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We have performed angle-integrated photoemission measurements at 20 K on well-oxygenated
(T, =92 K) single crystals of YBa,Cu;Oq 4 cleaved in situ, and find a relatively large, resolution-
limited Fermi edge which shows large amplitude variations with photon energy, indicative of band-
structure final-state effects. Some dispersion is seen even in our angle-integrated measurements.
Our best estimate of N (Ey) per Cu atom is that it is about 20% that of Cu metal with about a 20-80
mix of Cu 3d and O 2p orbitals. Dispersive and final-state effects are seen throughout the valence
bands. The line-shapes of the spectra as a function of photon energy are very well reproduced by
band-structure predictions, indicating a correct mix of 2p and 3d orbitals in the calculations, while
the energy positions of the peak agree with calculated bands to within =~0.5 eV. We conclude that
a Fermi-liquid approach to conductivity is appropriate.

I. INTRODUCTION

While photoemission spectroscopy is, in general, a
powerful tool for probing the electronic structure of ma-
terials,! it has proved somewhat erratic in the study of
high-T, superconductors. Because it is a surface-
sensitive probe, the major experimental hurdle has been
the preparation of high-quality surfaces in vacuum which
are representative of the bulk. This is particularly true
for the (R)Ba,Cu;Oq , materials (R =rare-earth element)
whose surfaces have proved to be unstable in vacuum.? >
The earlier photoemission work, primarily on scraped
sintered powders, has been reviewed by Wendin®’ and
shows a notable lack of a Fermi edge which was a con-
tributing factor to the general perception that a novel
nonmetallic mechanism is responsible for the conductivi-
ty. This fact, combined with appearance of satellites in
the photoelectron spectrum,®’ as well as a 1 to 2 eV
discrepancy between measured and calculated valence-
band peaks'®”!? (whenever such a correspondence could
be established) has cast serious doubt on the applicability
of the one-electron model.!> Even measurements on
cleaved single crystals failed to change the situation since
the initial results obtained at room temperature were not
significantly different from those of sintered powders.!*

We have recently shown,>”> however, that the surface
of a (R)Ba,Cu;0q , superconductor remains quite stable
in vacuum if the sample is kept at very low temperatures.
For the first time, a very distinct and stable Fermi edge
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was observed which, however, disappeared rapidly as the
sample was warmed above =50 K. Changes upon warm-
ing were observed throughout the valence bands and core
levels as well, and are interpreted in terms of oxygen loss
in the near-surface region. Clearly, previous measure-
ments at room temperature were not always probing the
bulk electronic structure, and reports of temperature
dependence!® possibly had their basis in a deteriorating
surface.

Almost simultaneously with our discovery of stable
metallic behavior in the 1:2:3 compounds, various
researchers reported the existence of a distinct, albeit
very weak, Fermi edge in the Bi-Ca-Sr-Cu-O materi-
als.!®!7  Apparently, these compounds are substantially
more stable in vacuum than the 1:2:3 compounds. Quite
recently, it is reported in the cubic perovskites as well, '8
thus bringing a satisfying uniformity to the field of high-
T, superconductivity, and a conviction that we are at last
probing the true bulk electronic structure. An ironic
twist to the saga of the missing Fermi edge in the
YBa,Cu;04 , compounds is that not only does it now ex-
ist, but it appears to be between two and ten times larger
than in the related superconducting oxides as measured
relative to the valence-band maximum.

Since our previous data were on EuBa,Cu;Og ; crystals
(T, =70 K) which had less than optimum homogeneity,
comparisons to calculations were not completely satisfac-
tory. A thorough study of an Og, material is clearly
called for, now that the method for surface stabilization
is known. This is particularly true in view of the fact that

2268 ©1989 The American Physical Society



40 LARGE, DISPERSIVE PHOTOELECTRON FERMI EDGE AND. ..

most band calculations are for O, systems,'°2* so that
comparisons to Q4 ; will not suffice. While it is true that
the gross features of the electronic structure, i.e., those
probed by a photoemission measurement, will not yield
the exact nature of the coupling mechanism, they must at
some level influence this mechanism. It is essential then
to resolve the many outstanding questions regarding the
electronic structure of these materials.

