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Satellites from hybridized Cu-0 states in YBa&Cu3O7
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The satellite structure of YBa&Cu307 compound is calculated starting from an accurate descrip-
tion of the bulk band structure and evaluating the self-energy eA'ects arising from the intra-atomic
Coulomb repulsion on the copper and oxygen sites. A continuum of satellites of d character origi-
nating from the highly hybridized Cu-0 bands is found between 8 and 13 eV binding energy. Com-
parison with the experimental data allows one to explain the behavior of the Cu satellites in reso-
nant photoemission and provides indications about the intrinsic character of the satellite at 9 eV.

The observation of satellites in the valence-band photo-
emission of high-T, superconducting compounds is an
important feature of their excitation spectra, being a
clear signal of the existence of strong electron-electron
correlation. In the parent material CuO, 3d satellites
have been observed 10.5 and 12.6 eV below the Fermi en-
ergy EF, ' the attribution of these structures being based
upon their resonant enhancement at photon energies
around the Cu 3p core excitation threshold. Comparable
features have been reported in superconductors, but their
assignment is less certain. For the case of YBa2Cu307
a well-defined Cu 3d satellite, showing the expected reso-
nant behavior at the Cu 3p threshold, has been found at
about 12.5—13 eV binding energy, ' but the presence and
the attribution of additional satellite structures are very
controversial issues. Structures at 9—10 eV below EF,
showing a resonant enhancement at Cu 3p (Refs. 5—7) or
0 2s (Refs. 5, 8, and 9) thresholds, has been reported by
several' groups, " with an intensity largely determined by
surface contamination. "' This picture has been further
complicated by the recent observation of a resonant be-
havior of the Cu 3d feature at the 0 1s threshold. '

The understanding of the normal state of Y-Ba-Cu-0
compounds requires a theory able to predict the spectral
features observed in the binding energy range between 13
and 9 eV and to identify their nature: in particular to es-
tablish whether they are intrinsic or not, what is the rela-
tive weight of the intra-atomic Coulomb repulsion com-
pared with the interatomic one, if they arise from two-
hole copper and/or oxygen states or correspond to satel-
lite features originated from strongly hybridized Cu-0
bands.

Semiempirical approaches, like the impurity and clus-
ter configuration-interaction models, have been success-
fully used to derive both the main structures and the sa-
tellite peaks in the photoemission spectra of CuO and cu-
prate superconductors. ' ' However this has been
achieved using a rather simplified model of the band
structure, assuming a strong wave-function localization
and a considerable number of parameters.

In this paper we adopt a different point of view. Be-
cause one-electron band calculations have shown to give
a reasonable zeroth-order approximation to the excita-

tion spectrum of YBazCu307, ' ' we believe that the
description of many-body effects should be based on the
Block eigenfunctions derived from a full band-structure
calculation with no assumption on their localization. Re-
cent work in this direction' ' has shown that the in-
clusion of on-site correlation allows us to reproduce some
of the features of the experimental spectra, like the low
emission near EF and the satellite around 13 eV, but does
not provide an explanation of the presence of any other
significant structure below the main band. Here we show
that on-site Coulomb correlation can give rise to more
than one satellite in the energy range between 8 and 13
eV below EF provided that the theory is developed taking
the hybridized nature of YBa2Cu307 band structure into
full account. To our knowledge this is the first paper
where the presence of several satellites is derived starting
from the detailed band structure and their intrinsic na-
ture is clearly demonstrated.

A full presentation of the theory is planned to be given
elsewhere ' and here we recall the main formulas which
are relevant for the discussion of the results. The key
quantity describing the photoemission current is the spec-
tral function of the created hole state:

Ak „(co)=—Im
1 1

co —
Eg „—Xk „(co)

