the singlet is the highest of the
occupied states (in the electron representation) and it is
thefirst to be occupied by an extravacancy produced in
the process of doping.

In terms of the one-band Hubbard model, thismeans
that both the Zhang-Rice singlet and the Cu3d° vac-
uum state are nondegenerate and similar in behavior to
the upper and lower Hubbard bands. Hence, they can be
described in terms of an effective Hubbard model with
ahalf-filled band,

nn
H=-tY (¢4 +H.c)
2.
nnn
—t' Z (CioCjo + H.C) + UZn”n”,

0 jo i

whereny, = ¢, ¢, isthe electron density for spin o and
U = A. In addition to the hopping integral t between
nearest neighbors (equal to 430 meV), this model
involvesthe hopping integral on atoms of the next coor-
dination shell (t' =—-70 meV) [53].

In a CuQ, cluster, the single oxygen state that is
mixed with a copper d state is described by the totally

symmetric combination Py, = (]JZ)Zi P, . The other

three oxygen states Pj;s,, are not binding states. Inthe

half-filled state, the cluster has one vacancy with spin
down. When one more hole is added (in the process of
doping), we have the problem of two holes for four
states interacting with the copper states.

Thus, we have the following five configurations
(basis wave functions): the Cud®O2p® configuration,

represented by the state |d}, dj, [J the Cud®O2p* con-

figuration, represented by |Pg,Pg, [ the Cud®02p®
configurations of the first type represented by the sin-
glet [SO= (| Pg,d], O+ [d],Pg, V4/2 and the triplet

[TCE (| Pg, dj, O |d], P, D/+/2. The Cud®O2p® con-
figurations of the second type are represented by the
states involving the nonbinding oxygen states, such as

IPItIBm d;i [

The Hamiltonian of this modd is not difficult to
diagonalize. In the case of a charge-transfer insulator,
the ground state is found to be the Zhang—Rice singlet,
whereas the triplet is 2—4 eV higher and plays no part
in the phenomenon in question at low temperatures. In
this model, the Zhang—Rice singlet represents an effec-
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tive spinless hole (in the doubly occupied-state
subspace) moving through the two-dimensional spin
lattice.

The other approach that allows one to consider
strong electron correlations is multiconfiguration ab
initio calculations (Cl method and MC SCF approxi-
mation). For Cu(ll) oxide systems, these calculations
demonstrate strong localization of valence band top
electrons (seg, e.g., [59, 60]), which substantiates the
applicability of Hubbard-type models. The most
detailed study, in our opinion, was carried out in [60],
where it was shown that the process of ionization of
both core and valence orbitals is accompanied by a
strong screening effect, which leads to the emergence
of multielectron shakedown satellites in electronic
spectra associated with the charge transfer from the
occupied O2p to vacant Cu3do orhitals.

Of the papers in which the ab initio MC SCF
method was used to investigate doped copper oxide
[formally, Cu(ll1)] systems, of specia note is that by
Eto and Kamimura [61]. In that paper, the electronic
structures of compounds La-Se-Cu-O and Nd-Ce-
Cu—O were calculated by a multiconfiguration varia-
tional method in a cluster approximation. Calculations
were performed for the CuQ, CuO, Cu,0O;;, and
Cu,Oy clusters. It was shown that, at the hole concen-
tration close to the superconducting value, the ground
state of the hole-doped CuQ; cluster changes over from
A4 to 3B,y when the copper—apical-oxygen internu-
clear distance is varied. The ground state of the elec-
tron-doped CuO, cluster was shown to be 3B, and the
dopant electron was at the Cuds orbital. Eto and
Kamimura also adequately described the antiferromag-
netic ordering in the Cu,O;; and Cu,O, clusters and
showed that doping suppresses antiferromagnetism in
both p-type (Cu,0;; cluster) and n-type (Cu,O; cluster)
systems, though the mechanisms of these processes are
different.

1.6. A multielectron Model for the CuO, Plane

In amultielectron approach, the Hamiltonian of the
multi-band p—d model, describing the valence state of
copper and oxygen, can be written in the hole represen-
tation as [62—64]

H = Hy+Hp+Hy,+ Hpy,

Hyg = sz(r),
Hqy(r) = Z[(sd)\_u)d:)\odr)\o"'(]Jz)udn(rj)\nr_)c\y]
Ao

g 0o + +
+ Z (Vdnrlnrz - ‘Jddl‘lcdrlGdI’ZG'erO)’
ag'
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Hp = ZHp(i),
Hp(r) = Z[(Spa_u)praopiac-}-(1/2)Upnicuni_g]
+ Z (VNN = JpPiioPise Piao Pizo).
Hoa = 3 Hoali.1).

de(i’ r) = Z Z(T)\u piJrcxcdr)\o +H.c.

Ao od'

g 0 + +
+ V)\ornr)\nia - ‘])\adr)\cdr)\o' piorc' piac)1

pr = Z Z(tuﬁprucpjﬁa"'H-C-)v (1)
(i,j)apo

wheree,, and &4, arethe one-particle energies of p- and
d-hole orbitals a and A, respectively; U, and U, are the
Hubbard correlation parameters; V, and V, are the
matrix elements of the intraatomic Coulomb repulsion
at the same and different orbital s of oxygen and copper;
J, and J, are the Hund exchange integral s at oxygen and
copper atoms, respectively; T,, and t,, are the matrix
elements of p—d and p—p hopping, respectively,
between their nearest neighbors; V,, and J,, are the
matrix elements of the Coulomb and exchange interac-
tions, respectively, between nearest copper—oxygen
neighbors; and Y is the self-consistently calculated
chemical potential, situated in the insulator energy gap
of the undoped system. Obviously, the correctness of
the results obtained in this model depends on the basis
functions chosen for calculations. For this reason, one
should include at least the de_p and d . orbitals of

copper, as well as the p, and p, orbitals for all oxygen
atoms. The energy of the dxz_yz orbital was taken to be

g4, the energy of the d . orbital was (g4 + Ay), and the
energy of the p, , orbitalswasg,,.

In (1), thefirst two terms describe intraatomic inter-
actions, including the Hubbard correlations U, and Uy,
the Coulomb interaction between holes at different
orbitals and the Hund exchange. The last two termsin
(2) correspond to interatomic p—p and p—d hopping and
Coulomb interaction. The values of the parameters of
the Hamiltonian (1) are taken from the experiment;
they were determined by matching the electronic struc-
ture of the ground state of La,CuQ, to the optical and
magnetic data [65]

V,=3eV, Vy4=45¢V,
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J, = Jg =058V,
T,. = 156V, t, = 02eV,

Vi, = 066V, J,, = 02eV,

€4 =0, Ay =156V, g3 =2¢V.

The dependence of the results on the choice of U,
and Uy is discussed below. The parameters U, and Uy
are assumed to be infinite, unless otherwise specified.

