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G 2p holes: Temperature efFects and surface characteristics of cuprate superconductors
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The 0 2p holes in the Cu- and Bi-based oxide superconductors La-Sr-Cu-O, Y-Ba-Cu-O, Bi-Sr-
Ca-Cu-O, Tl-Ba-Ca-Cu-O, and Ba-K-Bi-O, and in CuO have been investigated with inverse photo-
electron spectroscopy. These states exhibit a unique resonance for incident electron energies near
the 0 2s shallow core in the Cu-based superconductors but it is not observed in CuO or in Ba-K-Bi-
O. Variations in the resonance show that the number of 0 2p holes (1) increases at 60 K compared
to 300 K, (2) is significantly reduced in oxygen-deficient samples, (3) is altered but not quenched

upon Pr substitution for Y, (4) is reduced by electron bombardment at -1500 eV, and (5) is

quenched by Cu- or Au-adatom-induced surface disruption. The Bi-Sr-Ca-Cu-0 surfaces are found

to be the most stable against high-energy electron bombardment and interface formation.

INTRODUCTION

Recent interest in the high-T, superconductors has
centered on the 0 2p holes since they are believed to play
an active role in this novel phenomenon. ' In particu-
lar, Hall-effect studies have shown holes to be the majori-
ty charge carriers in the normal state, ' and optical
absorption ' and electron-energy-loss-spectroscopy
(EELS)' ' measurements have shown O 2p holes near
the Fermi level Ez. By applying dipole selection rules, it
was determined-that these 0 2p holes have p„~ character
with x,y in the a-b plane. ' ' ' The absence of 0 2p
holes has been reported for 0-deficient YBazCu307
and undoped LazCu04 cuprates. ' ' On the other hand,
their presence has been documented in nonsuperconduct-
ing PrBazCu306 s (Ref. 17) and EuBaz(Cu& «Zn» )307
(Ref. 11). Direct observation and energy placement of
these holes has been accomplished with inverse photo-
electron spectroscopy (IPES),' taking advantage of
resonant enhancement of 0 2p states that occurs near the
0 2s threshold. ' Of particular interest here is the nature
of this 0 2p hole resonance and how it changes with tern-
perature. We are also interested in 0 2p variation among
the high-T, superconductors and related compounds, and
how changes in surface or bulk characteristics affect it.

In this paper, we present results of a detailed inves-
tigation of the unoccupied electronic states of the
oxide superconductors La, s5Sro»Cu04, (La-Sr-Cu-O),
YBazCu307 „(Y-Ba-Cu-O), BizSrzCao sYo zCuzOs+r
(Bi-Sr-Ca-Cu-O), TlzBazCa~Cu30, 0+~ (Tl-Ba-Ca-Cu-O),
and Ba, „K„Bi03 (Ba-K-¹iO),paying particular at-
tention to the states near EF. As a reference compound,
we have studied CuO. Incident-electron energy-
dependent studies of CuO and Ba-K-Bi-0 at the 0 2s
threshold show no 0 2p empty-state enhancement, but
enhancement is found for all of the cuprate superconduc-
tors. Temperature-dependent studies of Y-Ba-Cu-0 and

Bi-Sr-Ca-Cu-0 reveal greater 0 2p hole emission at 60 K
than at 300 K, and we propose that there is enhanced
charge transfer from 0 to Cu at lower temperatures.
Equivalent studies of nonsuperconducting YBazCu306 q5

and PrBazCu307 „show these empty 0 2p holes drasti-
cally reduced and altered. Finally, we examine changes
in surface character caused by high-energy electron bom-
bardment and Cu and Au adatom deposition, finding that
the Bi-Sr-Ca-Cu-0 surface is affected less than Y-Ba-Cu-
0.

EXPERIMENTAL

IPES studies were conducted in a four-chamber ultra-
high-vacuum system (pressure ( 1 X 10 ' Torr) opti-
mized for photon detection at ultraviolet and x-ray ener-
gies ( h v = 10-44 and 1486.6 eV). A 1 X 5-mm
monoenergetic sheet beam of electrons was focused onto
the sample by a Pierce-type electron gun manufactured
by Kinball physics. Typical beam currents were —10
pA at low energies and —100 pA at x-ray energies. The
emitted ultraviolet photons were dispersed by a grating
monochromator onto a position sensitive detector (total
energy resolution 0.3 eV at hv=10 eV and 1 eV at
h v=44 eV). A crystal monochromator was used to select
photons of energy 1486.6 eV and direct them onto a
chevron channel plate detector (resolution -0.7 eV).
The energy zero, EF, was determined from the emission
onset of metallic Pd in electrical contact with the sample.
Low temperatures were achieved by connecting the sam-
ples to a closed cycle helium refrigerator via a copper
braid. A Au —0.07 at. % Fe versus Chromel thermocou-
ple was used to monitor temperature. Clean surfaces
could be prepared at 60 and 300 K, and changes upon
warming or cooling could be monitored.

Preparation of our polycrystalline superconducting cu-
prates and Ba-K-Bi-0 has been described previously.
Resistance measurements showed superconducting tran-
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sition temperatures, taken as the midpoint of the transi-
tion, of 35 K for La-Sr-Cu-O, 93 K for Y-Ba-Cu-O, 85 K
for Bi-Sr-Ca-Cu-O, 118 K for Tl-Ba-Ca-Cu-O, and 27 K
for Ba-K-Bi-O. Precut posts were then fractured in situ.
Parallel studies using x-ray photoelectron spectroscopy
(XPS) showed surfaces prepared in this way to have a sin-

gle 0 1s core level centered at -529 eV, with a shoulder
at -531 eV. The 531-eV feature is a well-known signa-
ture of grain boundary phases in these cuprate supercon-
ductors.

