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Synchrotron-radiation photoemission was

used to compare the electronic

structure of

YBa;Cu3O, (x=6.8) which has a superconducting transition at 93 K, and semiconducting
YBa,;Cu3O, (x=6.2) which was prepared by vacuum annealing the x =6.8 material. The de-
crease in oxygen stoichiometry not only affects the intensity of two oxygen-related valence-band
features, but also shifts the Fermi level upward and alters the shape of the Cu 3d satellite peak.

The latter effect indicates a partial reduction to the Cu

sample.

'+ valence state in the vacuum-annealed

The superconducting sample could also be modified in situ by an intense soft-x-ray

beam, leading to oxygen desorption and to photoemission spectra much like the annealed sample.

INTRODUCTION

A common feature of the recently discovered high-
temperature oxide semiconductors 2 is a sensitivity of the
critical temperature 7, to slight changes in oxygen
stoichiometry. The kinetics of oxygen uptake and loss,
and the associated effects upon transport properties have
been studied in detail for La;-,Sr,CuO4—, (Ref. 3) and
for YBa;Cu30,.*

The oxygen content of YBa;Cu3;O, can be controlled
over a wide range by annealing in an oxidizing or reducing
ambient. Superconductivity above 90 K is associated with
a high oxygen content (x =6.8) and is favored by anneal-
ing in oxygen, followed by slow cooling. Annealing in vac-
uum or inert gas above 420°C can reduce x by about 0.6,
promoting an orthorhombic-to-tetrahedral phase transi-
tion without changing the basic layered structure of the
compound. This removal of oxygen leads to resistance
versus temperature behavior like that of a semiconductor.
Neutron-diffraction studies® have shown that changes in
the occupancy of O sites on the central Cu-O plane ac-
count for nearly all of the stoichiometry difference.

Although the fundamental nature of the superconduc-
tive state has not been established, it is apparent that
many of the proposed theoretical models are inherently
sensitive to oxygen stoichiometry. The resonating
valence-bond (RVB) model® explicitly recognizes the im-
portance of the copper oxidation state. Specifically, the
RVB model postulates singlet pairs of electrons on adja-
cent Cu?" ions. These pairs are immobile, yielding an in-
sulating state, unless there is a sufficient concentration of
holes in the form of Cu3* ions. Assuming that oxygen is
in the O2~ valence state, Cu>* will be present for x > 6.5.
The Cu valence state is also crucial for the excitonic mod-
el,”® which relies on a virtual transfer of charge between
Cu and O to provide the binding force for Cooper pairs of
electrons. A different point of view is provided by models
which are based on band-structure calculations.® Here
the emphasis is less on specific valence states and more on
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the position of various Cu-O bonding and antibonding
bands relative to the Fermi level, which is in turn con-
trolled by the doping effect of oxygen vacancies.

A number of workers have reported results of angle-
integrated photoelectron spectroscopy on superconducting
YBa,Cu30,.!9"13 These studies have provided a con-
sistent overall picture of the valence structure. Our pur-
pose in this paper is to explore the electronic structure of
nonsuperconducting YBa;Cu3;O, with x=6.2, and to
compare this with the superconducting compound. We
find significant differences both in the valence state of Cu
and the Fermi-level position as a function of oxygen con-
tent.

EXPERIMENTAL PROCEDURES

The preparation and characterization of the samples
used in these experiments are described in detail in Ref. 4.
Briefly, a dense, sintered pellet of the superconducting
compound is prepared using CuO, BaCOs, and Y,0;
powders. This pellet is reannealed in oxygen at 940 °C for
two days and cooled in 5 h, resulting in a sample for which
the midpoint of the resistive transition is 93 K. Thermal
gravimetric analysis yielded an oxygen content of
x=6.8*0.1.

A 1-mm-thick slice was cut from the superconducting
sample for subsequent furnace annealing in a vacuum of
10 3 Torr. Annealing for 24 h at 420 °C reduced the ox-
ygen content of this sample to a value x =6.2, and result-
ed in semiconducting behavior. X-ray diffraction mea-
surements showed both samples to be single phase, but the
crystal structure converts from orthorhombic to tetrago-
nal upon removal of oxygen.