In this paper, then, we report on an extensive angle-
integrated photoemission study of the valence bands of
YBa,Cu;0q 4 crystals cleaved in situ and measured at 20
K, in order to preserve the stoichiometry of the sample
surface. Our purposes are to (a) characterize the photo-
emission intensity at Ep and obtain some rough estimate
of N(Eg), (b) determine the wave-function character at
Ep, (c) compare the now rich valence-band spectra to cal-
culations, (d) resolve outstanding issues regarding core
level spectra as well as the —9-eV feature, and (e) charac-
terize the resonance properties at the various absorption
edges. Because of the very extensive nature of the data,
and the desire to keep this manuscript to a manageable
length, several items [e.g., (b) and (d)] will reported in
greater detail elsewhere,” with only the most relevant
conclusions reported here. Here we will show that for
the Og4 ¢ material a large intensity at E is obtained which
is now quite consistent with predictions of band theory.
Indeed, the expectations from a traditional Fermi liquid26
should be explored. This complements the recent posi-
tron annihilation results?’ which indicate the existence of
a Fermi surface not too dissimilar from predictions.

II. EXPERIMENTAL DETAILS

The single crystals of YBa,Cu;O¢ , were grown via an
off-stoichiometry self-flux technique,?® in contrast to our
previous EuBa,Cu;04 ., crystals which were grown in a
CuO-PbO flux. The latter technique may result in some
residual Pb impurities (undetectable in photoemission)
which could hinder complete oxygenation of the samples.
In addition, recent phase diagram work by Hinks et al.?
shows that while yttrium reacts to form a line compound
in the 1:2:3 structure, other rare-earth elements such as
europium have a range of compositions, with resulting
serious consequences on 7, and homogeneity. In the
YBa,Cu;0¢,, crystals the oxygen stoichiometry was
readily controlled (from 6.2 to 6.9) by annealing the sam-
ples at 500°C in a flowing gas stream containing a
predetermined mixture of O, and N, at atmospheric pres-
sure. After equilibration at 500°C for a minimum of 24
h, the samples were quenched in liquid nitrogen. Thus,
our previous high-pressure techniques®® were unneces-
sary. Microscopic examination of the Og4 4 samples (our
primary concern in this paper) revealed a high density of
twins, with all the twin lines oriented along a single
(110) direction. Typical sample dimensions were
1.5X1.5X0.05 mm. Magnetization measurements, tak-
en with a SQUID magnetometer, indicated a T, of 92 K
with a transition width of =2 K. Samples were cooled in
zero field, then magnetization data were taken in a
measuring field of 2—-5 Oe upon warming.

In order to enable us to cleave the crystals in the pho-
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toemission chamber, the samples were mounted with
epoxy between two 1-mm-diam aluminum rods oriented
end to end. The sample ¢ axis was parallel to the rods.
One of the rods was attached to the cryostat cold finger
so that cleaving was effected by prying on the free rod.
The specimens cleaved quite readily at 20 K (or at 300
K), with a subsequent microscopic examination revealing
large areas of mirrorlike surfaces.

The photoemission measurements were made at the
Synchrotron Radiation Center in Stoughton, WI, using
the Ames-Montana ERG/SEYA line as well as the newly
commissioned Minnesota-Argonne-Los Alamos beamline
(ERG). Overall instrument resolution using a double-
pass cylindrical mirror analyzer (CMA) varied from 125
to 200 meV. The chamber pressure was maintained at
~5X10!! Torr throughout the measurements. Cooling
to 20 K was accomplished via a closed-cycle He refrigera-
tor.

The measurements reported here were done with the
sample temperature maintained at 20 K since we have
shown?~> that warming the samples above 50 K results
in a loss of the Fermi edge as well as irreversible changes
throughout the valence band. Typically, the samples
were held at 20 K for 48 h or more with no significant
change in the spectra. The spectra were frequently moni-
tored at Av=>50 eV to discern any changes, as well as at
lower photon energies to detect the common adsorbates
(O and CO). Some minor irreversible deterioration with
time was observed due to photodesorbtion of oxygen (i.e.,
all deterioration ceased over-night with no photons imp-
inging on the sample), as well as some very minor
deterioration due to an overnight buildup of CO on the
surface. The CO adsorbate caused no modification of the
valence-band features and was, in any case, easily re-
moved by flashing the sample to 50 K for less than 1 min
so that no oxygen from the specimen was lost. A com-
plete restoration of the last spectrum of the previous day
was generally obtained. We might point out that this
submonolayer adsorbate did not yield the now famous
—9-¢V feature, but rather the more familiar double peaks
at —8and —11eV.