The nonsuperconducting YBazCu306z5 samples were
synthesized from reagent grade Yz03, BaCO3, and
CuO. The reaction was carried out at 800'C in Oz of
reduced total pressure. ' The resultant powder was
pressed into pellets and sintered for 2.5 h in air at 950'C.
Equilibrium oxygen content was taken from the data of
Gallagher and Kishio et al. The PrBazCu307 „sam-
ples were synthesized from reagent grade PrO& 8&s,

BaCO3, and CuO. Pressed pellets of PrBazCu307 „were
sintered at 960'C for 2 h, followed by annealing in Oz at
425 'C.

Samples of CuO were prepared by resistively heating a
Cu foil to 900'C, followed by cooling in oxygen at atmos-
pheric pressure. The resulting CuO films had a thickness
of —1 pm, thick enough to represent a bulk sample yet
thin enough to avoid charging. After synthesis, they
were transferred to the measurement chamber and were
sputtered with 500-eV Ar+ atoms. Auger electron spec-
troscopy showed the sputtered surface to be free of con-
taminants with an oxygen to copper signal ratio indica-
tive of CuO.

RESULTS AND DISCUSSIONS

Energy dependent IPES studies of CuO
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photon distribution curves (PDC's) for Cu0. The spectra
are aligned to the conduction-band minimum, E„which
lies within 0.1 eV of the spectrometer Fermi level. The
top curve was obtained from bremsstrahlung isochromat
spectroscopy (BIS) measurements at hv=1486. 6 eV as
the incident electron energy was scanned between 1484
and 1506 eV. The lower curves were taken for incident
electron energies, 15~E, ~35 eV, as labeled. In all cases
E, is referenced to EF.

The IPES spectra for CuO in Fig. 1 are of particular
interest since empty-state structures that indicate 0 2p
and Cu 3d features should have very different emission
intensities in this energy range. In particular, the Cu

3d/0 2p emission ratio increases from 0.7 for E, =15 eV
to 1.2 for E, =35 eV and 60 for 1486.6 eV. Indeed, the
distinct shoulder —1 eV above E, for lower E s becomes

Recent interest in copper monoxide, CuO, stems from
the discovery of the cuprate superconductors. ' In
CuO, the Cu atoms are at the center of slightly distorted
oxygen rectangles, with distance to the four 0 atoms of
—1.95A. For the superconducting perovskites, Cu is
fourfold with oxygen in the a-b plane and the nearest
neighbor distance is -1.9 A.

Studies of CuO have emphasized the effects of electron
correlation on the electronic structure. Band-structure
ca1culations predict CuO to be metallic, ' but experi-
ment shows it to be an antiferromagnetic semiconductor
with a band gap of —1.4 eV. For CuO, the Cu
ground-state electronic configuration can be written as a
mixture of d and d' L, where L denotes a suitably sym-
metrized hole on the oxygen ligand. With this in mind,
the photoemission final state becomes a mixture of d,
d L, and d' L configurations. Photoemission results
show the d satellite features near 10 and 12.4 eV below
EF, ' shifted from the one-electron energy level by the
Coulomb d-d repulsive interaction of two holes in the Cu
d she11. ' The d L levels lie predominantly between 1 and
5 eV, somewhat broadened and shifted to higher binding
energy relative to their one-electron energies predicted by
band calculations. '

In Fig. 1 we show the distribution of empty states via
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FIG. 1. Unoccupied electronic states of CuO from the
conduction-band minimum E, to EF+25 eV. The top curve
was acquired in the BIS mode at h v=1486.6 eV, while the oth-
ers were acquired at constant incident electron energies E;, as
labeled. The shoulder at 1 eV above E, corresponds to unoccu-
pied 0 2p states, while that at 2.4 eV reflects Cu 3d' final-state
character. Arrows indicate where plasmon energy losses occur,
although their effects are weak in this range of incident electron
energies.
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negligible by E,. =35 eV, and we attribute it to unoccu-
pied 0 2p levels. This is supported by localized
augmented-spherical-wave (LASW) calculations that pre-
dicted that 0 2p levels lie close to EF. * Furthermore,
x-ray absorption studies involving 0 1s electrons show 0
2p levels —1 eV above E,.

Our BIS spectrum in Fig. 1 shows an unoccupied-state
feature 2.4 eV above E„in agreement with that present-
ed by Ghijsen et al. ' As those authors noted, this
feature is due to the completion of the Cu 3d shell, i.e.,
the 3d' final state achieved by electron capture. Photo-
ionization cross-section considerations support this inter-
pretation since Cu 3d features are expected to be more
pronounced at x-ray energies, as observed.

Figure 1 shows structures centered -7, 10.8, and 18
eV above E, that remain constant in energy but are
modulated in intensity with E, . LASW calculations pre-
dict Cu- and 0-derived levels near 7, 10, and 18 eV.
Comparison of theory and experiment is quite good for
the higher-lying levels, yet disagreement is found for the
unoccupied Cu 3d levels at 2.4 eV and 0 2p levels at —1

eV. We find that the experimentally-determined Cu 3d'
level lies —1 eV further from E, than the d states ob-
tained for one-electron calculations. Ghijsen et al. '

found and discussed a similar difference between their
ground-state calculations the experimental final state. In
a local picture, the addition of one electron formally con-
verts the CuO d and d' L ground states to d' and d' L
final states. Since L represents a filled ligand, these two
final states are identical, and only one Cu d feature is ob-
served. This is in contrast to the picture for NiO where
the ground state is a mixture of d and d L and becomes
d and d' L in the IPES final state. Indeed, BIS results
show two different final states for IPES studies of NiO
corresponding to the d feature —1.8 eV above EF and
the d ' L satellite feature —18 eV above EF.