1.7. The Ground Sate of the CuO, Cluster

Let us consider localized states with no hopping
between unit cells. Figure 5 shows the local bases for
(a) the Hubbard model and (b) a multi-band p—d model;
in the latter case, only several excited stateswithn=1
and n = 2[65, 66] are shown for aparticular unit cell in
which a quasiparticle is created. In the hole representa-
tion of the Hubbard model (Fig. 5a), the top of the
valence band consists only of two quasiparticles [67]
(interms of the multiel ectron approach), corresponding
to the upper and lower Hubbard bands with energies

Q, = Eo(2,9) —En(1) = Eo(1)+U
and
Q_ = Eo(1) —Eo(0) = Ex(1),

where Ey(0), E¢(1), and Ey(2, S are the energies of the
ground states of the cluster in the zero-, one-, and two-
particle subspaces of the Hilbert space. The S = 1/2
state with the energy Ey(1) is degenerate due to spin,
whereas the state with Ey(2, S) may be asinglet (S=0)
or atriplet (S=1). Dispersion in the system [Qg —
QgK)] is associated with intercluster hopping. The dis-
persion relation varieswith different values of S; hence,
the X-ray spectrawill be different for systems differing
inspin.

In amany-band model, the number of different tran-
sitions between states in which the numbers of elec-
trons (or holes) differ by unity is much larger (Fig. 5b).
It is much more convenient to describe the localized
particles, introduced in these models, in terms of the
Hubbard operators

X" = |pOq0)

which are constructed for a complete set of localized
multiel ectron states. Here, asindicated above, the states
of one unit cell, that is, multielectron molecular orbit-
als, areimplied.

In terms of the three-band p—d model, in the case
where Ty, < A, Uy, Uy (T isthe p—d hopping param-
eter and A = g4 — €, is the charge-transfer energy), the
effective exchange integral J,, o can be written as[53]

Jewo = 8Trg(L/(A+U,) + 1/(Dy—A)).
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Fig. 5. Local bases of (a) the one-band Hubbard model and
(b) the multiband p—d model. Only some of the excited
terms are shown in the one-hole and two-hol e subspaces of
the Hilbert space in the multiband model. Arrows show the
processes of quasiparticle annihilation.

Inthe limit of U, = Uy = o, the exchange integral Jo,, o
is zero and the singlet and triplet are degenerate. How-
ever, a finite U, and Uy, the value of Jg, o becomes
large; for typical values of parametersUy =10V, U, =
6eV, T\, =1-15eV,and A = 2-3 eV, wehave Jo, o =
2 eV. Therefore, in order to correctly evaluate the effec-
tive exchange integral, one should take into account the
finiteness of the intraatomic Coulomb repul sion param-
eters U, and Uy,

The state of two holes in the CuO, unit cell may be
aZhang-Rice singlet [58] or atriplet [68]. When calcu-
lating the spectra, the energies of the singlet (¢5) and the
triplet (€) were determined by exactly diagonalizing
the Hamiltonian of the CuQ, cluster at U, = Uy = .
Relatively small variations in the values of parameters
may result in the crossover between the singlet and trip-
let, that is, in the change of sign of the level splitting
Ae=gr —gs. Inourcase a A=¢,—¢g =2¢€V, the
ground state of two holes is a triplet (e = —0.93 and
£5=-0.82), whileat A = 1.5 eV, the ground state is a
singlet (¢ =—1.52 and eg = —1.54).

When the values of the Hubbard repulsion parame-
ters arefinite, the picture becomes somewhat different.
Figure 6 shows calculated level splitting [69] in the
multiband p—d model for Uy =12¢eV, U, =8¢V, T), =
1.5eV,and A =3 eV (curve l). This curve corresponds
to a minimal set of parameters, which is arbitrarily
called “three-band model plus d . orbital,” because all
parameters that are not involved in the three-band
model are taken to be zero. The calculations for this set
explicitly show the effect of the d . orbital when its

energy islowered to its actual values.

As A\ is decreased, the effect of the Coulomb inter-
action between orbital s increases, as seen from curve 2,
for which we have taken V4 = 4.5 eV. Curve 3 corre-
sponds to the case where al the parameters we used to
completely calculate the CuO, layer are taken to be
nonzero.

It is seen from Fig. 6 that the exchange splitting Ae
decreases as the energiesof the d ;. and d; orbitals
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Fig. 6. Dependence of the triplet—singlet splitting energy
Ag = g1 — g for the two-hole states of the CuO, cluster on

the crystal-field parameter Ay = sdZZ —a»:dxz_y2 . The model
parameters are (eV): (1) Uy =12, Uy =8,A =3, T = 1.5,
and other parameters are zero; (2) V4 = 4.5 and the other
parameters as for curve 1; and (3) Uy =12, Uy =8, A =2,
T)\(X = 1.5, taB = 0.2, Vd = 4.5, Vp = 3, Vpd = 06, Jp = ‘Jd =
0.5, and Jpq = 0.2.

approach each other. Virtua transitions to orbitally
nondegenerate states lead to antiferromagnetic
exchange and stabilize the singlet, whereas virtual tran-
sitions to degenerate states lead to ferromagnetic
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exchange and stabilize the triplet. The latter is due to
the fact that, according to the Stoner criterion, the den-
Sity of states at the Fermi surface increases in propor-
tion to the degeneracy.

Thus, the transition from the three-band to the
multiband p—d model with finite values of the Hubbard
correlation parameters leads to a decrease in Ag, from
24 €V in the former case to 0.1 eV in the latter. The
introduction of other small parameters into the many-
band model may lead to the inversion of the singlet and
triplet states. For instance, these may be oxygen—oxy-
gen hopping parameterst,, [68], interatomic Coulomb
and exchange p—d integrals V4 and J,,q, or the contribu-
tion from apical oxygen atoms.

1.8. General Characterization of the Electronic
Structure of the HTSC Oxides

Thus, on the basis of the data obtained by various
experimental and theoretical methods and presented
above, the following current view of the electronic
structure of high-T, superconductors was formed [53].

The Hubbard repulsion removes the degeneracy of
the upper half-filled one-electron band o* (Figs. 4, 79),
splitting it into the lower and upper Hubbard bands
(LHB and UHB, respectively) depending on the rela
tive values of the parameterst,,, t,4, Uy, and A (Figs. 7b,
7c). According to the classification by Zaanen,
Sawatzky, and Allen [50], there are three types of elec-
tronic structures (Fig. 7): (a) d-type metal, correspond-
ing to Uy = 0O (this case was discussed in Subsection
1.4); (b) the Mott—Hubbard insulator, where t,;, t,q <

@  NB (b)
B AB LHB UHB
Sp €4 E
© (d
LHB UHB
& d¥ &~ d'0
f T f 1
Uy Ecr E Uy Ect E

Fig. 7. (a—¢) Zaanen—Sawatzky—Allen classification [50] of the one-particle spectra of transition-metal compounds: (a) metal,
(b) Mott—Hubbard insulator, and (c) charge-transfer insulator (CTl); and (d) CTI with Zhang—Rice singlet—triplet splitting. Shaded
regions indicate occupied states, (N)[A]B are (non)[anti]bonding states, L(U)HB are lower (upper) Hubbard bands, ZRS is the
Zhang-Ricesinglet, T isthetriplet, Ect isthe renormalized charge-transfer gap, and E is the energy.
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Uy <€ A and () the charge-transfer insulator, wheret
tog <A< Uy

The experimental resonance photoelectron spec-
troscopy data, which allow one to determine the partial
contributions from the O2p and Cu3d states, suggest
that the electronic structure of high-T. superconductors
corresponds to a charge-transfer insulator. Measure-
ments showed [70-72] that, in the La,_,Sr,CuQ,,
YBa&a,Cu;0;_5 and Nd,_,CeCuO, compounds, the
parameter U, of the three-band Hubbard model is much
larger than A. It was found, while making a comparison
of the experimental data and cluster calculations [70—
72], that U, ranged in magnitude from 7.3 to 10.5 eV.