While temperature-dependent phenomena are not
within the scope of this paper (again, they have been
thoroughly reported by us previously?%), we wish to
point out that all samples were eventually heated to room
temperature and monitored for any spectral changes.
Just as previously reported, an irreversible loss of the
Fermi edge rapidly occurred in each case, as well as a
buildup of the —9-eV oxygen-related feature. However,
it was- found that the deterioration of the Y-Og , speci-
mens was substantially slower than that of our previous
Eu-Og ; samples (hours versus minutes). Also, within the
YBa,Cu;0q ¢ system, the rate of oxygen loss was a func-
tion of oxygen stoichiometry as well; i.e., it increased
somewhat with decreasing oxygen content. While it may
be that the same mechanism responsible for poor oxygen
uptake may act to enable a rapid oxygen loss in the near
surface region, other possibilities should be considered.
In particular, if oxygen diffuses from the crystal in the a-
b plane rather than along the c axis,>! then a highly
stepped surface provides a much shorter escape path for
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oxygen versus a smooth mirrorlike surface. Our previous
cleaved surfaces were, indeed, highly stepped.

III. RESULTS AND DISCUSSION

A. The intensity at Ep

The largest intensity at Ey (relative to the valence-band
maximum) observed to date in an oxide superconductor is
shown in the spectrum in Fig. 1, taken at 20 K and
hv=50 eV for YBa,Cu;Oq, (sample 4). It equals more
than 20% of the maximum valence-band intensity. Su-
perimposed in the figure is the spectrum for Cu metal
taken at hv=40 eV (Ref. 32) for purposes of comparison.
(All other oxide superconductors reported thus far have
relative intensities at Ep that are even smaller than that
of the Cu metal in Fig. 1.)

One must not, of course, conclude from Fig. 1 that
N(Eg) for YBa,Cu;O4, is larger than for Cu metal.
Indeed, to obtain an estimate of N (Ej) for YBa,Cu;0q 4
relative to Cu from Fig. 1 requires several assumptions
and approximations in normalizing the spectra. By nor-
malizing the two spectra to the integrated Cu 3d intensi-
ty, it should, in principle, be possible to obtain an esti-
mate of N(E) per Cu atom relative to that of Cu metal.
The various assumptions are (a) the photocurrents due to
Y 4d and 5s, Ba 6s, and Cu 4s emission are more than an
order of magnitude smaller than that due to Cu d and O

Intensity (arb. units)

-8 -6 -4 -2 0
Energy Relative to E_ (eV)

FIG. 1. Valence-band spectrum for YBa,Cu;0q¢ ¢ (sample A)
at hv=>50 eV. The sample was cleaved and measured at 7' =20
K. The intensity at Ey is more than 20% of the maximum
valence-band intensity. Superimposed in the figure for compar-
ison is the valence-band spectrum of Cu metal taken from Ref.
32.

2p and can thus be ignored, (b) we assume a Cu 3d° and
O 2p* configuration so that the ratio of d to p electrons is
27/42, (c) we analyze the data at Av=>50 eV where the
cross sections 03,4 and o,, are nearly equal, so that 40%
of the integrated intensity in Y 1:2:3 comes from Cu 3d,
(d) we use the calculated atomic cross sections since it
has been shown!® that they are not too different from
those actually calculated for Y 1:2:3, and (e) the magni-
tude of o, is estimated from the Cu spectrum to be
about 8% that of o;,;. After normalizing, it is estimated
from the ratio of the intensities at E that N (E) per Cu
atom in Y 1:2:3 is about 20% of that in Cu metal. Band
calculations?® yield N(E) in O, material that is twice
that of Cu metal. While much of the discrepancy can
probably be traced to the rough approximations, a large
part reflects the fact that our intensity at E is still two to
five times lower than various calculations (see Fig.
5).34.19-24

Figure 2 shows the Fermi edge in another sample (B) of
YBa,Cu;04 4 for a number of different photon energies.
We distinguish between samples because the intensity at
E is somewhat cleave dependent. That of sample B, for
example, is =20% smaller (relative to the valence-band
maximum) than sample 4, although both samples were
nominally Og 4. The spectra in Fig. 2 were normalized to
integrated intensities of the valence bands. A more
correct normalization would take into account the vary-
ing relative cross sections of the 3d and 2p electrons; i.e.,
at each photon energy the integrated intensity should be
proportional to [420,,(hv)+2703,(hv)]. However, this

Intensity ( arb. units )
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FIG. 2. Blowup of the Fermi edges in YBa,Cu;04 4 (sample
B) at various photon energies. Note the large amplitude varia-
tions with Av. A double shoulder is evident at Ep for hv=26
and 28 eV, indicative of dispersion.
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results in a montonic decrease of absolute intensity
which is undesirable for purposes of display. Since we
wish to focus primarily on the rapid changes of intensity
in small energy windows, the normalization presented
here is quite adequate. A detailed study of the Av depen-
dence of the Fermi edge is quite extensive and will be
given in a separate publication.?>3% Here we merely wish
to point out that the amplitude decreases with Av more
slowly than o2 (hv), indicating a substantial Cu 3d con-
tribution at E,. The result of the best fit to the amplitude
dependence yields approximately a 20-80 mix of Cu 3d
and O 2p orbitals at Ep. In a more traditional experi-
ment to determine the orbital character of photoemitted
electrons (i.e., Fano resonance at a core absorption edge),
a recent publication®® shows only a very small intensity
enhancement at Ep in YBa,Cu;0¢, and La,_,Sr, CuO,
at the Cu 3p absorption edge (hv=74 eV), and none at all

