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The occupied and unoccupied valence-band structure of YlBa2Cu30q is probed with photoemis-
sion, inverse photoemission, and near-edge x-ray absorption. The Cu 3d and 0 2p states nearly
coincide, thereby maximizing their interaction. The occupied states are shifted down by 2 eV rel-
ative to ground-state band calculations, indicating localization and a Coulomb interaction U) 2
eV. The bandwidth is 10 eV with the top of the band at EF+2.5 eV. Cu is found in the 2+ oxi-
dation state. 0 has 2p holes which are assigned to specific oxygen atoms.

The electronic structure of the copper oxide-based su-
perconductors' is of considerable interest for under-
standing the mechanism of superconductivity at high T,.
The group of compounds with the highest T, reported to
date is exemplified by Y i Ba2Cu307 for which band-
structure calculations have been reported recently.
The calculations indicate a strong electron-phonon in-
teraction but other pairing mechanisms have also been
proposed to explain the high T, . Several photoemission
studies' are in progress. We are using a combination of
state-of-the-art techniques such as photoemission, inverse
photoemission, and near-edge x-ray-absorption fine struc-
ture (NEXAFS) in order to obtain the salient features of
the Cu- and 0-derived states.

First of all, we note that the Cu 31 and 0 2p states
nearly coincide in Y&Ba2Cu307, while they are separated
by about 3 eV in Cu0. This coincidence maximizes the
interaction between Cu and 0 via a resonance effect,
leading to strong electron-phonon coupling. The Cu 3d, 0
2p valence band is observed to extend from 7.5 eV below
the Fermi level Ep to 2.5 eV above EF. The density of
states is distorted relative to ground-state band calcula-
tions. All states are shifted away from EF, leaving very
low density of states at EF. The center of the occupied
states, located at EF —4.5 eV, has come down by 2 eV.
This shift, together with the appearance of satellites below
the valence band indicates localization of the Cu-3d, 0
2p-derived states and an on-site Coulomb interaction
U& 2 eV.

From our NEXAFS results at the Cu and 0 core edges
we obtain the oxidation states of Cu and 0, which have
been observed to play a critical role for the occurrence of
superconductivity. We find that Cu is the 2+ oxidation
state and that the 2p shell of the oxygen atoms is not filled
completely. It is possible to distinguish inequivalent oxy-
gen atoms by their core-level binding energy. The 0 2p
holes are found to be concentrated mainly on the oxygens
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FIG. 1. Comparison of photoemission spectra from
YlBa2Cu30q and CuO. The 0 2p and Cu 3d valence states
nearly coincide in the high-T, material leading to resonantly
enhanced Cu-0 interaction. The dotted spectrum is from a con-
taminated sample after oxygen loss caused by irradiation.

with low core-level binding energy, which are assigned ei-
ther to the "one-dimensional" CuO chains or to the BaO
planes using diH'erent calculations.

The experiments were performed with a photoemission
system" at the National Synchrotron Light Source and
an inverse photoemission system ' based on a spectro-
graph. Data were taken at room temperature. The
Y~Ba2Cu307 was sintered from Y203, Ba0, and CuO and
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transferred directly after the last oxygen anneal into a
desiccator. From there it was introduced through vacuum
interlocks into the spectrometers, avoiding any bakeout in
order to prevent loss of oxygen. Clean surfaces were
prepared by fracturing in a vacuum of 10 ' Torr. We
find it important to avoid any contact of the samples with
water or other solvents since liquids penetrate into these
porous materials. Contaminated samples are very sensi-
tive to radiation-induced oxygen loss (see Fig. 1, dotted
curve), while samples handled under dry conditions are
stable. Even for the dry samples we observe a significant
contribution from a thin carbonate overlayer (typically 5
A) which was identified by its C Is signal. Carbonate
gives rise to most of the peak observed at —9.3 eV and
contributes to the —4.7-eV peak (see Fig. 1 and compare
Ref. 13). It also contributes a large fraction of the 0 Is
core level with higher binding energy (see below). The
carbonate ion is mostly associated with Ba since a high
binding-energy component of the Ba 4d core level in-
creases with higher carbonate concentration. The NEX-
AFS data are unafI'ected by the presence of carbonate
since secondary electrons with zero kinetic energy (i.e.,
long mean free path) are detected. We note that car-
bonate films may cause the weak links that limit the
current carrying capacity of high-T, superconductors.
The superconductivity of the samples was characterized
by an onset at 97 K and zero resistance at 95 K. X-ray
difI'raction and optical microscopy showed that the ma-