In the one-electron Tt subsystem, the Hubbard repul -
sion manifests itself in the same way, splitting it into a
triplet and asinglet state. According to [58], among the
occupied states in undoped high-T,. superconductors,
the singlet has the highest energy and, in terms of the
Hubbard modél, it isan analog of the UHB, whereasthe
triplet has alower energy and corresponds to the LHB.

This last case of the electronic structure calculated
for the undoped superconductorsin the Hubbard model
isshown in Fig. 7d. The ZRS peak corresponds to the
Zhang—Rice singlet, which is the ground state among
the two-hole states [58].

pp?

2. A SUDDEN-PERTURBATION (SP) MODEL
AND A SCHEME FOR CALCULATING
SPECTRAL CHARACTERISTICS

2.1. The Theoretical Fundamentals of X-ray
Spoectroscopy (Sudden-Perturbation Model)

The formation of X-ray (absorption and emission)
spectraand of X-ray electron spectrais associated with
a one-electron and a one-photon process; that is, the
electronic system interacts with one X-ray quantum,
and one electron makes a transition from some core or
valence orbital to a highly excited state. Other (say,
Auger) processes that accompany or follow this pro-
cess noticeably differ in transition energy (which
allows one to resolve them) and, in addition, the parti-
cles emitted or absorbed in them differ in nature. The
processes of the interaction of X-rays with the matter
we consider here obey the energy conservation law, and
all channels of excitation and decay of highly excited
states in these processes are known.

Since the early 1930s, the theory of the interaction
of X-rays with matter has been based on the sudden-
perturbation (SP) approximation, which was success-
fully employed to treat the processes in the electron
shell of an atom that accompany the a, 3~, and B* decay
of nuclei, K-capture, and multiple ionization of atoms
[73—77]. Later, this approximation was extended to all
cases of inelastic interaction of X-rays with matter.

The SP model is based on the assumption that, due
to some interaction, the Hamiltonian of the system is
suddenly changed [78, 79] as compared with the over-
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all duration of the corresponding process or thelifetime
of the system. Thisistruein the case of K-capture or 3
decay. Indeed, the lifetime of the excited state of the
electronic system with avacancy at the 1sorbital (from
which an electron has fallen on the nucleus), as evalu-
ated from the experimental X-ray linewidths (AE=T =
1 eV) and the Heisenberg uncertainty relation, is of the
order of T = At > A/AE = 1071 s, At the sametime, the
time 1 it takes for the electron to “fall” on the nucleus
can be estimated astheratio of the effective orbit radius
R;s (~0.1 au) to the effective velocity v, of an electron
moving in this orbit. The latter can be evaluated from
the virial theorem (the Kkinetic electron energy is
obtained to be about 10°-10* V) and, hence, the time
T« isof the order of ~101°-108 s, which is far shorter

than the lifetime (107'° s) of theionized excited state of
the atom with the charge of its nucleus changed by
unity. Thus, in the case of the K-capture, one can
assume that the Hamiltonian of the system suddenly
changes in comparison with the lifetime of the fina
highly excited state with an electron vacancy at the 1s
orbital. In the case of the B decay, the change in the
charge of the nucleus occurs even more quickly,
because the radius of the atomic nucleus is much
smaller than that of the electron shells.

The applicability of the SP model is also well
founded for the X-ray spectroscopy of inner shells. For
example, it can be used to describe K, spectra, which
are associated with transitions from 2p statesto theion-
ized 1s state (the transition energy is of the order of
10% eV for elements in the middle of the periodic sys-
tem). Such spectra are commonly measured for excita-
tion energies 3-5 times higher than the K-shell energy
Ex, because in this case the line strength ceases to
depend on the excitation energy, which is due to the
nature of vacant states with energies of the order of
10%* eV (above the ionization threshold). Hence, one
can take the energy of an exciting photon to be 2@ >
Ex. Inthe SPmodéd, it is assumed that an 1selectronis
so quickly removed that the potential for 2p electrons
changes suddenly. Hence, the time it takes for the 1s
electron to go out of the L shell should be small in com-
parison with the revolution period of 2p electrons,

Map/Vis << 2T 5, /V5p,

here, r,, is the orbit radius of 2p electrons (0.25 au for
copper). Taking the excitation energy to be ~10*-10° eV
and using the viria theorem, one obtains v~ 3 x 10°—
10" cm/sand v, ~ 5 x 10'-108 cm/sfor elementsin the
middle of the periodic table. Thus, the condition for
suddenness is fulfilled and mixing of the 1s electron
with the 2p shell does not occur.

However, a more detailed consideration of the for-
mation of even these high-energy X-ray spectra, asso-
ciated with inner shells, raises some questions.
Undoubtedly, the effective nucleus charge, as it does
for the 2p shell, Z,,, changes suddenly, but the 2p shell
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Fig. 8. Process of excitation of the electron system by an X-ray quantum (schematic): (a) the ground state of the system before
absorption of an X-ray quantum fiw; (b) thefinal state of the electron system in the frozen-orhital approximation (FOA), described

by the wave function lP’S and energy EJ , with aholeat the core energy level, aphotoel ectron in the continuum, and with the unre-
laxed valence band; and (c) the final quasi-stationary state of the relaxed electron system with the X-ray hole, described by thewave

function W* and energy E*.

itself will be affected by the el ectron going through and
out of the electron system (a distance of roughly 2 au).
This increases the duration of the system perturbation
by at least an order of magnitude (up to 101078 s)
and becomes comparable to the revolution period of 2p
electrons (about 107’ s). Furthermore, considering this
process formally, we should add a time-dependent per-
turbation term to theinitial Hamiltonian of the system.t
Therefore, in terms of quantum mechanics, the energy
is not conserved in this process.

It is herethat a hidden paradox ariseswhen one dis-
cusses the applicability of the SP model in the context
of X-ray spectroscopy theory. On the one hand, the pro-
cess of the electron going out of the system causes a
perturbation finite in time, which must lead to the vio-
lation of the energy conservation. On the other hand, no
other particles (quanta or electrons) are emitted or
absorbed, and they are not involved directly in the for-
mation or decay of highly excited states; hence, energy
must be strictly conserved.

For the valence shell, the revolution period of elec-
trons, as evaluated from the effectiveradius (R, = 3 au)
andtheir energy (E,s=5€V), isof theorder of 5x 1071 5,
which is close to the lifetime (10> s) of a highly
excited state. Hence, the valence €l ectrons have no time
to make a sufficient number of revolutions about the
nucleus during the lifetime of the excited state. Due to

Linfact, the photoel ectron no longer belongs to the system in ques-
tion and, hence, its exit from the system affects the latter, giving
rise to a time-dependent perturbation or, in terms of X-ray spec-
troscopy, to the time-dependent process of “relaxation” of the
electron energy levels.

this fact, it is commonly assumed in X-ray spectros-
copy [80] that the transition of an electron system,
induced by an X-ray quantum, from the ground state
with awave function Wg(N) and an energy Egg(N) to a
final quasi-stationary highly excited state with an X-ray
hole at a core orbital [with a wave function W(N — 1)
and an energy E(N — 1)], proceeds via a transient,
“unrelaxed,” highly excited state Wgg(N — 1) with an
energy of Egg(N —1). Inthistransient state, the holeis
already created at a core orbital, but the other part of the
electron system has not yet adapted itself to it (has not
relaxed, in terms of X-ray spectroscopy, see Fig. 8). In
this scheme, it is assumed that the rearrangement time
of the valence shell T, islonger than the duration of the
perturbation or, what is the same, longer than the time
it takes for the electron to leave the core, 1. = a/lv =

al ./2hw/m,, where a is the effective distance the el ec-
tron travels before it leaves the system (which is
roughly 2-3 au), v is the velocity of the electron at
which it goes out of the system, and # @ is the energy
of the absorbed quantum.