The spectra in Fig. 1 show that emission -1 eV above
E, increases continuously with E;. Of particular impor-
tance is the emission intensity of the 0 2p states as E, is
increased from 15 to 35 eV. Previously we have shown
that there is an enhancement that occurs at E; —18 eV
because of the 0 2s-2p resonance. To examine this effect
for CuO we can plot the intensity at a fixed final state as a
function of E, to obtain inverse constant-final-state
(ICFS) spectra (see Refs. 18 and 19). ICFS curves for
CuO taken for final states 1 eV above EF show a constant
increase with E, , with no structure that can be associated
with the 0 2s threshold energy. Recalling that the rela-
tive photoionization cross section of the Cu 3d levels in-
creases in this region, we attribute this growth to the
presence of the Cu 3d levels 2.4 eV above E, . The ab-
sence of resonant enhancement of the unoccupied 2p lev-
els in CuO is probably because the 0-derived states are
very highly hybrized.

The arrows in Fig. 1 show where contributions due to
radiative plasmon decay occur. These features are ob-
served with IPES because incident electrons can excite
plasmons that radiatively decay and emit constant energy
photons. Since the IPES spectra are aligned at EF, the
plasmon feature at h v=14.5 eV moves to the right with

increasing E, . This radiative decay channel is quite small
for the range of E,. in Fig. 1 and is easier to distinguish at
higher E; because it no longer overlaps direct decay
channels involving conduction-band states. Similar
plasmon loss features have been observed for many ma-
terials, including the cuprate superconductors. ' '
They appear at h v=13.3 eV for La-Sr-Cu-0, 22.2 eV for
Y-Ba-Cu-O, 21.2 and 15 eV for Bi-Sr-Ca-Cu-0, and 20.2
and 12.5 eV for Tl-Ba-Ca-Cu-0. ' '

Comparison of CuO and Cu-O based superconductors

The results of Fig. 1 for CuO provide a basis for exam-
ining the empty states of the CuO-derived superconduc-
tors, particularly states that lie near EF. In Fig. 2 we

present room-temperature IPES spectra between EF and
E~+3 eV for La-Sr-Cu-O, Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O,
Tl-Ba-Ca-Cu-O, Ba-II'-Bi-O, and CuO. (Figure 2 shows
results for Y-doped Bi-Sr-Ca-Cu-O, but equivalent results
were obtained for the parent material. '

) These spectra
are representative of on-resonance (E; =17 or 18 eV) and
off-resonance (E; =15, 16, or 20 eV) for 0 2s-2p excita-
tions, and the dashed curve represents the difference. In
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FIG. 2. Room temperature IPES spectra to EF+3 eV for
La-Sr-Cu-O, Y-Ba-Cu-O, Bi-Sr-Ca-Cu-O, Tl-Ba-Ca-Cu-O, Ba-
K-Bi-O, and CuO. Solid curves correspond to excitations at
and above or below the 0 2s-2p resonance. The four cuprate su-
perconductors all exhibit the 0 2p hole state resonance at —18
eV, while Ba-K-Bi-0 and CuO do not. Difference curves
(dashed lines) represent the states enhanced by the 0 2s-2p tran-
sition, with similar distributions found for al/ cuprate supercon-
ductors.
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each case, the results have been normalized to electron
dose. While they therefore are quantitative for any given
compound, there is no unique normalization procedure
among the different compounds. The overall experimen-
tal resolution at E; = 18 eV is 0.4 eV.

The four cuprate superconductors and Ba-K-Bi-0 ex-
hibit a distinct Fermi-level cutoff, although the emission
is low and the presence of structure at —1 eV makes the
leading edges appear broadened. One-electron band-
structure calculations suggest that the states at Ez for
the cuprate superconductors have Cu3d 2 ~-02p
character, with additional Bi p and 0 p hybrids and Tl-0
sp hybrid states for Bi-Sr-Ca-Cu-0 and Tl-Ba-Ca-Cu-0,
respectively. Ba-K-Bi-0 is expected to have hybrid states
of Bi s and 0 2p character at EF. ' The results of Fig. 1

for CuO showed a Cu 3d' peak at E, +2.4 eV, but no
such obvious feature appears for any of the cuprates
shown in Fig. 2. By performing BIS measurements on
Y-Ba-Cu-O, we hoped to enhance the Cu 3d' cross sec-
tion and gain insight into its energy location and charac-
ter, but the results were inconclusive because of electron-
induced surface damage, as will be discussed later.

The results of Fig. 2 clearly show enhancement for
E, —18 eV for all of the Cu-0 based superconductors. In
contrast, there is no enhancement for Ba-K-Bi-0 or Cu0
(the on- and off-resonance spectra for them have been
offset to show that they are nearly identical). Since this
enhancement does not occur at a constant photon energy,
any process that requires a constant photon energy can
be ruled out, including plasmons, direct core-hole
recombination, or luminescence. It is unlikely that this
enhancement is caused by a van Hove singularity in the
joint density of states since IPES studies of single-
crystal Y-Ba-Cu-0 (Ref. 44) show the emission between
EF and EF+2 eV changes with incident electron angle
because of band-structure effects but the relative emission
for E; =16 and 18 eV remains constant. Thus, the ratio
of the areas under the E; =16- and 18-eV IPES spectra
between EF and EF+2 eV is independent of angle and is
approximately equal to that found for our polycrystalline
Y-Ba-Cu-0 samples. Finally, detailed ICFS curves taken
with Ef =1 eV for both Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0
are consistent with a Fano-type resonance process. "

We attribute the increased emission between EF and
EF +2 eV at E; = 18 eV to the resonant enhancement of
the 0 2p holes via the 0 2s shallow core level. The in-
cident electron induces an 0 2s core excitation into unoc-
cupied 0 2p levels. Radiative decay channels of the core
hole,

O(2s'2p )~O(2s 2p )+hv,
couple with the IPES decay continuum and produce reso-
nant enhancement. ' The fact that resonance is not ob-
served for Ba-K-Bi-O, which is a high-temperature super-
conductor with 0 2p holes, or CuO, which has empty 2p
states, suggests a unique 0 bonding configuration in the
planar CuO-based superconductors.