terial was single phase.
As a reference, we use spectra from CuO, which is

prepared by oxidizing a Cu(100) surface in 10 Torr of 02
at about 400'C until it turns black. ' ' In the CuO
spectra, one can clearly identify the Cu 3d and 0 2p states
at —3.3 and —6.4 eV, respectively (Fig. 1), plus Cu 3d
shake-up satellites ' at —10.3 and —13.3 eV. In
Y~Ba2Cu307, by contrast, the Cu 3d and 0 2p states ap-
pear to collapse into one peak with a center of gravity at—4.5 eV. A Cu-derived satellite at —13.0 eV is also ob-
served in Y~Ba2Cu307 when the photon energy is tuned to
the Cu 3p resonance (hv= 75 eV).

A summary of the valence-band density of states de-
rived from photoemission and inverse photoemission spec-
tra is given in Fig. 2. The valence band is observed to ex-
tend from about 7.5 eV below EF to 2.5 eV above EF
where a 2-eV band gap (seen as a depression in the inverse
photoemission spectrum) separates it from the unoccupied
states of the Y +, Ba +, and Cu + ions. These overall
features agree well with first-principles band calcula-
tions (compare the bandwidth obtained from Ref. 3 in-
dicated by brackets on top of Fig. 2). In order to decom-
pose the valence band into Cu 3d and 0 2p states, we use
the photon energy dependence of the photoionization cross
section (Fig. 3). Calculated photoemission spectra and
our CuO reference spectra show that the 0 2p states dom-
inate at low photon energies hv and, vice versa, the Cu 3d
states at high hv. At hv=41 eV (full line in Fig. 2) the
two cross sections are about equal, and the total density of
states is seen. The spectrum at h v=150 eV (dotted curve
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FIG. 2. Density of states for the Y&Ba2Cu307 valence band as
obtained from photoemission and inverse photoemission. The
photoemission spectra at hv=41 eV (full lines) represent the to-
tal density of states, whereas the spectrum at h v=150 eV (dot-
ted line) gives the partial Cu 3p density of states. The inverse
photoemission spectrum is taken at an initial energy of 18 eV
above EF. It emphasizes 0 2p states. The calculated bandwidth
(Ref. 3) is given by brackets. All spectra are normalized to
equal maximum height.
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FIG. 3. Photon energy (hv) dependence of photoemission
spectra from Y~ Ba2Cu307. For h v & 30 eV, the 0 2p states
dominate; for hv& 100 eV the Cu 3d states dominate. At
hv =106 eV, the Ba states are enhanced by the Ba 4d Ba 4f
resonance.
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FIG. 4. Near-edge x-ray absorption spectra measured via the yield of secondary electrons. The Cu 3p and Cu 2p edges are very
similar to CuG, indicating Cu +. the 0 1s edge has a spike at threshold indicating unoccupied 0 2p states. They are concentrated on
the oxygen atoms with lower 0 1s binding energy.

in Fig. 2) is representative of the high photon energy re-
gime, i.e. , it reAects the partial density of Cu 3d states.
The overall shape of the 0 2p and Cu 3d densities of
states is similar except for a small shift of the valence-
band peak from —4.7 eV at hv=41 eV to —4.2 eV at
h v = 150 eV. This near degeneracy of Cu 3d and 0 2p en-
ergy levels leads to strong hybridization and large
electron-phonon interaction. By utilizing resonance
effects we can also project out the Ba-derived states
(hv=106 eV in Fig. 3) which consist of the shallow Ba
5p, 5s core levels.