The currently available methods for studying matter
that are based on the excitation by X-rays are used, first
of al, to investigate the valence shell of the electron
structure, the effective radius of which is 2-5 au. In
these methods (X-ray absorption spectroscopy, X-ray
emission spectroscopy, and some other techniques, by
which the specified channels of the creation and decay
of highly excited X-ray states are investigated), signifi-
cantly lower excitation energies are used, 10°-10? eV,
which are often close to the ionization thresholds of
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core states. L et us evaluate thetimeit takes for an elec-
tron to leave the system and travel a distance (about
10 au) at which the photoelectron no longer affects the
electronic structure of the X-ray cation. We will take
the energy E; of the core state from which an electronis
knocked to be 1000 eV (2p state of copper) and the
energy of exciting radiation # @ to be equal to theion-
ization threshold (also 1000 eV).

For the core state before the absorption of an X-ray
guantum, the virial theorem holds; hence, E; =T, + V
and E; = —T;. Immediately after the absorption (the ini-
tial instant), the potential energy of the system is not
changed (because the nucleus charge and the electron
charge distribution remain the same), but the total
energy of the electron at the initial instant E«(t = 0)

becomes equal to (E; + #®). Under these conditions,
the kinetic energy of the photoelectron at the initia
instant is Tyt = 0) = —2E; and at the infinitely long time
t — oo, it isequal to zero. Therefore, we can evaluate
the effective velocity of the photoelectron; it is obtained
as (Vp(t)) = 2.5 x 108 c/s at the initial instant and
V(t.,) = 0 at the final instant. Accordingly, the average
velocity is 108 cm/s, whereas the time it takes for the
photoel ectron to move adistance of 10 au (5% 10 cm)
isT,=5%x10"s

At the present time, X-ray methods are being devel-
oped in which the effective time it takes for an electron
to leave the system can be longer by several orders of
magnitude than the estimate made above. For example,
in X-ray absorption spectroscopy, the case is rather
common where many-center scattering of a photoel ec-
tron occurs by nearest-neighbor atoms (XANES range
of X-ray absorption spectra); or aphotoel ectron resides
near the absorbing atom for an anomalously long time,
because around this atom there isa high positive barrier
due to vacant electron states with a large | (giant-reso-
nance spectrain lanthanides and actinides); or a photo-
electron, being several atomic units away from the pos-
itively charged X-ray hole, isattracted to it (X-ray exci-
tons).

Thus, it is seen that the lifetime of highly excited
X-ray states and the time it takes for a photoel ectron to
leave the system, as well as the revolution period of
valence shell electrons, are of the same order of magni-
tude in the case of the formation of spectra associated
with the structure of valence states.

In spite of this, the SP model adequately describes
X-ray processes of various types. In the process of
absorption of an X-ray quantum, the total energy of the
system is changed by the quantum energy 2@ and the
final energy of the highly excited stateisE; = (E + A®) =
const. Thus, it is seen that the energy conservation law
is strictly obeyed in the process of interaction of X-ray
guanta with matter.

Taking into account that E; = (E; + A®) = congt, we
can write the wave function of thefinal statein theform
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n | n n
WR(x.1) = exp 3 EMEPR(X),

which is a solution to the time-dependent Schrodinger
equation

. anE(X,t) _ O | n n
IﬁT = HexpD—%E,:t%D,:(x),

where H is the Hamiltonian of the system. Analo-
gously, the initial (ground) state of the system can be
written as

i
Wes(x, 1) = eXpE_;LEGstEbGS(X)-

According to quantum mechanics, the probability of
the dipole transition from theinitial to the final stateis
given by the formula

IR(x, )

2

i * i —n [0
= ‘IeXp% EGSt%DGS(x)r exp %_i_i EFt%DF(x) dx

2

i I n * n
= ‘%}xp%EGst%expE—%EFt% Gs(X)r@e(x)dx .

The total energies of the initial and final states are very
large; for individual atoms and molecules, we have
Egs= Ef = 10°-10° eV, while for a solid, in which the
effective volume in which the interaction of an electro-
magnetic quantum with matter takes place may comprise
as many as 10 atoms, we have Egg = Ep = 10°-10° eV.

At theinitial instant, the time-dependent factorsin both
theinitial and final statesare equal to unity and, in addi-
tion, the continuity condition for the wave function is
fulfilled

i i
exp E_?L Easl - O)EkDGs(X) = exp %‘% EEt(t = 0)%D2(X) )

Ds(X)r=0) = CDE(X)(t =0)-

Therefore, for the probability of dipole transitions,
we have a conventional formula

I5(x) = ‘J’@’G‘S(x)rdbg(x)dxz.

Thus, the only process that is associated with the
formation of X-ray spectraand proceeds*in amoment”
istheinteraction of the X-ray quantumwith acore elec-
tron. Therefore, inthe SP model, the Hamiltonian of the
systemin ahighly excited X-ray state can be written as

Hex = H0+ Hc,d’ (2)
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where H is the Hamiltonian of the unperturbed system
(1) and H,, 4 is the term describing the interaction of a
core hole with the other part of the electron system,

Hc,d = Vc,hzd:)\odr)\onca

where n; = ) N, is the number operator of X-ray-

produced vacancies at a core orbital.

It followsfrom the above consideration that the state
with Weg(N—1) and Egg(N — 1) does not occur; instead,
an X-ray quantum induces the transition of the system
from the stationary ground state (Wgs, Egg) to the final
(for the process in question) quasi-stationary state
(P Ep) with the lifetime 1 via the transient state
[Pr(N, t)E(N, t)], the lifetime of which is equal to 1,
(the time it takes for the core electron to leave the sys-
tem); hence, the duration of the rearrangement of the
electron system is T, = t.. The change in energy of the
electron shells in the process of relaxation associated
with the X-ray-created hole is of the order of 1-10 eV,
whereas the total excitation energy of the system is
hw ~ 1000 eV, that is, the change in energy associated
with the relaxation of the valence shell during X-ray
processes is asmall perturbation of the system.

2.2. The Influence of Srong Electron Correlations
on the Spectrum Structure

When studying the X-ray and electron spectra of
copper oxide high-T, superconductors, one should take
multiel ectron states into account, because the core hole
strongly interacts with Cu3d electrons. Let us consider
the absorption spectrum in the case where an inner-
shell 1s or 2p hole is created. In one-electron calcula-
tions, the SP approximation in this case is better known
asthe Larson model [81-84]. The interaction of vacant
electron states with X-ray-produced core 2p and 1s
vacanciesisdescribed by the Coulomb matrix elements

Ve84 =756V and Vg 4 =7 eV, respectively.

It should be noted that, in the formation of X-ray
absorption spectra, the final states may have no holes at
copper atoms (transitions 2p — d%°, d°L, d'°L s(g),
d°LL s(e) and 1s — d'°L, d'°LL), one hole (transi-

tions 2p — ds(g), d°L s(€), d® and 1s — d°, d°L),
or two holes at copper atoms (transitions 2p — d®s(€)
and 1s —» df).