There exists a -3-eV discrepancy between the ob-
served energy of the 0 2s-2p resonance and the expected
energy based on one-electron energies. Photoemission re-

suits consistently place the centroid of the 0 2s levels
-20 eV belo~ EF, while IPES results place the center
of the unoccupied 0 2p levels at 1 eV above EF. Within a
one-electron picture, one would expect the resonant ener-

gy to occur near 21 eV, rather than 18 eV as we observed
for all of the cuprate superconductors. Photoemission re-
sults by Takahashi et al. also show enhancement at
h v= 18 eV of the occupied 0 2p states between EF—1 eV
and EF. Wendin ' has suggested that this may be be-
cause of an asymmetry towards 1ower binding energy of
the 0 2s shallow core level corresponding to a "well
screened" 0 2s2p con6guration.

The difference curves shown in Fig. 2 are remarkably
similar to each other, showing a peak at EF+ 1 eV with
full width of half maximum (FWHM) of -1.5 eV. For
La-Sr-Cu-0 and Y-Ba-Cu-0, the shape of the difference
curves resembles the PDC's themselves between EF and

EF +2 eV, a result expected based upon one-electron
band theory since there are only Cu-0 states near EF for
these two compounds. On the other hand, the
difference curves and the regular IPES spectra for Bi-Sr-
Ca-Cu-0 and Tl-Ba-Ca-Cu-0 are quite different, and we
attribute this to the presence of Bi-0 and Tl-0 hybrid or-
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FIG. 3. IPES spectra for Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0 ac-
quired at 300 K (solid lines) and 60 K {dashed lines). The sur-
faces were fractured at the measurement temperature. The
lower curves were acquired off the 0 2s-2p resonance (E, =16
eV), while the upper curves were taken at resonance (E, =18
eV). We find increased 0 2p hole emission at 60 K. The dotted
curves represent differences in the 16- and 18-eV spectra result-
ing from the temperature change.
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bitals. We conclude that these hole states are similar
for all of the cuprate superconductors, a conclusion also
reached by photoemission for the occupied Cu-0 hybrid
manifold.

Temperature effects and surface variation

Several photoemission studies have focused on changes
in the electronic structure of the high-T, superconduc-
tors induced by temperature. High-resolution results
have successfully observed the opening of the supercon-
ducting gap for Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-O. To
investigate temperature-induced effects in the empty
states, we undertook IPES studies of Y-Ba-Cu-0 and Bi-
Sr-Ca-Cu-0 at 60 and 300 K. While the resolution of
IPES is far from being able to see a gap develop, it was
thought that changes in the 0 2p features might be ob-
served and such effects would be critical for understand-
ing the hole population. In these studies, the samples
were fractured at 60 or 300 K. Parallel XPS studies at 20
and 300 K showed negligible contamination as deter-
mined by the 0 1s relative magnitude of the feature locat-
ed at -531 eV. We found no evidence for oxygen loss or
surface instability.

In Fig. 3 we compare spectra for Y-Ba-Cu-0 and Bi-
Sr-Ca-Cu-0 taken at 60 K (dashed curves) and 300 K
(solid curves). The spectra were acquired within 30 min
of fracture and were normalized to constant photon emis-
sion height at Ez+3 eV for Y-Ba-Cu-0 and Ez+4 eV
for Bi-Sr-Ca-Cu-0 (the samples were electrically ground-
ed in these temperature-dependent studies and the elec-
tron dose could not be measured). This normalization
procedure gave nearly identical results to that of Fig. 2
for the 300 K studies. The dotted curves represent
differences resulting from temperature changes in the 16-
and 18-eV spectra.

The spectra in Fig. 3 show an increase in photon emis-
sion intensity between E~ and Ez+3 eV for 60 K corn-
pared to 300 K for both Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-O.
Comparison of the difference curves (dotted lines) ob-
tained for E; = 16 and 18 eV reveals a greater
temperature-induced change for spectra taken on reso-
nance at E; =18 eV than off resonance at 16 eV. More-
over, the difference spectra arising from the temperature
effects closely resembles those in Fig. 2, where resonance
photoemission was used to highlight the 0 2p character
of the empty states. Finally, the resonant enhancement
at 60 K is —10% greater than the resonant enhancement
at 300 K for both Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-O. We
conclude that the increased emission at low temperature
is because of an increase in the number of 0 2p hole
states; the enhanced emission at E, = 18 eV rejects their
resonant behavior.