The spectral shape of the valence-band photoemission
cannot be explained using ground-state band calculations.
The center of gravity of the valence states is calculated
at about 2.5 eV below EF but observed at 4.5 eV below
EF. Furthermore, the photoemission intensity at the Fer-
mi level is very low (about two orders of magnitude small-
er than the maximum, see Fig. 2). These discrepancies
can be traced to a localization of the Cu 3d, 0 2p valence
states, which causes incomplete screening. Therefore, a
band calculation for the neutral ground state is not ap-
propriate for describing photoemission (and inverse pho-
toemission), which represents a positive (negative) ion
state. The incomplete screening of the valence hole in

photoemission pulls the states down and causes shake-up
satellite emission, as observed. The use of the local densi-
ty approximation in the calculations may add to this shift.
Excited-state eff'ects have been studied for the 3d states in

Cu by calculating the self-energy. A lowering of the 3d
bands by a few tenths of an eV is found. ' By going to
Zn, the 3d states become more localized than in Cu and
the lowering of the 3d bands increases' to 2 eV. A 3d
hole was introduced explicitly into excited-state calcula-
tions' for NiO and a downshift of 2 eV was found due to
the Coulomb interaction of the Ni 3d states with the hole.
The effect of localization and on-site Coulomb interaction
U can be described ' by model Hamiltonians. In this
case the important parameter U can be estimated from
our data. The shift of the valence band gives a lower limit
of 2 eV for U. U could be substantially greater since the
large bandwidth of 10 eV quenches the Coulomb shift.
Localization could also be responsible for the absence of
fine structure in the observed density of states near EF,
but strong electron-phonon interaction is another possibil-

ity. Already for the "low-T, " 415 compounds a phonon
broadening in the order of 0.3 eV has been found. '

Our NEXAFS results give information about the oxi-
dation states of Cu and 0. It is well known that the super-
conducting properties of Yi BaqCu307 are sensitive to the
oxidation treatment. The valence state of Cu is also im-
portant in many models of superconductivity. In a
simplified picture, there are two ways to distribute the
available electrons among Cu and 0, always assuming ful-
ly oxidized 1 Y + and 2Ba +. One needs 2Cu + + 1Cu +

per unit cell in order to have 70 . Alternatively, having
all Cu atoms in the 2+ oxidation state would require one
oxygen in the 1 —oxidation state. Our near-edge x-ray
absorption data (Fig. 4) favor the second picture, with
some spreading of the unfilled 0 2p states over several ox-
ygen atoms. The Cu 3p edge has an energy position iden-
tical to that in CuO without additional structures. (The
second hump at 77 eV is due to the spin-orbit splitting of
the 3p core hole; the sloping background in Y&Ba~Cu307
comes from valence absorption. ) The Cu 2p edge behaves
likewise (compare Ref. 15 for CuO). The 0 ls edge is
characterized by a spike at threshold (arrow in Fig. 4)
which indicates transitions from 0 1s into unoccupied 0
2p states. Indeed, the band calculations give substan-
tial 0 2p character for the valence-band states above EF.
One may assign the 0 2p holes to specific oxygen atoms
by utilizing 0 1s core level shifts. We see two 0 1s levels
at binding energies of 530.7 and 528.5 eV below EF (see
0 ls threshold bars in Fig. 4). The 0 2p holes must be
concentrated on the oxygen with lower binding energy
since more 0 1s to 0 2p transitions are observed at the
lower threshold than at the higher. An assignment of the
two 0 1s levels to the four crystallographically in-
equivalent types of oxygen in Yi Ba~Cu307 may be made
using calculated 0 1s binding energies. One calcula-
tion assigns the oxygen atoms with the lowest binding en-
ergy to the "one-dimensional" Cu0 chains, the other to
the BaO planes.
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