Xk „(co)= g ~c (k, n )~ X (co), (2)

where

where k is the lattice wave vector, n the band index, ck „
the single-particle eigenstates, and Xk „(co) is the hole
self-energy. We assume the single-particle states to be de-
scribed by a tight-binding Hamiltonian derived from an
accurate parametrization of the band structure. Taking
advantage of the large filling of the Cu 3d and 0 2p shells
in YBazCu307 (the average electronic occupancies are
9.23 and 5.6 electrons at Cu and 0 sites, respectively), the
hole self-energy can be evaluated in the so-called low-
density approximation which for a multiband system
leads to the expression '
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X (co)= g f np(E)t p(a+co)dE
p F

with

U

I+U pG li(g)

and

n ( Ei)n&( Ez)
G li(g)= f dE, f dE~

(4)

a8'ect somewhat the results without modifying however
the main conclusion, in view of the extreme complication
associated to the multiband e6'ects we have not tried to
include this interaction.

Neglecting matrix elements eAects the photoemission
spectrum is given by the self-energy corrected density of
hole states N(co) which is obtained from the spectral
function as

N ( co ) = g 3 k „(ci)) .
k, n

In these expressions a,P label the different orbitals be-
longing to the atoms in the unit cell, c (k, n) are the
coefficients entering the expansion of eigenstates in terms
of atomic orbitals, n (E) is the a-orbital contribution of
the single particle density of states, t & is the t matrix
describing multiple scattering between holes, and G & is
the two-hole bare propagator. U & is the Coulomb
repulsion integral between orbitals a,P belonging to the
same site, where a,P refer to difFerent Cu 3d or 0 2p or-
bitals. We have assumed the same value U &

= U for
all the five d (three p) orbitals of copper (oxygen) atom. '
With this approximation we are left with two parameters
only, Ud and U, giving the repulsion between two holes
on Cu or 0 sites, respectively. In agreement with previ-
ous estimates' we assumed Ud =6 eV and U =2 eV.

A few comments are in order.
(i) Expression (2) shows that self-energy depends both

on the k vector and on the band index. This dependence
is a result of the extension of the t matrix approach to the
hybridized multiband case: previous studies' ' assumed
the complex band structure of high-T, superconductors
to be a superposition of single bands of specific atomic
character, ending up in the definition of different (k in-
dependent) self-energies and spectral functions for each
atomic site. Neglecting the hybridization between orbit-
als belonging to diA'erent sites is clearly an
oversimplification for these systems and in fact it allows
us to reproduce the characteristic of the measured spec-
tra only in part (just one satellite).

(ii) Due to the peculiar atomic coordination, the chemi-
cal bond in YBa2Cu307 and in the other high-T, super-
conducting compounds is strongly asymmetric making
the various orbital densities of states n (E) very different
from one another; the situation is quite diferent from the
one for instance of nickel where, due to the cubic symme-
try, all the five d orbital contributions to the density of
states are almost identical, allowing us to treat the 3d
states by a degenerate Hubbard Hamiltonian. This fact
can give rise to extra poles in expression (5) and therefore
to extra satellites.

(iii) The low-density approximation has been applied to
Ni (Ref. 22) and other superconductors' with a compa-
rable d hole number. The validity of this approximation
has been questioned and alternative approaches have
been proposed for Ni based either on second-order per-
turbation theory or on an extension of the t-matrix ap-
proach to include hole-electron scattering. Due to the
high-Ud value perturbation theory cannot be applied to
the present case. Electron-hole interaction is expected to

Figure 1 shows the spectrum obtained for YBa2Cu307
compared with the calculated single-particle density of
states. The main modifications associated with the in-
clusion of correlation are (a) a lowering of the density of
states at the Fermi energy and a shift of the main peaks
by a few tenths of eV; (b) a strong reduction of the peak
present in the single-particle density of states at about
—3.3 eV and entirely associated to d states of chain Cu
atoms: due to their high hole number these states are
those mostly affected by correlation; (c) a significant in-
crease of intensity between —4 and —6 eV; (d) the ap-
pearance of a continuum of two-hole states below the
band-band bottom up to —15 eV. This continuum of
states is divided into two main groups of structures, one
lying at about —13 eV while the other is accommodated
between —11 and —7.5 eV with a maximum at about
—9.5 eV. The first group has been found in previous cal-
culations' ' and attributed to the 3d satellite observed

Up ——2.0 eV U, =6.0 eV

(b)

—15.0 —12.0 —9.0 —6,0 —3.0 0.0
E —E F (eV)

FIG. 1. (a) Spectrum of correlated states obtained with
Ud=6 and U~=2 eV (continuous line) compared with single
particle density of states (dotted line). Panels (b) and (c) show
the results of the projection onto copper and oxygen states,
respectively.
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by resonant photoemission at about this energy. Our re-
sults clearly indicate that this is not the only feature of
the spectrum and that the on-site Coulomb repulsion may
give rise to additional satellites with an even higher inten-
sity at lower binding energies.