For Y-Ba-Cu-O, the increased emission from the 0 2p
holes at 60 K occurs with no other significant changes in
the unoccupied electronic structure, including the posi-
tion and width of the corelike Ba 4f level. Our XPS
studies also show no changes in the occupied Y and Ba
core levels as a function of temperature. However, the
XPS results do show a decrease in the Cu +

2@3/2 satel-
lite emission at 20 K compared to 300 K, along with
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FIG. 4. IPES spectra representing the effects of cooling a
300-K fractured Bi-Sr-Ca-Cu-0 sample to 60 K. On the left, we

compare the spectra for a sample fractured at 300 K (dashed
line) taken at E, =18 eV with those acquired at the lower tem-

perature (solid lines). Difference curves on the right show a pro-
gressive increase in the amount of emission because of the 0 2p
holes and decrease in the Cu 3d emission upon cooling.

line-shape changes in the 0 ls core-level emission (no
changes were found in the weak —531 eV component).
Sarma et aI. ' observed similar changes in the Cu +

2p3/2 satellite emission upon cooling. We conclude that
these significant temperature effects are associated with
the Cu02 planes. We suggest that the increase in 0 2p
holes at 60 K is a consequence of greater amounts of
charge transfer from 0 to Cu in the Cu02 planes.

To further investigate the temperature dependence of
the empty states, we cooled to 60 K a sample of Y-Ba-
Cu-0 fractured at 300 K. Upon cooling, we found
enhanced emission -1.0 eV above EF with FWHM of
-1.5 eV. The character of this enhancement is identical
to the difference curves shown in Figs. 2 and 3, again sug-
gesting that the changes are because of an increased num-
ber of 0 2p holes. After these measurements, the sam-
ple was warmed from 60 to 300 K, but the results were
inconclusive because of contamination resulting from
pressure bursts ( & 1X 10 Torr) associated with warm-
ing of the Cu braid and sample holder. Equivalent XPS
results show significant increases in the 0 1s 531-eV con-
tamination feature and changes in the valence band when
a sample is warmed from 20 to 300 K. Such changes can
be attributed to chemical modification of the surface re-
gion without postulating the loss of 0 from the supercon-
ductor.

In Fig. 4 we show IPES spectra taken at E, =18 eV as
a sample of Bi-Sr-Ca-Cu-0 was cooled from 300 to 60 K
(temperature uncertainty +5 K). The dashed curves were
acquired at 300 K. The difference curves shown at the
right show increased 0 2p hole emission at lower temper-
ature. The spectra at the left also show changes at -2.8
eV, which could be viewed either as a shift in the curve or
a loss in emission at 2.8 eV. The difference curves at the
right show that the effect grows with decreasing tempera-
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ture (maximum at 2.8 eV, FWHM=1. 2 eV). Since our
temperature dependent XPS studies of Bi-Sr-Ca-Cu-0
showed no changes in binding energy for the occupied Bi
4f or Sd levels, we can discount the possibility of a shift
in the Bi 5p feature at -EF+4 eV. Spectra acquired at
E; = 16 and 18 eV showed no changes that would suggest
that the 2.8-eV feature is associated with 0 2p levels.

We propose that the feature at EF+2.8 eV is associat-
ed with the unoccupied Cu 3d levels of Bi-Sr-Ca-Cu-O.
We note that IPES results by Drube et al. showed a
sharp feature 2.9 eV above EF, the magnitude of which
was cleave dependent. At that time, it was unclear
whether it was because of a localized 3d final-state feature
or was part of the Bi-0 hybrid manifold. Given the
present evidence for enhanced charge transfer at low tem-
perature for Y-Ba-Cu-0 and evidence for increased 0 2p
hole population at 60 K for Bi-Sr-Ca-Cu-0, we favor the
association of the 2.8 feature with Cu d character. The
reduction of that structure at low temperature again
reflects a net charge transfer involving Cu and 0, thus in-
creasing the 0 2p hole density and favoring the Cu 3d '

initial-state configuration at low T (i.e., changing from
Cu + to Cu'+ ground state).

The results of Fig. 4 show spectral changes associated
with unoccupied 0 2p and Cu 3d features that begin at
—105 K and increase to at least 60 K. These results are
summarized in Fig. 5, where the amount of change in the
0 2p (open circles) and Cu 3d (solid circles) features are
plotted as a function of temperature. While the error
bars are rather large, there is a clear trend that shows an
increase in 0 2p emission and a decrease in the Cu 3d lev-
els upon cooling, and these changes occur near T, . Upon
warming, emission at 2.8 eV reappears, i.e., the process is
reversible.

Finally, we note that the amount of 0 2p emission was
smaller for Y-Ba-Cu-0 samples fractured at 300 K and
cooled to 60 K than for those fractured and measured at
60 K. For Bi-Sr-Ca-Cu-O, however, the same 2p emis-
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sion was observed at 60 K, regardless of whether the sam-
ple was prepared at 60 or 300 K, perhaps because Bi-Sr-
Ca-Cu-0 fractures between the Bi-0 planes, resulting in
more stable surfaces. Results obtained following high-
energy electron bombardment and adatom deposition
show that the 0 2p hole emission is very susceptible to
structural disruption, particularly for Y-Ba-Cu-0.

FIG. 6. PDC's for 0-rich (x =0 07) and 0 deficient
(x =0.75) YBa2Cu30, „measured at 60 K. In the top panel
we present spectra taken at E; =32 eV, while the lower panel
shows spectra for E; =16 and 18 eV. The most significant
differences were evident within 2 eV of EF, where there is a
large reduction in the 0 2p hole states for 0-deficient samples
and there is only a small 0 2s-2p hole resonance. The XPS re-
sults shown in the inset reveal a distinct Fermi-level onset for
the oxygen-rich sample but no emission at EF for the oxygen-
deficient sample.
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FIG. 5. Increase in 0 2p holes C,
'open circles) and decrease in

Cu 3d levels (solid circles) as a function of temperature.