The photoemission experiments were conducted at the
University of Wisconsin Synchrotron Radiation Center.
Angle-integrated photoelectron spectra were obtained
with a cylindrical-mirror electron energy analyzer using
photon energies between 40 and 160 eV. The samples

3986 © 1987 The American Physical Society



36 EFFECTS OF OXYGEN STOICHIOMETRY ON THE . ..

were mounted side by side on a copper holder which could
be cooled to 50 K by a closed-cycle refrigerator. The sam-
ple temperature was below 70°C during the chamber
bakeout to prevent inadvertent oxygen loss. The chamber
base pressure was 2x 10~ 10 Torr.

The photoemission results are sensitive to the method of
surface preparation and to subsequent surface contamina-
tion. For this study fresh sample surfaces were prepared
by scraping about 0.2 mm of material from the surface
with a diamond-coated wheel. This treatment is expected
to produce fractures within the grains, rather than just at
grain boundaries. This grinding procedure does not result
in noticeable outgassing of the sample at room tempera-
ture. Furthermore, we find essentially identical results
when the sample is held at 50 K during the grinding and
the photoemission measurements. This suggests that the
surfaces of our samples are relatively stable and do not
desorb oxygen spontaneously at room temperature.

In contrast, we find that oxygen is quickly desorbed by
either the 2-keV electron beam used for Auger spectrosco-
py or the intense zero-order beam of white synchrotron ra-
diation normally used to visually align the sample. This
desorption has a profound effect on the photoelectron
spectra. For this reason, except as noted, our photoelec-
tron spectra were taken on freshly prepared surfaces
which were only exposed to a relatively weak mono-
chromatic beam of photons.

Auger spectroscopy revealed a significant carbon signal
in our samples which increases toward the center of the
samples. This is a residue of the BaCOj; used in the syn-
thesis of the compound, and is probably in the form of
graphitic carbon at grain boundaries. We were not able to
identify any contributions from this carbon to the
valence-band spectra.

EXPERIMENTAL RESULTS

The photoelectron spectra obtained from the supercon-
ducting sample of YBa,Cu3;0, with x =6.8 are consistent
with our previous results'® and those of other groups.'!~!?
In Fig. 1 we present a set of photoelectron-energy distri-
bution curves for selected photon energies, hw. These re-
sults were recorded at room temperature, and essentially
identical results were obtained at 50 K. The vertical
scales are arbitrarily normalized, and the energy is re-
ferred to the Fermi level.

We call attention to the following features in Fig. 1.
The intensity at the Fermi energy is quite small in spite of
the metallic behavior of the conductivity for the x =6.8
sample. The main Cu 3d-O 2p bonding bands (B) ap-
pear between 2-7 eV below the Fermi energy, and a
shoulder (4) appears near —2.5 eV. This shoulder is
stronger at low photon energies, and becomes a distinct
peak at energies below the range used in this study.''
This intensity dependence has been interpreted as a signa-
ture of O 2p states, since the ratio of atomic O 2p and Cu
3d cross sections increases at lower photon energies.
However, this is not conclusive evidence, since the valence
wave functions are distorted and hybridized in the solid
state.
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FIG. 1. Room-temperature valence-band photoelectron spec-
tra of the 93-K superconducting compound with x =6.8 at the
indicated photon energies £ .

A sharp feature (C) appears at —9.5 eV, which is also
relatively stronger at low photon energies. This peak is re-
ported to be resonantly enhanced at the Cu 3p absorption
threshold, 2 but we do not observe a definite effect at that
energy. The shallow Ba 5p core level is resonantly
enhanced above the Ba 4d threshold, and produces the
strong features near —15 eV in the Aw=105-eV spec-
trum.

Finally, an important feature (S2) appears for photon
energies just above the Cu 3p photoabsorption threshold
at hw =74 eV. This peak is a satellite of the Cu 3d band
which is resonantly enhanced by an interaction between a
3p-3d-3d Auger transition and a 3d shakeup excitation.
The energy position of this satellite conveys information
about the valence state of Cu atoms. In Fig. 1, the arrow
above S2 shows the position of the satellite for Cu?* in
CuO as reported in Ref. 14 (—12.9 eV). Similarly, S1
denotes the energy of the satellite due to Cu'!* measured
in Cu,O (—15.3 ¢V). The large peak at S2 at resonance
is indicative of a high percentage of Cu?* in the x =6.8
compound, but is is difficult to estimate this fraction. We
do not know the characteristic satellite shape for Cu3*.