III]‘I]I'III‘I'ITT
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FIG. 3. Valence-band spectra for YBa,Cu3;0g o (sample B) for
a series of photon energies normalized to equal maximum inten-
sities. The clearly identifiable peaks are labeled 4 through F.
Many final state peaks are evident below hv=24 eV, which shift
to apparent higher binding energies with 2v. One set of these is
labeled by the arrows. Much of the O 2p intensity is concentrat-
ed in peaks 4 and B, while the Cu 3d intensity is centered on
peak D (more clearly seen in Fig. 4 at hAv=70 eV), but is distri-
buted throughout the valence bands. The differences between
sample A4 and sample B probably reflect differences in orienta-
tion from residual angle-resolved effects.
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in Bi-Ca-Sr-Cu-O. We would, however, caution the
reader that a null resonance experiment at the 3p edge is
inconclusive in view of the fact that the entire valence
band shows only a weak, or no resonance. Most of the
resonant intensity is in the —12-eV satellite (see Sec.
III C). Thus a similar cross-section study as done on
YBa,Cu;0g g is desirable on Bi-Sr-Ca-Cu-O compounds.

In this paper we wish focus attention on the various
apparent resonances at Ep at photon energies of 14, 18,
20, 26, and 50 eV. (The 14-eV enchancement is seen in
Fig. 3.) The 18-eV enchancement at E, has been ob-
served in other systems'® and has been attributed to a
Fano resonance at the O 2s absorption edge. While we
are not prepared to state that this is or is not the actual
enhancement mechanism, we would alert the reader to
obvious complications in the form of the enhancements
at the other stated photon energies. We cannot rule out
the possibility, for example, that 18 eV enhancement has
its origin in the same mechanism responsible for intensity
enhancements at other Av, namely, van Hove singulari-
ties in the joint density of states. We state this for the fol-
lowing reasons: (a) the O 2s absorption edge, at least in
EuBa,Cu;0g 4, occurs at 22 eV and not at 18 eV, as evi-
denced by the resonance of the predominantly 2p-like
features® at —2 eV, as well as the nearly pure oxygen im-
purity peak at —9 eV (see Sec. III C), (b) we know of no
other mechanisms that can produce enhancements at the
other photon energies, (c) there is a satisfying correlation
between the 18- and 50-eV intensity enhancements if we
assume a free-electron parabolic final-state band.’” In
this model, the 18-V enchancement comes from the
second Brillouin zone, while that at 50 eV is due to the
same van Hove singularity in the 3d zone, and (d) various
final-state peaks in the secondary electron spectrum are
observed near the secondary cutoff (see Sec. III B and
Fig. 3).

In a true angle-integrated photoemission measurement
one would generally not expect k-dependent spectral
manifestations from individual bands. However, we are
measuring the photocurrent from single crystals with an
energy analyzer (CMA) which admits only a limited num-
ber of electron trajectories. In particular, one of the tra-
jectories accepted is that of normal emission, which may
dominate over other spectral features. If van Hove singu-
larities are present, they will further enhance this domi-
nance. Thus it is entirely possible to observe residual
angle-resolved effects in an angle-integrated measure-
ment, if single-crystal specimens are used.

Finally we discuss a feature in Fig. 2 which likewise
has its origin in angle-resolved phenomena, and is
perhaps most significant. In particular, we focus atten-
tion on the Fermi edges for Av=26 and 28 eV where a
clear double shoulder characterizes the Fermi edge. The
peak in the spectral density is clearly below Ep by an
amount greater than our instrument resolution of =~ 125
meV at this photon energy. At other hv the peak is at
E to within instrument resolution. We are clearly ob-
serving dispersion in the band that crosses E even in our
angle-integrated measurement. Takahaski et al.'® have
observed dispersion at Ep in Bi,CaSr,Cu,O;z in their
angle-resolved experiment along the k, and k, directions.
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Our data complement their experiment well and suggests
that the bandlike nature of the carriers at E is universal
in high-T, materials. Thus we are observing what appear
to be traditional metallic bands crossing E,. Photoemis-
sion measurements on the newly discovered®®>’ electron-
doped cuprate superconductors should prove very in-
teresting. Indeed, it may be possible to establish whether
the concept of a doped semiconductor has validity since
in that case a band gap should be observed near E in
contrast to the preceding situation. The discovery of
these materials at first glance, however, reinforces for us
a more traditional band picture, where in a metallic sys-
tem the behavior of electrons and holes is interchange-
able.