0-deficient YBa2Cu307

It is well known that the superconducting transition
temperature of YBazCu307 „depends on oxygen
stoichiometry. It is 93 K for x (0.25 (Ref. 54), but drops
to 60 K for 0.25 &x &0.5 and to -25 K for
0.5 ~x ~0.7. For x & 0.7, YBa2Cu307 is an antiferro-
magnetic insulator. With this in mind, we undertook
resonant IPES studies of YBa2Cu306 93 and
YBazCu30625, to investigate changes in the 0 2p hole
population above EF.

ln Fig. 6 we present spectra for oxygen-rich (dashed
line, x =0.07) and oxygen-deficient (solid line, x =0.75)
YBazCu307 . All spectra were acquired within —1 h of
fracturing at 60 K. In general, the two E; =32-eV spec-
tra shown in the top panel of Fig. 6 are very similar, ex-
cept for the reduced emission near EF for the oxygen-
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deficient sample. The Ba 5d levels are centered at EF+7
eV, as determined by the resonance at this energy when

E; was scanned through the Ba Sp-Sd giant dipole reso-
nant transition. ' ' Likewise, the Y 4d character of the
structure at EF+9 eV can be identified because it is
enhanced at the Y 4p-4d giant dipole resonance. The Ba
4f levels appear at EF+14 eV, and they become more
pronounced at higher E s because of the cross section of
1=3 states. These Ba 4f levels are shifted away from
EF by 4.7 eV compared to Ba metal, a signature of the
highly ionic environment of Ba in the oxide superconduc-
tor. As shown, the shape and energy position of the
unoccupied Y 4d and Ba 5d manifold remains essentially
unchanged for superconducting and nonsuperconducting
Y-Ba-Cu-O, and there is no energy shift found for the lo-
calized Ba 4f levels. This is not surprising since the Cu-
0 chains and planes are most affected by the removal of
oxygen.

In the lower left panel of Fig. 6, we show IPES spectra
on and below the 0 2s-2p resonance, normalized to the
emission intensity at EF+3 eV. For x =0.75, they show
no emission at EF, and there is significant reduction in
emission to EF+2 eV. There is also a drastic reduction
in the 0 2p hole resonance for 0-deficient samples. These
changes near EF are consistent with oxygen loss from
Cu-0 chains and planes for x (1, and conversion from
metallic to nonmetallic state. A similar reduction in 0
2p holes near EF has been observed in recent energy-loss
results near the 0 1s threshold for 0-deficient sam-
ples 10, 1 5

The inset of Fig. 6 shows the emission for the occupied
states within 1 eV of EF for these x =0.07 and 0.75 Y-
Ba-Cu-0 samples. These XPS (Ref. 57) results reveal a
large reduction in emission at EF for x =0.75, in agree-
ment with results by Arko et al. and the IPES results.
Note that they also show a distinct Fermi-level step for
oxygen-rich samples prepared at 300 K. It is then clear
that the depletion of 0 in the Cu-0 structures can be
readily observed by changes in the electronic states on ei-
ther side of EF.

Nonsuperconducting PrBa2Cu307

The RBa2Cu307 composites exhibit superconducting
transitions near 90 K for R =Y, La, Nd, Sm, Eu, Gd,
Ho, Er, and Lu. For Tb and Ce, the 1:2:3 compound
does not form, but a stable, nonsuperconducting Pr-Ba-
Cu-0 compound does exist. Initial speculation concern-
ing the absence of superconductivity for Pr-Ba-Cu-0 was
that charge from tetravalent Pr atoms would saturate the
0 2p holes and quench superconductivity. However, res-
onant photoemission and BIS results suggested that Pr is
near a 3+ valence state, ' and x-ray absorption mea-
surements showed a Pr valence of 3.1. ' Therefore, while
the formal valence of Pr appeared to be slightly higher
than Y, there was no evidence that the 0 2p holes were
saturated. The present measurements with IPES directly
determine the effect of Pr substitution for Y in terms of
the 0 2p holes.

In the top panel of Fig. 7 we compare E, =32-eV spec-
tra for Y-Ba-Cu-0 (dashed curves) and Pr-Ba-Cu-0 (solid

7-X
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C
(D

E;=leev /

O
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-.+ pr Ba&cusO& s

2EF =0

Energy Above EF {eV)

FIG. 7. IPES spectra displaying differences between nonsu-

perconducting Pr-Ba-Cu-0 (solid line) and oxygen-rich Y-Ba-
Cu-0 (dashed line). The bottom curves show spectra acquired
at E, =16 and 18 eV. Substitution of Pr for Y does not elimi-
nate empty-state 0 2p character, as is evident by the persistence
of the 0 2p hole resonance. However, there are large losses at
EF, and the center of the 0 2p levels is shifted to —1.5 eV above
EF. The top curves taken at E;=32 eV show similar structure
for Pr-Ba-Cu-0 and Y-Ba-Cu-O, with only minor changes attri-
buted to Pr substitution. The position of the corelike Ba 4f lev-

els remains constant relative to EF, even though we observe the
formation of a semiconducting gap for Pr-Ba-Cu-O.

curves). Even though there is the loss of photon emission
at E„for the Pr-Ba-Cu-0 sample, a change which will be
discussed in detail later, we find no changes in the posi-
tion or width of the corelike Ba 4f levels. Furthermore,
we find no significant changes in the Ba 5d emission, as
judged from IPES measurements for E, in the range of
the Ba 5p-5d giant dipole enhancement. These results
suggest that the Ba atomic environment is not altered by
the replacement of Y with Pr.