The Cu 3d satellite is markedly different in the furnace
annealed x =6.2 sample, as seen in Fig. 2. Comparing the
spectra taken below and above the Cu 3p threshold,
Aw=73 and 76 eV, we find that the satellite exhibits
similar intensity at —12.9 and —15.3 eV. The weak struc-
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FIG. 2. Photoelectron spectra from the sample for which x
has been reduced to 6.2 by vacuum annealing at 420°C.

ture at S'1 signifies the presence of Cu 1+ but the decrease
in the total intensity of the satellites is surprising.

In Fig. 3 we compare the spectra taken at Aw =76 eV
near the Cu 3p resonance energy. Curves a and b are
from surfaces of the x =6.8 sample which were prepared
and measured at room temperature and at 50 K, respec-
tively. The differences in these curves are not significant.
Spectrum ¢ was taken on the x =6.8 sample after it was
exposed to intense synchrotron light for 15 min in situ.
This procedure removes oxygen from the surface either
through thermal or electronic desorption mechanisms.
The satellites of both the Cu'* and Cu?? valence states
are apparent in this spectrum and also in curve d taken on
the x =6.2 sample. Curves ¢ and d share some other
features which distinguish them from curves a and b.
Note that the shoulder 4 and the feature C are weak or
absent in the partially reduced samples. This supports the
assignment of both features to oxygen-derived states.

A comparison of Figs. 1 and 2 reveals a definite shift to-
wards higher binding energy for the valence bands, the sa-
tellite peaks, and the Ba 5p core levels in the x =6.2 sam-
ple. Although we find some differences in the line shapes
of the core and valence features between the various sam-
ples, the main underlying effect of the change in oxygen
stoichiometry is clearly an almost-rigid shift of the elec-
tronic states. The shift of the Ba 5p core level is 0.9 £ 0.2
eV, while the Ba 4d levels (not shown) are 0.9 +0.1 eV
lower in the x =6.2 sample. Shifts also occur in the in
situ annealed surfaces, but are smaller than in the furnace
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FIG. 3. A comparison of spectra taken at the Cu 3p reso-
nance photon energy on the superconducting sample at 300 K
(a), at 50 K (), and after in situ annealing (¢). d is the an-
nealed x =6.2 sample. The Cu 3d satellites S'1 and S2 are par-
ticularly affected by annealing.

annealed sample, and the magnitude of the shift depends
on the length and intensity of the soft-x-ray exposure.

DISCUSSION AND CONCLUSIONS

The annealing-induced binding energy shifts can be in-
terpreted either in the context of band-structure or local-
ized electronic states. A nearly rigid shift of the spectral
features is a commonly observed effect of semiconductor
doping or surface band bending, where the Fermi level Er
is varied through the band gap. The primary effect on the
photoemission spectrum is a general electrostatic shift of
all electronic states, while changes in the density of states
occur as a second-order effect. The upward shift of Ef is
to be expected with the removal of O, since oxygen vacan-
cies should act as donors. The magnitude of the shift, al-
most 1 eV, confirms that the density of states is quite low
at and above Er in the superconducting compound. !®

On the other hand, the discrete satellite binding ener-
gies observed in the reduced samples support the assign-
ment of a specific localized valence state for the Cu ions.
Cu is nominally in a Cu?* valence state for a value of
x=6.5. Our results show significant Cu'* in the x =6.2
sample and in the in situ annealed sample for which x is
unknown. This result is consistent with the analysis of
neutron-diffraction data.’

Photoabsorption at the Cu 2p threshold!® and Cu 2p
photoelectron spectra!” have been interpreted as evidence
for a valence greater than +2. We do not know if it is
possible to see Cu3" directly in the valence-band spectra
of Cu compounds, but there are no unassigned resonance
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structures in our data which would be candidates for the
Cu’* satellite.

Both the valence state of Cu and the Fermi energy posi-
tion affect the oxygen-induced semiconductor-to-super-
conductor transition, and our data demonstrate dramatic
effects of oxygen content on these parameters. However,
the electronic structure very near the Fermi level is almost
certainly crucial for the superconducting pairing, and
angle-resolved photoemission on single crystals will be re-
quired to provide details of this structure. In addition to
electronic effects, structural effects, such as the formation
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of one-dimensional Cu-O chains and the orthorhombic
phase transformation, could also play a role.
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