While the purpose of this paper is to discuss primarily
the electronic structure of the well-oxygenated (7, =92
K) YBa,Cu;04, material, we have also measured the
spectra on materials with lower oxygen content and
hence lower T,’s. A detailed discussion of those results is
beyond the scope of this paper and will form the basis of
a separate manuscript.** Nonetheless we wish to point
out that the intensity at E, decreases anomalously rapid-
ly with T, and may have its basis in the strong coupling
model,*! consistent with the finding of Imer et al.*? that
the gap 2A=28 kT,. We mention this fact here because of
our observation that all published values®!%!® of Fermi
edges in related superconducting oxides (including the
cubic perovskites) appear to be anomalously low relative
to our large intensity in YBa,Cu;O4,. In all cases the
samples measured had T,’s lower than 92 K. It will
clearly be essential to measure the spectrum of the 120 K
compound once the metallurgical problems are over-
come. From the strong-coupling model one would antici-
pate a large N (Ep).

B. Valence bands — comparison to band calculations

The full valence-band spectra taken at different photon
energies in sample B are displayed in Fig. 3. (Although
the intensity at E is smaller for sample B versus sample
A, the counting statistics, due to a change in beamlines,
are superior in sample B.) The spectra differ substantially
from most reported in the literature, and contain more
structure than even our previously reported®> > results
on EuBa,Cu;04 5. Again, because of our partially angle-
resolved measurement, we are observing a spectrum not
totally representative of the density of states. This is par-
ticularly true at low photon energies (hv <24 eV) where
at first glance there appears to be substantial dispersion
in the valence-band peaks. While some dispersion actual-
ly exists, the bulk of the apparent shifts is again a result
of final-state enchancements in valence-band emission
from certain bands at the those values of 2v which allow
direct transitions at van Hove singularities in the joint
density of states (usually at Brillouin-zone boundaries).
Thus much of the apparent dispersion is caused by a
series of these final-state enhancements shifting by 1 eV
in the spectrum each time the photon energy shifts by 1
eV. (Note one set of these enhancements marked by the
arrows.) They are extremely useful in verifying the ex-
istence of a feature which may otherwise be unobservable
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due to a weak cross section. In this manner, besides the
peak at Ep, we identify six other peaks in the spectra
which we label A4 through F in the figure. The 19-eV
spectrum, for example, confirms the existence of feature
C, while the 20-eV spectrum clearly enhances feature D,
albeit both (not surprisingly) with some dispersion. The
identifiable peaks are located at — 1.5, —2, —3, —4, —5,
and —6.5 eV. Peak A4 has the highest intensity at low Av
and rapidly decreases in intensity as #v increases. Hence,
we associate 4 with primarily O 2p bands. This is con-
sistent with our previous observation that as the surface
deteriorates with oxygen loss, most of the intensity is lost
in the region of peak 4. Peak B is similar, but clearly has
more Cu 3d admixture (slower 4 v dependence). The cen-
troid of Cu 3d intensity is at —4 eV (peak D) where peaks
C, D, and E grow rapidly with increasing A v and coalesce
into a single feature at large Av. This growth is seen
more clearly in Fig. 4 where only four spectra are shown
but with the background subtracted.

Superimposed on the spectra in Fig. 4 are calculated
spectra (dotted lines) of Redinger et al.'® obtained by ap-
propriately broadening the density of states (DOS) and
convoluting each partial density of states (PDOS) with
appropriate cross sections. We have shifted them to

T T T T AT ]
_YBa2cu3OS.9
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FIG. 4. Valence-band spectra for YBa,Cu;O¢ ¢ (sample B) at
a limited number of A v with the background subtracted. Super-
imposed on the spectra are the calculated spectra (dashed lines)
of Redinger et al.'® The latter have been shifted to higher
binding energies by 0.5 eV. Note that the line shapes corre-
spond well at both low and high photon energies. The peaks in
the calculated spectra are labeled A4 through F, and correspond

* with those in Fig. 3.
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higher binding energies by only 0.5 eV .in order to get
coincidence with peaks 4 and B. We also note that the
calculated spectra are for the stoichiometric compound
YBa,Cu,;0,. We have made such a comparison to calcu-
lations in our earlier work* on EuBa,Cu;0q 5, but in that
earlier work we were unable to resolve peaks 4, C, and D
in the data. Consequently, we matched the large calcu-
lated Fermi edge with the leading edge of the valence
bands (at —1 eV) and concluded that we have a 1-eV
discrepancy between calculation and experiment. Our
present data, however, allow us to obtain a one-to-one
correspondence with peaks A through E between experi-
ment and calculations (including correct energy posi-
tions) if the above-mentioned 0.5-eV rigid shift is em-
ployed.