The substitution of Pr for Y removes the Y 4d levels at
EF+9 eV but adds Pr Sd- and 4f-derived levels. The
unoccupied Pr 5d levels are centered near EF+8 eV, as
determined by E;-dependent studies and the use of the Pr
Sp-Sd giant dipole resonance at E; -41 eV. Much more
difficult to place are the many multiplet levels associated
with the 4f's of Pr. BIS studies by Kang et al. have
shown these unoccupied Pr 4f levels to extend from near
Ez to —12 eV above EF in Pr-Ba-Cu-O. Close compar-
ison of the Y-Ba-Cu-0 and Pr-Ba-Cu-0 spectra does
show small Pr 4f contributions near EF+1.5 eV and an
overall broadening of the Ba and Pr 5d manifold as a re-
sult of the broad Pr 4f peak centered -7 eV above EF
(FWHM of -4.5 eV).5 The absence of distinct features
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at IPES energies is not surprising because of the multiplet
splittings, the low concentration of Pr, and the low pho-
toionization cross section off levels at E; =32 eV.

In the bottom panel of Fig. 7 we present spectra taken
at and below the 0 2s-2p resonance. They are normalized
to photon emission intensity at EF+3 eV. Results of Y-
Ba-Cu-0 are shown for comparison. The difference curve
for Pr-Ba-Cu-0 (dotted line) again highlights the distri-
bution of 0 2p hole character. As shown, there is re-
duced emission at EF. The 0 2p hole resonance for Pr-
Ba-Cu-0 is greatly reduced but it is still twice as strong
as that for oxygen-deficient Y-Ba-Cu-O. It is also shifted
to —1.5 eV above EF. EELS results by Nucker et al. '

show similar reduction and shifts in the 0 2p hole states
for the Pr-substituted perovskite. Both studies demon-
strate the persistence of empty states with 0 2p charac-
ter. Since the number of 0 2p holes is reduced, it is possi-
ble that the valency of Pr is greater than 3+, but there is
no evidence that it is close to 4+, in agreement with the
results by Kang et al. and Horn et al. '

Effects of high-energy electron bombardment

BIS measurements on Y-Ba-Cu-0 were performed to
obtain insight into the distribution of empty Cu 31-
derived states. With x-ray energies, we tried to enhance
the unoccupied Cu 3d cross section, as was possible for
CuO. For BIS, the current to the sample was -100 pA

(irradiated surface area of 1 X 5 mm) and the sample tem-
perature rose from 60 to 90 K. The result was that expo-
sure to the beam of —1500-eV electrons led to significant
changes in the surface, as judged by surface-sensitive
nondisruptive ultraviolet IPES measurements (E; -20-eV
power levels 10 times that of BIS).

The IPES spectra in Fig. 8 show the effects of BIS on
Y-Ba-Cu-0 for x =0.07 as measured with E; =32 eV
(top) and 16 and 18 eV (bottom). The dashed curves were
observed for the freshly fractured sample at 60 K. The
solid lines represent data taken after -5 h exposure to
the 1500-eV electron beam. They show a large reduction
in emission near EF and a rigid 0.35-eV shift toward Ez
of the spectrum following BIS. This shift is most clearly
evident from the corelike Ba 4f emission located at
EF+14 eV for the clean surface but 13.65 eV for the
BIS-altered surface. Despite the shift, the spectral shape
did not change significantly. The difference curve shown
in Fig. 8 was obtained by subtracting the 16-eV spectrum
from the 18-eV spectrum for the electron-beam-damaged
surface. Again, there is a reduction in emission near Ez
for both E; = 16 and 18 eV because of electron irridation
and an 80% reduction in the 0 2p hole resonance.

We also investigated the stability of Bi-Sr-Ca-Cu-0 to
high-energy electron bombardment at 60 K. Our results
indicate that the 0 2p hole resonance is reduced by
-20% after 5 h and -40% after 10 h of BIS (same elec-
tron flux as for Y-Ba-Cu-0). No shifts in the unoccupied
electronic structure were observed. We conclude that,
even though one should be careful when using high-
energy electron probes on Bi-Sr-Ca-Cu-0, the effects are
much less severe than with Y-Ba-Cu-0.

7 I

Y BaqCu~07 x
0.35 ev Modifications by Au and Cu adatoms

on V-Ba-Cu-0 and Bi-Sr-Ca-Cu-0
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FIG. 8. EPES spectra taken before and after -5 h of expo-
sure to a 1500-eV electron beam (beam size 1X5 mm, current
through sample —100 pA). The top panel shows loss of emis-
sion at EF and an -0.35-eV shift toward EF for the beam-
damaged surface. The bottom panel shows a large reduction in
the number of 0 2p hole states for the beam-altered surface.

The properties of metal- and semiconductor-
superconductor interfaces formed at 300 K have been
studied in detail over the past. several years.
Those results demonstrated that elements with a high
affinity toward oxide formation (e.g. , Ti, Al, Fe, Cu, and
Ge) leech oxygen from the surface region of the ceramic
to form oxides in the interface region. ' Ultimately,
the removal of oxygen from the substrate becomes kineti-
cally limited, and an elemental overlayer forms. In con-
trast Au, Ag, CaF2, BiO, and A1203 show no tendency to
remove oxygen from the substrate, but deposition is ac-
companied by varying degrees of substrate disrup-
tion. ' Here, we are interested in investigating the
effects of Cu and Au deposition at 60 and 300 K in the
context of the 0 2p holes.

