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We have performed synchrotron-radiation photoemission on the (001) surfaces of superconduct-
ing YBa;Cu3O7-, crystals which were prepared by in situ cleaving. The Ba 4d and Ba 5p core-
level line shapes differed substantially when the photoelectrons were collected at normal or graz-
ing emission angles. The normal-emission core-level spectra appear to be composed of two com-
ponents shifted relative to one another by about 0.9 eV. The more tightly bound component dom-
inates the grazing-emission spectrum. This is interpreted as a surface core-level shift of the Ba
atoms to larger binding energies, since the photoelectrons detected at grazing angles are predom-
inantly emitted from the outermost atomic planes. The nature of the shift is discussed.

INTRODUCTION

Electron spectroscopies have been used extensively to
study the electronic structure of the new oxide supercon-
ductors, particularly, of YBa;Cu307-, and related com-
pounds.! Kurtz has recently reviewed the use of photo-
emission to examine valence structure,? while Wendin has
produced an overview of the application of photoemission
and other spectroscopies to the valence and core electrons
in these materials.> Two factors have complicated the in-
terpretation of these spectroscopic results. One is the
difficulty of preparing surfaces of the ceramics which are
characteristic of the bulk material, and the other is the ex-
tensive effects of electron-electron correlation on the pho-
toelectron spectra.

A number of workers have performed photoemission
studies of sintered polycrystalline samples of the high-
temperature superconductor YBa;Cu3O7—, in the vacu-
um ultraviolet and soft-x-ray regime.*'® The most com-
monly used method of surface preparation, mechanical
abrasion of ceramic samples with some type of file, has
lead to a set of experimental spectra which are qualitative-
ly in agreement with each other, but differ in some impor-
tant details. The most controversial results have involved
reports of core-level binding-energy shifts or temperature-
dependent effects. Some of these results are possibly due
to contaminants in the starting materials or to residual
gases condensed on the surfaces at low temperatures. Pro-
gress is being made to identify and to eliminate these
problems.

Recently, Schrott e al.!® have used x-ray photoemis-
sion spectroscopy (XPS) and scanning electron micros-
copy (SEM) to characterize the surfaces obtained by ei-
ther fracturing or filing the sintered materials. They con-
clude that filing (or scraping) produces the best surface,
but that a significant fraction of the surface area is com-
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posed of intergranular fractures. These grain boundaries
contain varying amounts of extrinsic material, such as
BaCQs, depending upon the density, purity, and prepara-
tion technique of the sintered material. The SEM results
also show that the filing procedure leaves loose granular
material on the surface. It is our experience that these
grains, if not removed completely, can be charged posi-
tively by the photocurrent. This can lead to spurious pho-
toemission features on the high binding-energy side of the
real electronic features.

In light of these problems, the principal advantage of
using cleaved single-crystal samples?® is obvious— resi-
dues at the grain boundaries and loose grains are avoided
entirely. A second advantage is that the ordered surfaces
produced by cleaving can be effectively probed by angle-
resolved photoemission for signs of energy-band disper-
sion. A final benefit from the use of cleaved crystal sam-
ples is the ability to create surfaces which are locally flat
over most of the exposed surface. This allows us to collect
photoelectrons at well-defined grazing-emission angles
from our single-crystal samples. Such spectra are intrinsi-
cally very surface sensitive, and differ markedly from the
normal-emission spectra. We interpret these results as in-
dicative of surface shifts in the Ba core binding energies.
Implications of these shifts for the interpretation of earlier
results from sintered materials are discussed.

EXPERIMENTAL PROCEDURES

The YBa;Cu3O7-, single crystals were grown by par-
tially melting a mixture of Y,03, BaCOs3, and CuO in an
alumina crucible, with excess CuO used as a growth
flux.2! Rutherford backscattering spectroscopy (RBS) on
dozens of crystals confirmed that the cation stoichiometry
was always 1:2:3 within the sensitivity of RBS. Ion chan-

213 ©1988 The American Physical Society



214 N. G. STOFFEL et al. 38

neling?? and x-ray diffraction were used to confirm the
crystal structure. Polarized light microscopy revealed rel-
atively few oxygen-ordering domain walls in our crystals.
We speculate that the (110) twinning observed in ceramic
materials?® is promoted largely by geometric constraints
during the oxygen intercalation. We note that our crys-
tals are almost free growing, and do not need to form
twins to accommodate the tetragonal-to-orthorhombic dis-
tortion. 4

The superconducting transition, as determined by ac
susceptibility measurements, has an onset at 90 K and
finishes above 50 K.%* A comparison of the as-grown crys-
tals and cleaved surfaces using spectroellipsometry?® sug-
gests that the centers of the crystals used in this experi-
ment may have a lower O content than the surfaces. Evi-
dence relating to the O stoichiometry at the actual cleaved
surfaces is discussed later.

