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We consider the x-ray photoemission, inverse photoemission, and Cu L3¥V¥V Auger spectra of the
high-T. superconductors. We conclude that the on-site correlation energies of the Cu 3d elec-
trons are large and that the energy of the Cu d® configurations is clearly too high for 4%
configurations to play a significant role in the ground state.

La; - SryCuO4-, and RBa,Cu3;07-, (R=Y and all
rare-earth elements except Ce, Pr, and Tb) are supercon-
ducting at high temperatures.! While at the present time
there is little, if any, evidence here incompatible with the
BCS mechanism? for superconductivity there is no con-
sensus on precisely why the materials exceed the limit pre-
viously thought to be set by the McMillan® equations.
The 3d electrons in late transition-metal and Cu com-
pounds are known to show strong correlation effects,* in
contrast to most high-T, superconductors.® Briefly, our
knowledge of the 3d electrons indicates that the on-site
correlation energies are large, i.e., the energy U of charge
fluctuations, 2d"— d"*'+4""! is comparable to, or
larger than, the 3d bandwidth. As a consequence of this
large correlation energy, band gaps may open up and the
activation energy for intrinsic conduction may be dom-
inated by the energy for hopping between d states on
different atoms or the charge-transfer energy, A, for
d— ligand or ligand-metal d hopping, or mixtures thereof
if the mixing of metal d and ligand orbitals is large.*® As
a consequence of the large U, much theoretical effort has
been expended on a search for descriptions which satisfy
the London criteria’ for the ground state of a supercon-
ductor but which take into account the strong correlation
effects.®~!! Our purpose in this paper is to give an account
of experimental evidence from high-energy spectroscopies
on the size of the effective Coulomb correlation of the Cu
3d electrons in the high-7, superconductors. All the re-
ported photoemission spectroscopy (PS) and bremsstrah-
lung isochromat spectroscopy (BIS) of the high-T, ma-
terials'2"'® indicate that La,CuOs, La;—,Sr,CuOj+,,
and YBa;Cu3O7-,, have a broad peak in the photoemis-
sion centered at about 4 eV which is 4-6 eV wide. All
studies of these materials indicate low or nonexistent PS
and BIS intensity at and near Er. This is consistent with
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that optical data indicating semiconductorlike behavior,
and a gap of about 2 eV at Er in La,CuO4 and perhaps
less in YBa;Cu306.!” The BIS spectra are dominated by
the 4f states of La at ~9 eV and Ba at ~15 eV in these
materials, but small peaks and shoulders are found at
lower energy. For (LaSr),CuQy the first shoulder is at
~2eV. Our own data for LaCuQj are presented in Fig. 1
to illustrate some of these effects. At first sight the photo-
emission and inverse photoemission seem to reflect the
published density-of-states data (see, e.g., Ref. 18) but on
closer examination there are several problems. First, the
resonance photoemission shows strong satellites due to
transitions to Cu d8 states at ~9 and 12 eV. ! Secondly,
as noted by Fujimori, Takayama-Muromachi, Uchida,
and Okai,!’ the photoemission spectra at most energies
should be dominated by the Cu 3d states and this should
lead to peaking of the spectra at ~2 eV below Ef, instead
of ~4 eV as found. Finally, the photoemission and in-
verse photoemission at Er is always very weak.

In contrast to earlier comparisons of x-ray photoemis-
sion spectroscopy (XPS) and BIS data of high-7, materi-
als the calculated spectra in Fig. 1 is a density-of-states
curve weighted not only by the atomic cross sections, '
but also by matrix elements which include the influence of
the solid state!® because the same potentials are used for
the band structure and the matrix elements (4f states are
not computed). The calculated XPS peak is much too
narrow and far too close to Er. The oxygen and rare-
earth states which dominate the total density of states
(DOS) more than ~3 eV below Er contribute only weak-
ly to the spectra. Further the calculation produces inten-
sity at Er in both XPS and BIS which would certainly
have been detected if the calculation had included all the
relevant physics.

The principle effect causing the difference between
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FIG. 1. Experimental and calculated XPS and BIS spectra at 1486.7 eV for La;CuOQ,.

theory and experiment is use of the independent-particle
approximation and the electron-electron correlation ener-
gy for the 3d states, just as found in transition-metal com-
pounds.*® The discrepancies illustrated in Fig. 1 are simi-
lar to those we find for YBa;Cu307-, and together with
the optical data indicate a 3d-3d correlation energy
Uen(d-d) of at least several eV.