Beforethe creation of ahole at a core orbital of cop-

per, the multielectron wave function of the system can
be written as

d
Win = OLWIR0, 3
where ¢¢ isthe wave function of the core electron, nis

the occupation number of the core orbital, and wfgdg is
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the wave function of the ground state of the valence
electron system of copper and oxygen with the energy

,(r’fdo) , described by the Hamiltonian (1) under the con-

dition ny + n, = n, = const, where ny and n,, are the con-
centrations of holesin d states of copper and p states of
oxygen, respectively, and n,, is the number of holesin a
unit cell, being equal to 1 or 2, depending on the dop-
ing.

The wave function of the system in the final state
with the unchanged number of vacanciesin the valence
shell (excluding the process of formation of the white
line of the CuL; spectrum, in which the number of
Cu3d vacancies is decreased by unity) and with one
photoelectronin thes, p, or d continuum far beyond the
ionization threshold can be written in the form

Wi = o0 0w, @
where ¢, is the wave function of the photoelectron in
the | state with an energy ¢, to which this electron

makes a transition after excitation, and @!"y is the

wave function of the mth term of the system of p and d

electrons in the final state with the energy E{r . The

index m enumerates all eigenstates of the Hamiltonian
(1 +2H + Hg 4 [given by (1) and (2)] that have a
vacancy at a core orbital.

The energies of theinitial and final states are

— (pd)
Ein - nsc + Ein,O!

®)
Ef,m = (n_l)ec + § + E(fp(rjn)!

respectively, where E{Y isthe energy of the mth term

of the fina highly excited state. In the approximation
where strong el ectron correlations and the formation of
the white line of the CuL, spectrum are ignored, the
energy of the absorbed X-ray quantum equals

hw, = g —¢.. (6)

When strong €electron correlations are taken into

account, the energy of the absorbed X-ray quantum is
hw = g —¢g.+AE,,

— g(pd) (pd)
AEm - Efr,)m_ ir?,O'

Thus, in the one-electron approximation, we can write
the energy of this quantum as fiwy, = Aiw — AE,,.
X-ray absorption is described by the Hamiltonian

— (0,k) .+
HX-ray - ZI c Ikv
k

where 104 = |@ Jer|d,J? is the one-electron dipole
matrix element, c* isthe creation operator of aholeat a
core orhital, and |, isthe annihilation operator of ahole
in the valence shell or in the continuum. In the case

(62)
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where the number of d holes remains unchanged (tran-
sitions to s or p orbitals), the intensity of an X-ray-
induced transition is

m 12

() = [Cyler| W = [ B(edler|§)(e)T -
i Gl Cilig

In the absence of strong Coulomb interaction

between the hole at an inner-shell orbital and valence

vacancies (V. ¢ = 0), the functions w{F (EPY) and

wi"Y (ES)) are mutually orthogonal and, hence, the
Iast factor in 7, 1©mM(AE,) =

W50 (Eino)IWm (EFR)I is equal to &;,o. In this
case, the transition probability is determined only by
the matrix element 10)(%uy,) = @ (go)|er |d, ()Ll which
is calculated in the one-€electron approximation.

If the Coulomb interaction (2) is not ignored, the
states of valence p and d electrons (holes) before and
after photoionization cease to be orthogonal and, there-
fore, both the ground term and various excited terms of
the final state contribute to the absorption spectrum.

The formation of the white line of the CuL, 5 spec-
trumismore difficult to analyze, because the number of
holesin thed shell decreases. The wave functionin this
process can be written in the form

Wi = 00 e (- 1), ®

where @ fpd) (n, — 1) isthe multielectron function in the
(n, — 1)-particle subspace of the Hilbert space. The
energy of thefinal stateisequal to

Erm = (N-1)ec+ EFR(n,—1) ©)

while the energy of the absorbed X-ray quantum is
hw = —g.+AE,,. (20
The one-electron energies €4 of the d orbitals of the
initial and final states are included in the multielectron
energies E’Y and E{"Y) ; their values, as obtained by

X, calculations and used in treating the processes of
thistype, areroughly —2 to -3 eV.

In the absence of the strong Coulomb interaction
with the X-ray hole (and, hence, in the absence of the
relaxation of the electron system associated with the
creation of thishole), the energies of theinitial and final

states of the d shells can be written as E;, = ne, + (10 —
n)egand E° = (n— 1)e, + (10 —n,, + 1)g,, respectively.
In this case, the one-electron transition energy is
Ef-E,
and, in addition,
hw, = hw—AE,,.

= hwy = g4—&;
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Therefore, the intensity of the white line (associated
with a decrease of the number of d holes by unity) can
be written in the form

In(hw) = |, ler|pi™ = |abc<ec>|er|¢d<ed)tu(ll)
x| P EDELD) | Aol WPDEPD, - DI

f,my 'h
As in (7), we designate the one-electron contribu-
tion as I©M(AE,) and the multielectron one as
10D (F0).
Summing (7) and (11) over multielectron transi-

tions, we obtain an expression describing the whole
spectrum,

l(hw) = ZIm(ﬁw)
" (12)
= ZI(O")(ﬁw—AE ™ (AE,).

Thus, the total absorption spectrum I(%w) consists
of aset of one-electron spectra, theintensity of the prin-
cipal line of which is proportional to the multielectron
factor 1©M(AE,,) withm=0, given by (7) and (11), and
satellites, separated from the principal line by AE,, =

EPY = EPY and having an intensity determined by
multielectron factors (7) and (11) with m # 0. As is
seen, the X-ray absorption spectrum of the strongly
correlated el ectron system isthe discrete convol ution of
two spectra: the discrete spectrum |© ™(AE,,) of transi-
tions between p and d states of el ectrons (holes) and the

one-electron spectrum 1@ (%o — AEY”) of transitions

from 1s and 2p core orhitals to vacant electron states
situated both below and above the ionization threshol d.

2.3. A One-Electron Model for Calculating X-ray
Absor ption Spectra

The problem of choosing a cluster for calculating
the one-electron structure and spectra of high-T. super-
conductors has long been solved [27]. The one-electron
profiles of X-ray absorption spectra both below and
above the ionization threshold were calculated in the
self-consistent-field approximation for X, scattered
waves (SCF X,SW) [85]. By now, the range of applica-
bility of this approximation is well known. In this

paper, the electronic structure of clusters Cu Oéo' and

Cu 02— (La,_,Sr,Cu0,), corresponding to the (+2) and
(+3) formal copper states, was calculated employing
the X,-OMEGA program complex [86], while the cal-
culations of the electronic wave functions and one-elec-
tron X-ray dipole transition intensities in all energy
range were performed using the X,-CONTINUOUS
program [87]. The cluster parameters were chosen
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in accord with the internuclear spacing presented in
[88, 89].