Crystal platelets of at least 1.5 mm along a and b axes
were used in these experiments. The thickness varied
from 0.1-0.3 mm along the ¢ axis. The samples were
bonded flat to a copper holder by one face, and metal
cleaving tabs were fastened to the other face using ul-
trahigh vacuum (UHV) compatible epoxy. In order to
provide a sample ground and prevent charging effects, the
copper holder, the exposed epoxy surfaces, and the ex-
posed edges of the crystals were painted with a conductive
paste, also UHV compatible. This paste (Ohmex) has a
low and featureless photoyield. The sample holder was
mounted on a cryostat in a UHYV photoelectron spectrom-
eter system, and the chamber was baked at 150°C. The
base pressure was 2.5% 10 710 Torr.

The crystals were cleaved by gently pulling on the
cleaving tabs in UHV. Visual inspections of both the
crystal and the spot produced by the reflection of a He-Ne
laser beam were used to judge the quality of the cleaves in
situ. A microscopic examination was conducted ex situ
after the experiment to verify that the samples were
cleaved across their entire width. The surfaces of the ac-
ceptable cleaves exhibited many visible steps separating
smooth (001) facets.

The surface normal was determined from the reflection
angle of the laser beam. The effectiveness of this pro-
cedure in determining the (001) direction was confirmed
by low-energy electron diffraction in our earlier study of
cleaved crystals.?’ The angle-resolved spectra were ob-
tained with a hemispherical electron energy analyzer
operated with 0.25 eV resolution. The input lens defined a
source area on the sample less than 1 mm in diameter.
For this experiment, we used photons from the three-
meter torroidal-grating monochromator at the University
of Wisconsin Synchrotron Radiation Center.

RESULTS
A. Valence-band spectra

The valence-band spectra from the cleaved surfaces
agree with our earlier results on cleaved crystals,?® which
were restricted to photon energies below 40 eV. Since the
quality of the cleaved surface and its oxygen stoichi-
ometry are critical issues in the interpretation of our
core-level results, we have looked carefully at the valence

spectra of each of the three cleaved crystals used in this
study. Representative spectra are shown in Fig. 1. We
call attention to the following results.

First, we observe significant intensity in the shoulder
found at —2.5 eV for low photon energies. This feature
has been associated with higher oxygen stoichiometry in
earlier studies.'® The cleaving procedure and photoemis-
sion measurements were performed on one of the crystals
at a nominal temperature of 77 K in order to minimize
possible oxygen loss. The room-temperature and low-
temperature results did not differ in any significant way.

Second, spectra taken at photon energies near the Cu
3p threshold, 76 eV, show the resonant Cu d°8 satellite at
—12.5 eV, an energy characteristic of Cu?" ions. There
is no similar resonance at —15 eV, associated with Cu'*
ions, which has been found to accompany severe oxygen
depletion at the cleaved surface.!> We note that this is not
a precise indication of surface oxygen stoichiometry, since
Cu'* would only be expected to be present for an O con-
tent below YBa;Cu3Ogs (x=0.5). By performing mea-
surements on reference samples of known stoichiometry,
Kelly?® has shown that spectroellipsometry can provide a
useful measure of the oxygen content in these materials.
The application of this technique to our cleaved surfaces
suggests a decreasing oxygen-concentration gradient
toward the center of these crystals, apparently due to the
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FIG. 1. A comparison of valence-band spectra from in situ
cleaved YBa;Cu3O7-, obtained with the indicated photon ener-
gies. Spectra (b) and (d) were taken at a photoemission angle
6=60°. The other spectra were taken in the normal emission,
9=0°.
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slow diffusivity of oxygen in the crystals relative to the
ceramic materials. Measurements on crystals from the
same batch as used in this study suggest that at the as-
grown surface x is about 0.2, but that x is near 0.5 in the
interior regions of the thickest crystals.

Third, we find a sharp peak near —9.5 eV from the
Fermi energy. This feature has no explanation in one-
electron band theory, 2’ and many authors have attribut-
ed this peak to contamination by carbonates or water.
Recent experiments have shown that both of these poten-
tial contaminants yield some photoemission intensity near
this energy.'*? However, we have seen this feature on all
of our cleaved surfaces immediately after cleaving, even at
low temperature, and on sintered samples synthesized
without carbonates. We will argue in a separate paper, 3
based on cross section effects, that this is an intrinsic elec-
tronic feature related to oxygen multihole states.