In general, there is a great deal of agreement between
various band calculations.'”2* There are, however,
small differences such as, for example, the intensity at Ep
which is smaller in the calculations of Ching et al.?!
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FIG. 5. (a) Density of states for YBa,Cu;0- taken from Ref.

22. The peaks labeled A4 through F correspond with the labeled
peaks in the spectra of Figs. 3 and 4. (b) Blowup of the band
structure near E, taken from Ref. 19. Band 4, due to the
chains, should be filled for Oy .
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versus that of Yu et al.,'° and which is in much closer
agreement with our experiment. We are not prepared,
however, to distinguish between the various calculations
on the basis of these small differences. We refer the
reader to the excellent review by Pickett?® for further in-
formation and references. For comparative purposes we
show in Fig. 5(a) the DOS taken from Ching et al.,*! and
in Fig. 5(b) a blowup of the four bands near E, taken
from Yu et al.'’

Peak F does not appear in the calculated spectra of
Fig. 4, but it is present as a weak feature in the original
DOS as shown in Fig. 5(a). Thus, all experimental peaks
A through F are here clearly identified (and labeled) with
corresponding peaks in the DOS. Nearly exact agree-
ment with our spectra is obtained by shifting E to +0.5
eV, with the exception of the relatively intense sharp
structure producing the large Fermi edge in the calculat-
ed DOS of Yu et al. This sharp edge is due to band 4
in Fig. S5(b), a relatively flat hybrid band due to
Cu(1)(d,,)—O(1)p,)-O@4)(p,) orbitals. It has a charge
density highly localized on the one-dimensional chains.
Bands 2 and 3 are due to Cu O planes while band 1 also
comes from chains. We note that while band 4 crosses
Ep for the stoichiometric compound YBa,Cu;O,;, Yu
et al.’® state that band 4 is actually filled for Og . Thus
a sharp peak just below Ep with considerable Cu charac-
ter would be expected in the data. Instead a sharp peak
is observed precisely at E with intensity more in keeping
with Fig. 5(a). It is as if a weakened version of band 4 has
been pulled up in energy by 0.5 eV relative to the rest of
the bands.

With the above exception, the one-electron band calcu-
lation actually captures most of the essential features of
our spectra. Consequently, we feel it deserves a closer
look. In particular, the role of oxygen vacancies needs to
be better understood. We might point out an interesting
historical trend relating to comparison with band calcula-
tions. The initial results on sintered powders'! (see also
Redinger et al.'®) were in disagreement with calculations
by a full 2 eV. Even after such a large shift was conduct-
ed, the correspondence was more imaginary than real.
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FIG. 6. Extended valence-band spectra for O¢ o (sample A)
and Og ,5 crystals. Note the absence of a Fermi edge and the
narrower bandwidth for Og,s. Note also the absence of the
—9-eV satellite in both spectra.
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As the samples improved, the agreement improved, both
in peak position and line shape, until we now reproduce
the line shape reasonably well (Fig. 4) and the peak posi-
tion to within 0.5 eV. The trend seems to favor the calcu-
lated band structure. The residual 0.5-eV shift, however,
is currently still a problem. Some of the possible causes
are (a) correlation effects, (b) shift in E, due to filling of
holes in Og ¢ material, (c) an error in calculations in plac-
ing Ep, or (d) residual experimental problems, such as
surface effects, which have not yet been addressed. The
general agreement between various band calcula-
tions!®*~%* would seem to rule against ¢, while our experi-
ments show a relatively small (<0.1 eV, see Fig. 6) shift
in Ep as holes are filled at still lower oxygen concentra-
tions (down to Og ,s5). The samples have reached a state
of perfection where any improvements are likely to be
insignificant. Thus, most researchers*’ put the onus on
correlation effects which seems quite plausible in view of
the existence of valence-band satellites. However, we are
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FIG. 7. Resonance properties of slightly deteriorated