2.4. The Structure of the Final Spectra

Thefinal spectrainclude both the effects of the den-
sity of vacant one-electron states and the doping of the
La_,Sr,CuO, compound and the effects of strong cor-
relations in doped and undoped unit cells. These spec-
traare obtained by summing the one-electron spectrain
accordance with (12). The xy-polarized CuL; spectrum
of undoped La,CuO, represents the (only possible)
one-€lectron transition from the Cud?® to the Cud'® con-
figuration with an intensity of 0.3428 and an energy of
2.03 eV; the profile of the spectral lineis obtained using
the calculated profiles of one-electron spectral lines of

the CuO;>~ cluster by the SCF-X,SW method. The

polarized spectraof unit cellswith two vacanciesin the
triplet ground state are more complex; for instance, the
Xy component is formed by transitions from the ground
two-hole state to four configurations of the final state
with avacancy at the Cu2p core orbital (inthe one-hole
subspace) with weighting factors 0.0560, 0.2241,
0.0037, and 0.0285, while the z component is formed
by the same transitions with weights of 0.2238, 0.0000,
0.0148, and 0.0000. The energies of these four config-
urations are 1.9405, 2.1424, 9.8151, and 10.3131 eV,
respectively. The profiles of these spectral lines are cal-

culated by the SCF-X,SW method for the Cu 02‘ clus-

ter, which corresponds to the (+3) copper state in the
one-electron approximation. Theintegrated intensity of
the polarized lines below the ionization threshold
depends only on the occupancies of the corresponding
(in accord with the Am selection rules) vacant d orbitals
(®—y?or Z) intheinitia state, whereas the number of
multielectron transitions depends on the number of
configurations in the fina state. In our model, the
orthorhombic distortion of the CuO plane is not taken
into account, which leads to the absence of the white
line in the z component of the spectra of the undoped

compound, because the d . orbital makes no contribu-

tion to the initia state; the emergence of the white line
in the spectra of the doped compound is due to the mix-

ing of the states d8(dxz_y2 + d) and d°L(d ) with
weights (0.38)2 and (-0.46)?, respectively.

The Cul; spectra of the singlet state are found by
the same procedure. In the xy-polarized spectrum, the
intensities of transitions to the final configurations are
0.222, 0.001, 0.042, and 0.000, whereas in the z-polar-
ized spectrum, they are 0.000, 0.005, 0.000, and 0.002,
with the energies of the configurations being 2.139,
2.280, 10.363, and 10.956 eV, respectively. Thus, inthe
singlet state, as is seen from these data, the density of

vacant bound d . statesis practically zero.
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The CuK spectra are also caculated from (7) and
(12). For example, the spectrum of undoped La,CuO, is
formed from the one-electron spectrum of the Cud®L
configuration with a weighting factor of 0.765 and an
energy of 2.7 eV and the one-electron spectrum of the
Cud® configuration with a weight of 0.235 and an
energy of 10.6 eV. The spectrum of LaSrCuO, with the
singlet two-hole ground state is also formed from the
spectra of two configurations: Cud*®LL with aweight

of 0.849 and an energy of 2.3 eV and Cud’L with a
weight of 0.144 and an energy of 12.1 eV. The spectrum
of LaSrCuQ, with the triplet two-hole ground state is
formed from the spectra of three configurations:
Cud®LL with a weight of 0.630 and an energy of

3.425 eV, Cud®L (of an x?—y? character) with aweight
of 0.151 and an energy of 11.7 eV, and a combination
of Cud®L (of az? character) and Cud?, with aweight of
0.219 and an energy of 16.5 eV.

2.5. Low-Concentration Approximation
(Independent-Center Model)

In a doped La,_,Sr,CuQ, crystal, one part of the
unit cells has asingle hole, while the other part has two
holes. The spectra of these partly doped superconduc-
tors are calculated under the assumption that the highly
correlated two-hole states produced by dopant atoms
do not interact with each other, because their concentra-
tion is low. In this case, the weighting factors of the
one-and two-hole components of the spectra of com-
poundsLa,_,Sr,CuO, (x = 0.2) aretaken in accordance
with the degree of doping. For example, the spectrum
of La gSry,CuQ, is formed from the spectrum of
La,CuO, with aweight of 0.8 and the spectrum of (sin-
glet or triplet) LaSrCuO, with aweight of 0.2. The half-
widths of the Lorentzian and Gaussian broadening of
the CuK,- and Cu2p-XPS spectra are taken to be
0.3eV.

3. MANIFESTATION OF THE EFFECTS
OF STRONG ELECTRON CORRELATIONS
IN X-RAY AND ELECTRON SPECTRA

3.1. The Cu2p X-ray Photoelectron Spectra
of La,CuO,-Type Compounds

Asindicated in Section 1, the multiplet structure of
the spectra of copper oxides with the Cud® configura-
tion is well understood in terms of the multielectron
Anderson model and described in detail (see, eg.,
[58]). Nonetheless, we would like to cite the typical
experimental Cu2p-XPS spectra of compounds Cu,O,
CuO, La,CuO,, La, gSry15Cu0, (Fig. 1) [3, 5], and
NaCuO, (Fig. 2) [23].

Figure 9 shows the Cu2p-XPS spectra of (a) the
one-hole configuration and (b) two-hole configuration
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calculated in the extended p—d model. According to the
calculations, the principal peaks of these two spectra
correspond to Cu*t. For example, in the one-hole con-
figuration (Fig. 9a), the occupancy of the Cud°L con-
figuration is (0.91), and that of Cud® is (0.42)2. In the
two-hole configuration, the occupancy of Cudlog_ is

even somewhat higher, (0.92)% the weight factor of the
Cud® configuration is negligible, at (0.05)?, while the
weights of the two Cud®L configurations are (0.37)?
and (0.11)%

It is seen from Fig. 9 that the addition of one more
hole leads to the appearance of an extra short-wave-
length satellite near 18 eV, associated with transitions
to the two Cud®L configurations with weights (0.12)?

and (0.81)? and the Cud? configurations with a weight
of (0.56)2. Thus, these calculations qualitatively sup-
port both a growth of the short-wavelength part of the
3d° peak with adoping of La,CuO, and the appearance
of an extra satellite in the spectrum of the NaCuO,
compound. The significant differences in the positions
of the peaksin NaCuO, are likely to be due to the fact
that the Cud® configurations are practically absent in
NaCuO, [90] and only the Cud®L configuration is
responsible for the formation of the principal peak;
hence, copper isin the bivalent state in this compound.
Asfor the energy spacing between these two satellites
in La,CuQ,, its overestimation by roughly 3 eV is due,
in our opinion, to the rather inexact determination of
the p—d-model parameters.

If the spin—orbit splitting of the core 2p energy level
and the effect of doping on the spectra in the indepen-
dent-center approximation (Fig. 10) are taken into
account, then, in the spectrum of La, ¢Sr,,CuQ,, the
principal peak depending on the occupancy of the
Cud®°L configuration has a feebly marked (in propor-
tion to the degree of doping) asymmetric short-wave-
length structure (with a peak at 17 eV) associated with

the energy separation of the CudL and Cud™LL

cluster configurations with the formal (+2) and (+3)
oxidation levels of copper. In our opinion, a compari-
son of our results and the experimental spectrum [3]
(Figs. 1, 2) lends credence to this prediction.

For the most part, the results we obtained are similar
to the calculations of the Cu2p XPS in [58], with the
essential difference being that the high-energy satellite
separated by 14 eV from the principal line is absent in
[58], which is due, in our opinion, to the fact that we
perform the complete diagonalization of the Hamilto-
nian, including al two-particle states, whereas in [58],
the diagonalization is carried out numericaly in a
given, less complete, basis.
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Fig. 9. Theoretica Cu2p X-ray photoelectron spectra of
compounds (a) La,CuO,4 and (b) LaSrCuO, without spin—
orbit splitting of the Cu2p orbital.
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Fig. 10. Theoretical Cu2p X-ray photoel ectron spectrum of
the Lay gSrg,CuO, compound (including the spin-orbit

splitting of the 2p orbital of copper, A, = 20 eV), calculated
in the independent-center approximation.