As far as the assignment of these satellite structures is
concerned we notice that all of them are related to 3d
states and originate from intra-atomic correlation on Cu
atoms: this statement is proved by the fact that they are
not affected by the neglecting of hole-hole correlation on
0 sites (see Fig. 2). This does not mean, however, that
oxygen states are not involved. Further insight into the
nature of the satellite structures may be obtained by pro-
jecting the correlated density of states onto the various
Cu and 0 orbitals. Such a procedure allows us to define a
correlated local density of states:

N (cu)= g ~c (k, n) Ak „(co) .
k, n

V3

0

G

U, =O.O eV U, —6.0 eV

—15.0 —12.0 —9.0 —6,0 —3.0
E —E F (eV)

0,0

These partial spectra, shown in Figs. 1(b) and 1(c), pro-
vide evidence of the fact that the satellites originate from
highly hybridized Cu-0 bands, rather than from states
that retain the separate identities of the two atoms. An
interesting consequence of this fact is that all the satel-
lites should be resonantly enhanced in photoemission at
the core-level threshold of both elements. Such a predic-
tion is in agreement with the recent experimental obser-
vation of the resonant enhancement of the 13-eV Cu sa-
tellite at the oxygen 1s threshold, that has been interpret-
ed as a direct evidence of the occurrence of strong hybrid-
ization. ' As to the satellites that we found at lower
binding energies, we notice that a clear experimental ob-
servation of a resonant behavior at the Cu 3p threshold
has been reported by Arko et al. at 10 eV binding energy
proving that d states are present in this energy range.
According to these authors this peak is distinct from the
feature at 9 eV, whose intensity is strengthened at the 0
2s threshold, indicating an oxygen derived character. Al-
though a detailed comparison with the experiments is not
the purpose of this paper (we have not optimized our Ud
and U parameters, we have neglected electron-hole in-
teractions and we have not considered surface effects,
which are important for a detailed description of the
spectra, we believe that our results provide the correct
interpretation of this experimental finding.

The presence of two groups of d satellite structures in
the range from —8 to —13 eV has been predicted also by
the cluster model on the basis of the results for a Cu06
cluster. ' However the origin of the structures in our
model is different, since they arise from the complex band
structure of YBa2Cu307, in particular from the oc-
currence of strongly hybridized Cu-0 bands, while in the
cluster model they are due to the strong Coulomb and ex-

FIG. 2. Spectrum of correlated states resulting by the in-
clusion of on-site correlation on Cu sites only: U~=0 and
Ud =6 eV.

change splitting of the d multiplet. It is likely that both
effects are present in the experimental spectra and that a
full account of them may be achieved by a more complete
theory, where band and multiplet effects are treated on
the same footing.

Finally, we want to comment about the surface sensi-
tivity of the 9—9.5-eV satellite observed in the experi-
ments, which is taken as an indication of its extrinsic
character. We have performed calculations for a finite
crystal to account for the surface effects and we have
found that for basal plane surfaces the satellites undergo
a substantial intensity reduction compared to the bulk. '

The effect is even more pronounced in presence of an ox-
ygen poor surface phase. Therefore we believe that the
structure is intrinsic, but is substantially attenuated at the
surface, in agreement with the results for freshly cleaved
materials. '

In summary we have shown that on-site correlation in-
cluded via an extension of the low-density approximation
to the multiband hybridized case is able to predict the
presence of two satellites structures, to assign both of
them to Cu d states, and to explain their resonant
enhancement at both copper and oxygen thresholds.
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