EuBa,Cu;0;, at the O 2s (left panel) and the Cu 3p (right
panel) absorption edges. Deterioration allows the observation
of the —9-eV peak. The maximum enhancement of both the
—9-eV peak and the feature at —2 eV (peaks 4 and B are not
resolved here) occurs at Av=22. An incidental Eu 4/ resonance
at —35 eV occurs in the 18-eV spectrum. The two Cu 3d satel-
lites (right panel) are marked by arrows. The large increase in
the background at 74 eV is due to the MVV Auger peak. There
is little or no resonance in the Cu valence-band spectrum. The
insets in both panels are a blowup of the spectra around Ep.
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puzzled by the rigid nature of the shift of the entire DOS,
including the supposedly more extended O 2p orbitals
shifting equally with the presumably more localized Cu
3d orbitals, while at the same time the relatively flat band
4 (where larger correlations might be expected) remains
pinned at Ey (note the sharp peak at E. in Fig. 1).
Perhaps the issue can be resolved within the Hubbard
model. Any plausible model of the electronic structure,
however, will have to incorporate the essential features of
the one-electron DOS, including the fact that the 3d
bandwidth is much broader than it is in Cu metal, and
that most of the O 2p intensity actually exists in a rela-
tively narrow (2-eV wide) band near Ep, as seen from the
20-eV spectrum in Fig. 4.

The major disagreement between band calculations and
experiment exists, of course, for the Oy material where
the one-electron theory obtains'®™23 metallic behavior
versus the measured insulating behavior. Figure 7 shows
spectra at hv=>50 eV for Og ¢ and Og ,5 material and it is
clear that the latter spectrum has negligible intensity at
Eg. It is widely believed that it is the magnetic transi-
tion, present at oxygen stoichiometries below 6.4, which
results in the insulating gap. Several workers®* have suc-
ceeded in obtaining a magnetic transition in their calcula-
tions. We, of course, cannot discern that from our data.
What we can observe is that the bandwidth of the Og ,5
material is substantially narrower than that of the Og 4
material which would indicate that the entire valence
band undergoes changes as oxygen is lost. This would ar-
gue against the concept of a doped Mott insulator, and
would seem to conform with the suggestion by
Kasowski?® and others that the effect of oxygen vacancies
is to cause a band narrowing which eventually contrib-
utes to the formation of magnetism.

C. Resonances and core levels

In addition to valence-band measurements, we have
performed extensive measurements on the Ba and O core
levels in order to sort out some of the conflicting reports
regarding satellites. A full description is, again, beyond
the scope of this paper and will form the basis of a
separate publication. However, it is useful to quote some
of the conclusions reached in that publication since they
have a direct bearing on the electronic structure of the
Og o material.

We focus our attention again on Fig. 6 and note that
neither the Og ¢ nor the Og ,5 spectra display the oxygen-
related feature at —9 eV. This peak, as many have
suspected,'? is not intrinsic to the 1:2:3 structure. The
feature is absent as long as the sample remains cold (we
have held the samples up to 48 h without deterioration).
At the same time a single O 1s core line!? is seen at — 528
eV as long as the sample remains cold. Upon warming,
the —9-eV peak begins to grow, faster for the low oxygen
materials, and slower for Og 4. This suggests that it is due
to oxygen coming out of the bulk and sitting either ad-
sorbed on the surface or in some interstitial location in
the near-surface region. The fact that it is an oxygen
feature can be discerned from Fig. 7(a), where the —9-eV
peak, observed in a partially degraded sample, clearly
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resonates at Av=22 eV. Coincident with the growth of
the —9-eV peak is also the growth of a second O 1s core
level at —531 eV which we likewise associate with ad-
sorbed oxygen coming from the deteriorating near-
surface region. We differ from those'>!® who call it a
surface impurity only in terms of the source of that
impurity—namely, the deteriorating sample itself.

Two sets of Ba 4d and Sp core levels doublets are often
seen in published data* ~*’ with varying relative intensi-
ties and interpretations. Our extensive Av-dependent
measurements clearly show that the lower-binding-
energy, spin-orbit split doublet is a surface shifted com-
ponent whose intensity is dependent on surface perfec-
tion, and is totally unrelated to the number of oxygen
holes.*> The best samples at all oxygen concentrations
show a surface component having equal intensity with
the bulk component.