3.2. The CuK, Spectra of La,CuO,-Type Compounds

Asmentioned in Section 1, the theoretical spectraof
systems with one hole are described in detail in [36,
37]. In these spectra, there is afaint satellite depending
on the density of the Cud® configurations and lying
0.4 eV above the principal peak, which depends on the
density of Cud°L statein the 1s- and 2p-hole configu-
rations. As shown in [37], the shift of the K, line of cop-
per cannot be measured, using the Larson model, with-
out separating the satellite structure configurations.

In our case, the addition of one more hole to the
cluster leads to the change in the nature of the principal
peak (Fig. 11), which now depends, for the most part,
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Fig. 11. Theoretical CuK spectrum of the two-hole config-
uration corresponding to the LaSrCuO, compound.
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Fig. 12. Experimental [28] (1), theoretical CuK (including
multielectron effects) (2), and theoretical one-electron (3)
absorption spectraof La,CuOy. PeaksO, A, B, D, and E cor-

respond to the principal spectral line (configuration d*°L ),
while peaks O', A, B', D', and E' correspond to the shake-up

satellite (configuration d®), separated from the principal line
by 7.8 eV.

on the density of the CuleH_ configurations of the
ground, intermediate, and final 1s and 2p hole states.
Thefaint satellite lying 0.4 eV above the principal peak
now reflects the density of the Cud®L configurations,
whilethe new short-wavelength intense satellite at 1 eV
is due to the two Cud®L configurations and the one
Cud® configuration with a weight of (0.56) + (0.57)2.
When the spin—orbit splitting of the core 2p orbital of
copper and the superposition of the two-hole and one-

hole spectra (in the independent-center model) are
taken into account, there appear asymmetry and afaint
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shoulder on the short-wavelength side of the principal
peak.

3.3. The Ground Terms of the Initial and Final X-ray
Sates of the CuO, Cluster

Theweightsof thed® and d'°L configurations of the
undoped CuQ, unit cell in La,CuQ, are 69 and 31%,
respectively. Thus, the copper ion in this cell is basi-
cally in the common Cu*? oxidation state. Doping does
not change this picture; the dominant configuration of
the CuQ, unit cell of the completely doped LaSrCuQ,
compound is the d®L configuration with a weight of

57% (the contribution fromthe d . _ . stateis 36% and
that fromthe d . state is 21%), while the weight of the
d°LL configuration is 28% and that of d® is 14%.

The creation of an X-ray core (1s or 2p) hole leads
to a dramatic rearrangement of the electronic structure
of both doped and undoped unit cells. In this case, the
weights of the d° and d'°L configurations of the
undoped CuQ, unit cell of La,CuQ, are 18 and 82%,
respectively. Thus, the oxidation level of copper is
changed and equals +1. The same picture takes placein
doped CuQ, unit cells, in which the weight of the

dlog_ configuration is 85%, while that of d°L is 15%

(14% of dxz_yz and 1% of d ;). The weight of the d®
configuration is negligible, only 0.3%.

3.4. The CuK Absorption Spectra of La, _,S,CuO,

There is some direct experimental evidence that
strong electron correlations affect the CuK X-ray
absorption spectraof La,CuO, [91]. The mechanism of
the formation of these spectrawas investigated in detail
by using various versions of the nonempirical one-elec-
tron multiple-scattering method [24-27], and all fea-
tures were adequately described, except for the peak C,
which lies 7 eV above the principal peak. The former
peak appeared only in the xy-polarized spectra when
the cluster size was as large as 50-60 atoms [25-27],
whereas, experimentally, this feature is also observed
in the z polarization [91].

When one more vacancy per unit cell is added by
doping, contributions from the Cud?®, Cud®L , and the

Cud™LL configurations appear. This leads to signifi-

cantly more complicated CuK absorption spectra asso-
ciated with the electronic states produced by doping of
HTSC compounds [28].

In order to study the effect of strong electron corre-
lations on the CuK X-ray absorption spectra, we com-
pletely diagonalize the multiband p—d-model Hamilto-
nian of the CuO, cluster in the sudden-perturbation
approximation described in Section 2. The matrix ele-
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ments of X-ray-induced transitions 1s — p(€) are cal-

culated for the CuOg~ and CuOg_ clusters by the non-

empirical SCF-X,SW method. The final spectra are
constructed using the spectral line profiles as calcul ated
by the one-electron method and the weight factors and
energies of configurations as calculated in the many-
band p—d model. The spectrum of completely doped
LaSrCuQ, is calculated for both the singlet and triplet
two-hole states.

3.5. Discussion of Results

Figure 12 shows the experimental [28] and theoret-
ical one-electron CuK spectra of La,CuQ,. It is seen
that both the positions and the relative intensities of the
peaks of the calculated spectrum, including multielec-
tron effects, correlate well with those of the experimen-
tal spectrum, excepting perhaps the long-wavelength
range of the spectranear peak A. It has been pointed out
in the literature that some discrepancy in this range is

due to the small size of the Cuoéo_ cluster for which
the theoretical peak A was calculated [25-27].

The calculations showed that the principal spectral
line in the CuK spectrum corresponds to the d*°L con-
figuration with a weight of (0.88)? (peaks O, A, B, D,
and E), whereas the single intense short-wavelength
shake-up satellite (peak C inthe experimental spectrum
and peak B' in the theoretical onein Fig. 12), separated
by an energy of 7.8 eV from the principal peak, is asso-
ciated with the d® configuration (peaks O', A, B', D',
and E"). Therefore, the experimental peak C should be
correlated with the theoretical peak B'. This peak isdue
to photoelectron scattering by surrounding atoms in
La,CuQ,, asisindicated in the literature [25-27], and
is also associated with the Cud® configuration in this
compound.

The shape of the experimental CuK spectrum of
dopant-produced states in LaSrCuQ, (“trivalent cop-
per”) is significantly more complex [28] (Fig. 13). A
comparison of the experimental [28] (curve 1) and the-
oretical CuK spectra of LaSrCuQ, with the singlet
(curve 3) and triplet (curve 2) ground states shows that
the two-hole ground state of LaSrCuQ, in the doped
La,_,Sr,CuQ, system is the triplet. The principal line
in this spectrum (peaks O, A, B, D, and E) is associated
with the d*°LL configuration with a weight of (0.91)?

mixed with small amounts of states d°L (x? —y?, with
aweight of (0.39)?, and 2 with aweight of (0.12)?). The
first satellite (peaks O', A, B', D', and E') is principaly
associated with the d°L state of an x> — y? character
with aweight of (0.90)2, mixed with a small amount of
d®LL (with aweight of (0.39)?). The second satellite
(peaks O", A", B", D", and E") depends on the density
of configurations d°L (%), having a weight of (0.81)2,
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Fig. 13. Experimental [28] (1) and theoretical CuK X-ray
absorption spectrafor dopant-produced two-hol e stateswith
the triplet (2) and singlet (3) ground states. Peaks O, A, B,
D, and E correspond to the principal spectral line (the

d'’LL state); pesks O', A', B, D', and E' correspond to the

first satellite (the d°L (x2 — y?) state); and peaks 0", A", B",
D", and E" correspond to the second satellite (the d°L (2)
and d® states).

and d&, having aweight of (0.57)2, mixed with a small
amount of d°L (x> — y?) with a weight of (0.12)2. The
symbols above the experimental curvein Fig. 13 indi-
cate the correspondence between peaks and configura-
tions. Some discrepancies observed for the relative
intensities and positions of peaks A' and B' are associ-
ated with the overestimation of the relative intensity of
peak A in the one-electron calculation, which leads to
some distortion of the final spectrum.