Having found these effects of U in comparisons of XPS
and BIS data with independent particle theory we turn to
Auger spectroscopy and resonant photoemission satellites,
because for other systems these have given a quantitative
measure of U using the Cini-Sawatzky methodology.?
To understand the spectroscopic data it is desirable to first
consider a simple model for the neutral, singly and dou-
bly ionized divalent Cu systems,?' such as CuCl,, CuO,
La,CuQy, or YBa;Cu3Ogs. This is a cluster model which
is a reasonable zeroth-order approximation for systems in
which U is expected to be large and bandwidths, both Cu
d and O sp are either neglected, or considered as unimpor-

tant. The basic physics of this model is retained for finite
bandwidths, as long as U is larger than the band disper-
sions. Neutral copper atoms have the configuration
3d'%s' and oxygen is 2(sp)S. Consider first a neutral
CuO molecule where the important basis states are Cu
3d°4s° O 2(sp)® and Cu 3d'%s° O 2(sp)”. The energy
separation of these two states, 3d° and 3d'°L, is the
ligand-metal transfer energy, A (see Fig. 2). As indicated
in Fig. 2 the two neutral states mix and ‘“bonding-
antibonding” states ensue. Estimates of the relative
weights of the d° and d'° wave functions in the ground
state from core-level spectra®! exist for chemically di-
valent Cu compounds and comparison with published
XPS and Cu L1 x-ray absorption spectroscopy spectra for
(LaSr),CuO4 and YBa;Cu307-, (Refs. 12 and 13) sug-
gests the 3d count is roughly about 9.3 + 0.2 per atom for
the latter; the precise value is not important here. In the
solid the 3d '°L form a band whose width is that of the O
2p band.
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FIG. 2. Schematic energy-level diagram for divalent Cu compounds. The bandwidths are indicated only schematically and only for

some configurations.
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FIG. 3. Cu L3VV Auger spectra of Cu compounds.

Photoemission of a single electron from these systems
leads us to consider the smgly ionized (2-hole) basis states
3d'°L? 3d°L, and 3d8%. The separation of the 3d'°L?
and 3d9L states will be similar to that in the neutral state
and they will mix, and again in the solid should be
broadened into bands. The position of the 3d® states is
determined mainly by U, which for Ni and Cu oxides is of
the order of 6 eV.%21:22

In Auger spectroscopy the final states are doubly ion-
ized, i.e., they are three-hole states for these s¥stems. The
relevant basis states are 3d°L?, 3d3L, and 3d’. The latter
is at an energy ~3U —A above the ground state, which is
so high as not to concern us, and d '°L3 does not directly
couple with d® L via a one-electron hoppmg matrix ele-
ment. The 34°L? state is expected ~E(L) above the
3d°L state and the 3d 81 state is ~E(L) above the 3d 8
states, as shown in Fig. 2. The mixing between the d®L
and d°L? states is large because the transfer integral is
large (~1.85 eV, see Ref. 18). The holes in the ligand
bands may lead to some width of spectral features associ-
ated with these states.

Note that the precise energies of the basis states indi-
cated in Fig. 2 are not physical observables. The states
formed by mixing are observables and their energies can
be determined by photoemission or Auger spectroscopy if
the models are appropriate. The models have been shown
to be applicable for a number of Ni and Cu compounds
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TABLE I Energies of Cu d®, d®L, and d°L? states.

E @® E (d®L)
Material (resonant PS) (Auger) E (d°L?)
Cu 14.6 13.9
CuO 15.3 14.8
CuO 129 15.2 ~6.7
La,CuOg4 ~12 (Ref. 16) 14.8 ~1.7
La; 8Sro2CuQy 14.8
YBa;Cu;0, ~12 (Ref. 16) 14.6 ~6.8

(see, e.g., Refs. 4, 5, and 20-23). The energies of the
one-hole states are normally referred to as the binding en-
ergies (E,) in photoemission (i.e., Ep =hv— Eg, where
Eg is the electron kinetic energy). The energies of the
two-hole final states of the Cu L;3;VV process are given by

E(Q2-hole) =E(L3) —Eg ,

where E(L3) is the L3 binding energy derived from XPS.
The intensities in the various spectra features are beyond
the scope of this publication?! but the energy of the main
“3d%” state is found in resonance photoemission to be at
~12 eV in Y;Ba;Cu307-, and (LaSr),CuO4 (Refs. 15
and 16).

The 3d8L states dominate the L3;VV Auger spectra of
Cu compounds illustrated in Fig. 3 and Table I. For the
oxides the Auger peaks are broader than for Cu metal,
probably as a result of the continuum of holes in the L
band and crystal-field effects. However, they are still
much narrower than peaks due to 4’ final states which
have a much broader envelope due to multiplet split-
tings. %% The energies of the d®L final states from Auger
and the main d3-like states from resonant photoemission
are tabulated in Table I. In contrast to Cu metal, the
Auger-derived “d®L” energies for Cu oxides are ~3 eV
higher than the resonant photoemission satellite energies
because of the energy associated with L. Both resonant
PS and Auger spectra of the superconducting oxides show
the d® configurations to lay far too high to play a
significant role in the ground state. This is also true for
chemically trivalent Cu in NaCuO,. This is in agreement
with XPS data for these materials'* and clearly shows
that the presence of chcmncallg trivalent Cu does not indi-
cate the presence of Cu3* ions. Determination of the
precise values of U and A from spectroscopic data is not
possible without detailed calculations?® but it is clear from
the Auger data that U > A and not less than 4-5 eV for
the Cu 3d states. Analysis of the oxygen levels with simi-
lar methods is more complicated because the transfer in-
tegrals involved are larger. We suspect that the states
near Er in (LaSr);CuO; and Y,Ba;Cu3O;-, have a
strong oxygen character.
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