Fourth, the energies and intensities of the valence-band
features were almost independent of the emission angle in
both the (010) and (110) planes. Compare curves (a) and
(b) or (c) and (d) in Fig. 1. We did not observe apparent
angular dispersion of more than 0.25 eV. This may reflect
a localized and highly correlated electronic structure in
this oxide. However, there is still considerable debate over
the proper theoretical framework in which to interpret the
angle-resolved photoemission results. 3272831

B. Core-level shifts

The position and line shape of the Ba core levels in
YBa,;Cu3O07-, have differed in reports by various groups.
Miller3? has reviewed the experimental results for the Ba
5p levels, and there are significant variations in the report-
ed Ba 4d spectra as well. Some of the discrepancies have
been attributed to contaminants, principally unreacted
BaCOs, or to oxygen deficiencies. However, we note that
the position and shape of the Ba 5p doublet and its ap-
parent spin-orbit splitting seem to differ consistently in
published studies for the two photon energy ranges where
it has an appreciable cross section—near 35 eV and near
105 eV.

We have taken Ba 5p spectra at low and high photon
energies on the same cleaved surfaces of several crystals,
and we also find this discrepancy. The Ba 5p doublet is
better resolved in the low photon energy regime, and the
spin-orbit splitting and intensity ratios are closer to the
atomic values. At higher photon energies, the Ba 5p
doublet is unresolved, even when the system resolution is
the same. This effect is seen in the top and bottom curves
of Fig. 2, where Ba 5p spectra taken near the normal-
emission direction are compared for photon energies of 40
and 100 eV. We attribute the more narrow line shape at
the latter energy to the shorter electron escape depth at
the resultant electron kinetic energies. The low cross sec-
tion for Ba 5p emission at intermediate energies prevents
us from following the evolution of the spectra from the
low-energy to the high-energy line shape. However, we
can use the emission angle to control the probing depth in
a similar and more continuous manner. The middle spec-
trum in Fig. 2, taken at an angle of 73° from the surface
normal in the (100) plane, has a line shape very similar to

the low-energy result.

We found that the 5p spectrum at 100 eV can be ap-
proximated by shifting the 40 eV line shape (or the graz-
ing angle line shape) to lower binding energy by 0.9 eV
and superimposing it upon the unshifted spectrum. The
most straightforward explanation for the broadened Ba 5p
line shape is, therefore, the overlap of the surface Ba core
level with the bulk core level shifted to lower binding ener-
gy. The 5p levels appear at a kinetic energy of 20 and 80
eV for the low- and high-energy spectra, respectively.
Considering the typical energy dependence of the pri-
mary-electron escape depth,’ we expect that the 40 eV
spectrum is quite surface sensitive, possibly probing only
the outermost Ba layer. Apparently, the 100 eV spectrum
samples deeper Ba layers than the 40 eV data.

An identical trend with emission angle is seen for the
Ba 4d core levels as seen in Fig. 3. The spin-orbit splitting
is larger for the Ba 4d levels (2.6 e€V) than for the 5p
doublet (2.0 eV), so the splitting can be clearly resolved at
both angles. However, the normal-emission line shape is
clearly broader than the grazing-emission spectrum, ap-
parently due to the superposition of an additional com-
ponent at lower binding energy. Again, we can fit the
normal-emission line shape by a superposition of two
doublets, one at the energy of the grazing-emission spec-
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FIG. 2. A comparison of the line shape of the Ba Sp core level
at photon energies Av =40 and 100 eV, taken at room tempera-
ture. A sloping background has been subtracted from the 40 eV
spectrum. Emission angles @ are as indicated. The spin-orbit
doublet of the Ba Sp core level is unresolved for 6=7° and
hv=100 eV, because photoemission is less surface sensitive un-
der these conditions and both surface and bulk core levels con-
tribute to the spectrum.
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FIG. 3. The Ba 4d core level exhibits the same qualitative an-
gular behavior as the Ba 5p levels in Fig. 2. The more surface
sensitive spectrum (68=73°) is well resolved, while the near-
normal-emission spectrum appears to be composed of two doub-
lets shifted relative to one another by about 0.9 eV.

trum and a second, bulk doublet of comparable intensity
shifted 0.9 eV to lower binding energy. We estimate the
uncertainty of this shift to be less than 0.1 eV. Thus, the
surface shift of the Ba 4d and Ba 5p doublets are equal,
although the latter is less precisely determined. Core-level
spectra at intermediate angles show a smooth transition
from one type of spectra to the other, with the low
binding-energy component gradually diminishing with in-
creasing angle.