3.6. The Influence of Srong Electron Correlations of

the CulL; X-ray Absorption Spectra of La, _,S,CuO,
The scheme for calculating the CulL; absorption
spectra was described in detail in Section 2. In the
La,_,S,Cu0, sysem with x = 0 (with one electron
vacancy per formula unit), as was shown in [32], there

occurs only one X-ray-induced transition, 2p6diz_yz —

2p°d'°, although theinitial state consists of two d°-type
and two dL -type configurations by virtue of the
hybridization of vacant states. In the case of x> 0, there
appear contributions from the Cud® Cud’L, and
CudLL configurations, due to which the multielec-
tron effects become much stronger and the CuL; spec-
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(b) theoretical z-polarized spectraof compounds(1) La,CuQy,,
2 La1_928ro_08CuO4, and (3) LaS'CUO4 for when the two-
hole ground state isthe triplet; and (c) theoretical z-polarized
spectra of compounds (1) La,CuQy, (2) Lag gpSrgggCuOy,
and (3) LaSrCuQ, for when the two-hole ground stateisthe
singlet; E || c.

tra of dopant-produced electronic states of doped com-
pounds differ noticeably from those of undoped ones
(in particular, shake-up satellites appear near the white
line[2, 32, 33]).

Figure 14a presents the experimental Cul, spectra
of La,CuO, and L, 4,Sr05CuUO, [2] for the xy polariza-
tion, while the theoretical xy-polarized spectra of the
La,CuQ,, LaSrCuQ,, and La, ¢,Sry0sCuO, compounds
are shown in Fig. 14b for when the two-hole ground
state isthe triplet, and in Fig. 14c for when this state is
the singlet.

No. 5 2000



EFFECTS OF STRONG ELECTRON CORRELATIONS

Figure 15a presents the experimental CuL; spectra
of La,CuQ, and La, 4,Sr,0sCuQ, [2] for the z polariza-
tion, while the theoretical z-polarized spectra of the
La,CuQ,, LaSrCuO,, and La, 4,Sry0sCuO, compounds
are shown in Fig. 15b for the case where the two-hole
ground state is the triplet and in Fig. 15c¢ for the case
where this state is the singlet.

In both the experimental and theoretical xy-polar-
ized spectra of the undoped LaCuO, compound
(Fig. 14), there are no nondiagram spectra lines (the
electronic transitions that cannot be described in terms
of the crystal-field theory in the first approximation)
below the ionization threshold. However, in the experi-
mental z-polarized spectrum (Fig. 15), afairly intense
white line is observed, which is absent in the corre-
sponding theoretical spectrum. Thisdifferenceisdueto
the fact that, in this paper, no account is taken of the
orthorhombic distortion of the CuO, plane, which, as
was shown in [92], is responsible for this effect. The
shape of the line above the ionization threshold in both
the z- and xy-polarized spectrais described adequately,
asin the case of the spectra calculated in the one-elec-
tron approximation [27].

The principal difference between the experimental
spectraof doped and undoped compoundsisthat, inthe
former case, the intensity of the white line becomes
much higher in the z polarization (Fig. 15). The absence
of the whiteline in the theoretical z-polarized spectrum
of a doped compound with the singlet ground state and
its presence in the case of the triplet ground state
(Fig. 15) suggeststhat, in the unit cell with two electron
vacancies, the ground stateisthetriplet. Inthis case, the
white line is associated with transitions from the
ground state to a final state with a Cu2p vacancy and

with appreciably populated d . states of the d8(dxz_y2 +
d.) and d°L (d ) orbitals (with weights of (0.38)* and

(-0.46)%, respectively) with a transition energy of
194eV and an intensity of 0.2238. The transition
intensity of the white line with the z polarization for the
configuration being next in energy is equal to zero.

Our model adequately describes the faint long-
wavelength satellite in the xy polarization, which is
associated with the lowest energy configuration of the
final state with a core 2p vacancy (the transition inten-
sity 0.0560) and is situated 0.4 eV below the whiteline
in the experimental spectrum (Fig. 14) [2]. The xy-
polarized white line for the triplet state is associated
with the configuration that is next in energy and for
which the transition energy is 2.14 eV and the intensity
is 0.2241. The trangition intensities to the next two
high-energy configurations (for which the transition
energies are 9.82 and 10.31 €V, respectively) are virtu-
ally zero in these spectra, and the corresponding white
lines are practically absent above the ionization thresh-
old. In the range above the threshold, the spectra are
largely composed of the lines due to the first two con-
figurations. The small energy separation between these
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spectral lines and the large (compared to that of the
whiteline) half-widths of the features|ead to some flat-
tening of the spectrain the positive energy range. In our
calculations, in contrast to those in [30], the peak cor-
responding to the s states (at about 8 eV) in the range
above the ionization threshold has a noticeable inten-
sity, which is due, in our opinion, to the cluster effect.

CONCLUSIONS

Analysis of the literature showed that a great body
of experimental data give evidence of the rather dra-
matic effect of strong electron correlations on the elec-
tronic structure of high-T, superconductors and, in par-
ticular, on the structure of vacant electronic states. For
example, the investigation of the X-ray absorption
spectra allowed one to separate out two-particle contri-
butions due to doping, and it was shown that one dopant
atom interacts with two copper centers and produces

vacant €l ectronic states of aCu dzz character.

Theoretical one-electron and multielectron calcula-
tions of the electronic structure of the key objects were
performed, but, as a rule, they were not accompanied
by theoretical modeling of the available spectroscopic
measurements. It became clear that most of the experi-
mental X-ray and electron spectra could not be directly
and unambiguously interpreted. This was due to the
fact that the principal features of the electronic struc-
ture of high-T, superconductors are determined by
strong electron correlations. Only some experimental
data have been adequately described in terms of the
current theoretical models. These data were obtained,
for the most part, for insulating phases, whereas no
spectra of dopant-produced two-hole states have been
theoretically investigated up to now. For treating the
spectral properties of a material with a strongly corre-
lated electron system, a multielectron theory of X-ray
and X-ray electron spectra has been developed on the
basis of the sudden-perturbation model. This theory
allowed one to describe a number of key spectral char-
acteristics of the compounds in question in a unified
way. The X-ray and el ectronic spectrawere represented
in the form of convolution of the spectrum of one-elec-
tron transitions to vacant orbitals both below and above
the ionization threshold and the spectrum of multielec-
tron transitions within the system of valence electrons.

In all the spectra investigated (except for the Cul,
absorption spectrum), the principal spectral lines corre-
spond either to the Cud°L (for the undoped unit cell)
or to the Cud®LL (for the doped unit cell) configura-
tion. In the spectra of undoped centers, the satellite
structures are determined by the contributions from the

Cud® configurations. Doping leads to more compli-
cated spectra, which contain satellites depending on the

density of the Cud®L configurations. In all cases con-
sidered, the contribution from the Cud?® two-hole con-
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figurations is small. The white line of the CuL; spec-
trum of undoped and doped unit cells corresponds to
the Cud® and Cud®L configurations, respectively. Dop-
ing leads to an increase in the occupancy of the Cud

orbitals, which in turn results in an increase of the
intensity of the z-polarized CulLg spectrum.
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