Having stated that the —9-eV oxygen-related feature is
not intrinsic to the 1:2:3 material, we now wish to point
out that a weak Cu 3d related feature exists at = —10 eV
which is intrinsic to the 1:2:3 electronic structure, but
which is usually not discernible in a measurement be-
cause of coincidence with the large —9-eV contamination
peak. This satellite exists in addition to the commonly
observed —12-eV peak. Both of these satellites resonate
strongly at the Cu 3p edge at 74 eV as shown in Fig. 7(b).
[Note that the spectra in Fig. 7(b), where the two satel-
lites in question are marked by arrows, are for
EuBa,Cu;0 ; and not YBa,Cu;0¢,.] The existence of
the second satellite has been postulated!? previously,
since it is expected within the d® multiplet structure, and
is observed both in Cu and Ni metals.*®*’ The observa-
tion of the resonance, however, confirms its existence.
The bulk of the 3d bands show only an extremely weak
resonance at the 3p edge. This is very much reminiscent
of Ni metal where one also observes**® a strong satellite
resonance (the well-known two-hole bound state) with al-
most no accompanying resonance in the valence bands.
Indeed, it would seem to confirm one more time that the
ground state of Cu is in the d° configuration.

Satellites, in general, are an indication of electron
correlation in materials,”® and hence correlation effects
are likely in this material. However, our measurements
show that most of the results of the one-electron model
are valid for YBa,Cu;Oq ¢, just as they are valid in Cu
and Ni. The similarity to heavy-fermion systems, where
band theory (at least in uranium compounds) captures the
essential features of the DOS but does not address the
question of satellites, correlation, and coupling,“’52 is
striking. What we find interesting is the extremely strong
resonance of the —12 eV satellite, which in our measure-
ments is stronger than any reported in literature for any
cuprate. Such a strong 3d Fano resonance suggests the
existence of empty Cu 3d states and a super-Coster-
Kronig (SCK) autoionization process. If the number of
empty 3d states decreases, then the strength of this reso-
nance should likewise decrease since only a weaker
Coster-Kronig-Auger process is possible. In Cu metal,
where the d band is filled, the resonance is very weak, the
available empty states being in the fourth principal quan-
tum shell rather than the third. In Y 1:2:3, the resonance
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does not measurably weaken as the oxygen stoichiometry
is varied down to Og,s. It does, however, decrease
dramatically as the surface deteriorates. This would sug-
gest the existence of empty 3d states down to low oxygen
stoichiometries, again consistent with calculations.”® As
the surface deteriorates, however, a substantial amount of
Cu forms in the d '° configuration.

Finally, we consider the oxygen resonance (2s absorp-
tion edge) shown in Fig. 7(a). We show spectra for a
slightly deteriorated surface of EuBa,Cu;Oq¢ , as we tune
the photon energy through this edge in order to show the
resonant behavior of the —9-eV satellite at hv=22 eV
which has been shown to be of purely oxygen origin.** It
will be seen that this is the same photon energy at which
the resonance of the —2-eV peak in the valence bands is
manifested. The point we wish to make is that the O 2s
to 2p resonance is at hv=22 eV, and not at 18 eV as one
might conclude from a cursory glance at the Fermi edge
enhancements. While we cannot state that the resonance
occurs at 22 eV in other cuprates, we wish to leave the
reader with two points regarding resonance experiments
at Ep (1) the numerous enchancements in the Fermi edge
at low hv diminish the usefulness of the O 2s edge to
confirm the occupancy of O 2p orbitals at Ep, and (2) the
lack of resonance at Ep for hv=74 eV does not preclude
Cu 3d occupancy at E since the entire valence band (27
3d electrons) fails to resonate at this edge.

IV. CONCLUSION

We have reexamined the electronic structure of
YBa,Cu;0q 4 single crystals via photoemission spectros-
copy, making the measurements at 20 K in order to
maintain surface oxygen stoichiometry. We find that typ-
ical spectra display a large, sharp (resolution limited) Fer-
mi edge consistent with metallic behavior. N (E) per Cu
atom is very roughly estimated to be as large as 20% of
that of Cu metal and contains about a 20-80 mix of Cu 3d
and O 2p orbitals. Dispersion and final-state enhance-
ments, phenomena associated with well-defined bands,
are observed at Ep and throughout the valence bands.
We find excellent agreement with a calculated DOS if the
DOS is shifted to higher binding energies by =0.5 eV
(except for the feature at Er). Not only peak positions,
but also line shapes of the spectra appear to agree with
previous calculations, which would indicate that the cal-
culations contain the correct mix of 3d and 2p orbitals
throughout the valence bands. Thus, much of the O 2p
intensity is peaked in a narrow, 2-eV wide band near Ep
with a long tail extending to —7 eV, while the Cu 3d
band is centered at —4 eV and extends through the
valence bands. Our results complement well the angle-
resolved measurements of Takahashi, which likewise
point to a hybridized bandlike behavior of the supercon-
ducting oxides. The very large resonance of the —12-eV
satellite, which decreases in intensity relative to the
valence bands as the surface deteriorates, is a result of a
SCK autoionization process and points to the existence of
empty Cu 3d states.
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