Figure 9 shows representative IPES spectra for Cu
overlayer growth on Y-Ba-Cu-0 (top) and Bi-Sr-Ca-Cu-0
(bottom) at 60 K for different amounts of metal 0. Corre-
sponding results for Au are shown in Fig. 10. The 8=0
curves are for the clean surface. The solid lines represent
off-resonance spectra, E; =16 eV, and the dashed lines
show on-resonance spectra, E, =18 eV. They have been
normalized at Ez+3 eV and overlap at higher energy.
Equivalent results were obtained at 300 K when account
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FIG. 9. IPES spectra showing interface formation for
Cu/Y-Ba-Cu-0 (top) and Cu/Bi-Sr-Ca-Cu-0 (bottom). Dashed
curves represent spectra taken at E, =18 eV and solid lines are
for E, =16 eV. Measurements and evaporations were done at
60 K. Cu adatoms quench the 0 2p hole state resonance by
OC„=2 A for both substrates, producing a nonsuperconducting
surface region.
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FIG. 10. IPES spectra showing interface formation for
Au/Y-Ba-Cu-0 and Au/Bi-Sr-Ca-Cu-0, as in Fig. 9. Au depo-
sition on Y-Ba-Cu-0 led to disruption and reduced 0 2p hole

0 ~
0

resonance by 2 A. The persistence of this resonance past 4 A
for Bi-Sr-Ca-Cu-0 suggests that the Bi-Sr-Ca-Cu-0 surface is
more stable.

is taken of temperature dependent 0 2p population dis-
cussed earlier. As shown, the deposition of 2 A of Cu
(Fig. 9) produces a surface region where the 0 2p hole
states are missing from both Y-Ba-Cu-0 and Bi-Sr-Ca-
Cu-0. This is evident by the large reduction in emission
near EF, and the loss of 0 2s-2p resonant enhancement.
The significance of these results is that all 0 2p hole
states characteristic of the superconductor are destroyed
within the probe depth of IPES (3A, =12 A). Moreover,
the interface region is no longer conducting since there is
no emission at EF until 8C„=8 A when metallic Cu starts
to form over the disrupted region. These empty-state re-
sults complement those obtained with XPS that showed
dramatic loss of the Cu 2p3/Q satellite that is indicative of
formal 2+ valence. The XPS results make it possible
to conclude that nearly all of the Cu atoms within -50 A
of the surface have undergone a valence change from 2+
or 1+ as Cu adatoms react with oxygen from the super-
conductor and destroy the structure of the surface region.

The results of Fig. 10 show that Au overlayers also
modify the Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0 surfaces. For

0
Y-Ba-Cu-O, 2 A of Au quenches the 0 2p hole resonant
enhancement within our 12 A probe depth, demonstrat-

0

ing that at least the topmost —10 A of the surface is
vulnerable to adatom-induced structural modification.

For Bi-Sr-Ca-Cu-O, the effect is much less, as shown by
the persistence of 0 2p hole state enhancement past 4 A.
For Bi-Sr-Ca-Cu-O, we estimate that only the topmost
—5 A of the substrate are disrupted (although it should
be noted that we cannot comment on the lateral homo-
geneity of the disruption). These results are also in agree-
rnent with XPS results which showed Y-Ba-Cu-0 to be
much more susceptible to surface disruption than Bi-Sr-
Ca-Cu-O.

During interface development for Y-Ba-Cu-O, we also
monitored the empty corelike Ba 4f level. For Cu
deposition, the Ba 4f structure shifted and broadened
from its clean surface position of 14 (FWHM =2.2 eV) to
12.9 eV (FWHM=3. 4 eV). This provides additional evi-
dence that changes occur in the surface region that alter
the chemical environment of all of the constituents, pro-
ducing a highly disrupted region bearing little resem-
blance to the perovskite structure. In contrast, for Au
the Ba 4f emission shifted from 14 (FWHM=2. 2 eV) to
13.8 eV (FWHM=2. 4 eV), an amount equal to that ob-
served in XPS studies of Au and Ag overlayers during
the first angstroms of deposition. Since all of the elec-
tronic states move in registry, the origin is probably elec-
trostatic in nature, i.e., because of rigid shifts of EF as
rehybridization alters the distribution of states near EF.
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CONCLUSIONS

This paper has focused on the oxygen 2p holes in the
high-temperature superconductors. We have shown that
these empty states can be highlighted by energy-
dependent inverse photoemission in the vicinity of the 0
2s-2p resonance. Temperature-dependent IPES results
have shown that the amount of 0 2p hole emission in-
creases substantially as the temperature is reduced from
300 to 60 K for both Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0. We
also observe changes in the Cu-derived empty states, and
the variation in Cu- and 0-derived features indicates a
buildup in the number of 0 holes and increased Cu
valence at low temperature. There is no evidence for
temperature changes in states unrelated to the CuOz
planes. Studies of oxygen-rich and oxygen-deficient Y-
Ba-Cu-0 showed the disappearance of 0 2p holes above
E~, in agreement with EELS studies, absorption measure-
ments, and direct photoemission measurements. Intrigu-
ingly, results for nonsuperconducting Pr-Ba-Cu-0 also
showed 0 2p holes above EF, but they are found to be re-
duced and altered. [Superconductivity is quenched for
y =0. 1 in EuBaz(Cu& ~Zn )307, but absorption studies
by den Boer et al. " found no reduction in 0 2p holes
from y =0.0 to 0.1.] Evidently, the presence of 0 2p
empty-state character does not guarantee superconduc-

tivity, but their absence is sufficient to suppress the high-
T, mechanism.

Finally, we showed the 0 2p holes to be very sensitive
to surface disruptions. We found evidence for surface
disruption of the uppermost CuOz plane for Y-Ba-Cu-0
at 300 K. Furthermore, high-energy electron bombard-
ment at 60 K was also shown to disrupt the Y-Ba-Cu-0
surface. Disruption of Bi-Sr-Ca-Cu-0 was much smaller.
Finally, Cu and Au adatoms were found to react and dis-
rupt the surfaces of Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-O, and
the results were independent of temperature in the range
60-300 K. The disruption was found to be larger for Y-
Ba-Cu-O, in agreement with previous accounts of the sta-
bility of the Y-Ba-Cu-0 surface.
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