C. Origin of the core-level shifts

We note that both Ba atoms in the unit cell occupy
equivalent positions in the bulk crystal structure, and
should have identical bulk binding energies. The higher
binding-energy feature is then almost certainly due to Ba
atoms in an altered surface environment. Surface core-
level shifts of both signs with magnitudes up to 1 eV have
been reported in many metals and semiconductors,* but
there have been relatively few studies of core shifts on ox-
ides. A number of effects leading to surface core-level
shifts have been identified. Among these are charge
transfer away from the surface atoms, reduced core-hole
screening of the final state, or effects of the altered surface
Madelung potential. The interpretation of the surface
shift in the present case is complicated by the possible oc-
currence of surface reconstructions or of changes in Ba
oxygen coordination.

The model of Citrin and Wertheim3* attributes most
previously observed surface shifts to redistribution of
charge in the initial state due to reduced coordination and
a concomitant narrowing of the surface electronic bands.

Since the Ba valence states lie mostly above the Fermi en-
ergy, narrowing of the bands should reduce the effective
charge on the Ba site, leading to the proper sign of the
core-level shift. The surface shift of Ba to higher binding
energies would also be consistent with the observed shift
of the cation core levels in numerous compound semicon-
ductors. However, realistic estimates of the surface shift
are complicated by our lack of knowledge of the surface
atomic structure.

We discount the possibility that the shift is induced by
the adsorption of residual gases in the UHV chamber. Al-
though some authors have claimed that the freshly
prepared surfaces are highly reactive, we have no evidence
for changes in our spectra between 0.1 and 20 h after
cleaving. Changes occurring at longer times are first no-
ticeable in the valence-band spectra, not in the core levels.

Not much is known about the local oxygen coordination
at the surface following cleaving in vacuum. This is a
separate issue from the possibility of spontaneous oxygen
deintercalation in the near-surface region, which may also
be occurring. It may prove very difficult to determine the
actual oxygen-site occupancy at the cleaved surface. Our
surface-sensitive spectra may be probing only 0.5 nm into
the)surface, less than the thickness of a unit cell (1.17
nm).

Furthermore, it is not known whether our cleaving tech-
nique exposes a particular plane among the several atomic
planes parallel to the (001) direction in YBa,;Cu3O7-,.
From the symmetry of the unit cell, there can be no
unique cleavage plane which lies between planes of atoms.
The surface, therefore, is likely to have domains where the
cleave shifts between equivalent planes. However, it
seems reasonable that the Ba atoms might have reduced
oxygen coordination due to the cleaving process, and pos-
sibly due to O desorption. This may result in reduced
screening of the surface core hole and, thereby, to a less
energetic core photoelectron, in agreement with our result.
However, given our current understanding of the cleavage
plane and possible surface atomic reconstructions, the rel-
ative contribution of final-state effects to the surface core
shift cannot be determined.

CONCLUSIONS

Our photoemission results show a significant shift in the
binding energies of the Ba core levels at the (001) surface
of YBa;Cu3O7-,. This is not unexpected, since such
shifts are a ubiquitous feature of high-resolution core-
level photoemission studies of clean surfaces. These shifts
may indicate an altered electronic structure at the surface
of this high-7, material. Most core-level shifts have their
origin is surface rearrangements of valence electrons,
which may, in principle, be observed in valence-band pho-
toemission spectra. However, our limited search for such
effects has failed to reveal any profound differences in the
surface and bulk valence structure. This supports the con-
clusion that the photoemission results, although they are
surface sensitive, are probing electronic states similar to
the bulk valence bands.

The Ba core-level shifts would be affected by recon-
struction of the cleaved surface, particularly, by changes



in the coordination of barium by oxygen. Our results on
the low-temperature and room-temperature cleaves sug-
gest that the surface oxygen content is not significantly
depressed by thermal desorption at room temperature.
We also note that the surface-sensitive spectra do not re-
veal the characteristic satellite feature associated with Cu
in the Cu'!" valence state. The (001) surface is apparent-
ly more stable with respect to oxygen loss than the ran-
domly fractured surfaces. Nonetheless, we still do not
have a quantitative measure of the oxygen stoichiometry
in the critical region within a few atomic layers of the sur-
face. Some techniques which are commonly used to mea-
sure chemical composition might themselves affect the

38 CORE-LEVEL SHIFTS ON CLEAVED YBa,Cu;0,_,(001) . .. 217

surface oxygen content. Photoemission measurements on
crystals which have been prepared in the tetragonal, semi-
conducting phase would help answer the remaining ques-
tions.
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