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We present the erst angle-resolved photoemission and low-energy electron-diffraction (LEED)
results obtained from clean singlewrystal YBa2Cu307- (001) surfaces prepared by cleaving in a
vacuum. The surfaces exhibit (1&1)ordered LEED patterns, but many of the photoemission
features exhibit little or no angular dependence. The most important exception is the upper spec-
tral edge, which showers angular dispersion and a strong photon energy dependence.

Since the discovery of superconductivity at tempera-
tures above 90 K, the study of the properties of
YBa2Cu307-„and similar compounds has been the most
active area of condensed-matter research. Among these
properties, the electronic structure is one of the essential
ingredients of theoretical models for high-temperature su-
perconductivity. This has stimulated a number of photo-
emission experiments on sintered pellets of these ox-
ides. 2 9 To our knowledge, however, no previous experi-
ments have explored cleaved single-crystal specimens with
electron spectroscopies or electron diffraction.

Recently, we were successful in producing clean sur-
faces by in situ cleavage of single-crystal YBa2Cu307-„,
and in studying their structural and electronic properties
with low-energy electron diffraction (LEED) and with
angle-resolved photoemission spectroscopy. Our angle-
resolved spectra avoid the orientational averaging which
limits the electronic structure information available from
earlier polycrystalline photoemission studies, and further-
more, should be free of the contributions, due to extrinsic
materials, generally found at the mechanically exposed
surfaces of the sintered samples. ' In particular, our re-
sults reveal a photon-energy-dependent emission from
states near the Fermi energy EF which show apparent an-
gular dispersion. Specifically, we found that for the spec-
tra taken at low photon energies near 18 eV, the upper
edge moves towards Er for increasing values of the angle
8 between the surface normal and the direction of photo-
electron emission. Our results are not completely recon-
cilable with either the localized cluster" or the one-
electron band theories'2 '5 for high-temperature super-

conductors.
The preparation of high-quality single-crystal YBa2-

Cu307-„surfaces was, of course, a crucial component of
these experiments. Free-growing single crystals were
prepared by a partial-melt growth technique using excess
CuO as a flux. 's'7 Polarized-light microscopy showed
that these crystals have few (110) oxygen-ordering
domain walls. The cation stoichiometry and crystalline
quality of the samples were confirmed by Rutherford
backscattering spectroscopy and axial channeling. 's The
superconductivity of the single crystals was characterized
by ac susceptibility. The percent diamagnetism versus
temperature revealed an onset of superconductivity at 90
K, with the midpoint of the transition occurring at 70 K.

Single-crystal platelets up to 2 mm in size were bonded
to metal tabs and mounted flat on a sample holder of a
synchrotron-radiation photoemission spectrometer with a
conductive, ultrahigh-vacuum-compatible epoxy, and
cleaved in situ under pressures in the 10 '0 range, using a
procedure similar to that reported in Ref. 19. The quality
of the single-crystal surfaces obtained with this approach
is demonstrated by the sharp 1 x 1 low-energy electron-
diffraction (LEED) patterns. Some of the LEED pictures
are shown in Fig. 1. These patterns show that the
cleavage surface is perpendicular to the c axis, and clearly
reflect the nearly square two-dimensional Brillouin zone
with very similar primitive reci rocal lattice vectors,
2tti'a-1. 62 A ' and 2x/b —1.64

Angle-resolved photoemission spectra were taken on
crystals excited by monochromatic synchrotron radiation
from a Seya-Namioka monochromator, using a Vacuum
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HG. l. LEED patterns taken with an incident electron ener-

gy of 66 and 67 eV on cleaved surfaces obtained from two dif-
ferent YsaqCu3O7-~ single crystals. These patterns re6ect the
two-dimensional projection of the Brillonin zone (top).

Science Workshop hemispherical electron energy ana-
lyzer. zo The typical overall resolution of the spectra was
0.22 eV. The normal-emission direction was determined
from the reflection angle of a He-Ne laser. The crystal
orientation was confirmed by LEED only after the photo-
emission studies were completed, since electron beams
have been found to affect surface oxygen stoichiometry.
Results presented in this paper were obtained only on
samples which cleaved across the entire width of the a-b
plane, as confirmed by microscopic examination. Typical-
ly, about 90% of the cleaved surface appeared to be specu-
larly reflecting (001) planes. Uncleaved portions of the
crystal platelets were easily distinguishable by microscop-
ic examination, and partially cleaved crystals yielded
weak and degraded photoemission spectra. No evidence
for modification of the photoemission spectra was ob-
served over periods of the order of a day.

Figure 2 shows several angle-resolved photoemission
spectra taken at a photon energy hv 30 eV, and at a
different values of the angle 8 between the photoelectron
emission direction and the normal direction. The projec-
tion of the emission direction in the cleavage plane was
close to the I -M direction of the two-dimensional Bril-
louin zone. In particular, spectra taken at 8 0 corre-
spond to the I point, i.e., to the center of the Brillouin
zone. These spectra exhibit several features analogous to
those observed in angle-integrated spectra obtained from
sintered materials, confirming the overall vahdity of those
data. Note, in particular, the emission from the strongly
hybridized Cu 3d and 0 2p orbitals, consisting of a main
peak at -5.1 eV and a shoulder at -2.5 eV. Also, note
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FIG. 2. Angle-resolved photoemission spectra of single-

crystal YsagCu307-&, taken at hv 30 eV, ai the indicated an-

gles 8 from the surface normal, and at an azimuthal angle corre-

sponding to the I -M direction in the two-dimensional Brillouin

zone.

the sharp Ba 5p doublet 14-16 eV below EF, indicating a
uniform barium valence state at the cleaved surface.

The definite presence of the peak at —-9.5 eV is par-
ticularly important, since many authors have attributed it
to carbon contamination due to grain boundaries in sin-

tered compounds or to other contaminants. We em-

phasize that this spectral feature is intrinsic to clean single
crystals. We have also observed this feature on polycrys-
talline samples grown from nitrides rather than from car-
bonates.

The spectra of Fig. 2 exhibit little or no dispersion of
the main photoemission peak, of the peak at -9.5 eV and,
of course, of the Ba Sp doublet. These findings are not
surprising, considering the results of one-electron band-
structure calculations. In essence, all such calcula-
tions'z ' give similar results, with a large number of
bands with little dispersion appearing in the energy range
of the main Cu-0 peaks. In general, the only states with
notable dispersion are made up of pdcr bonding and anti-
bonding orbitals. These states are essentially nonbonding
at the zone center, leading to a narrow predicted band-
width near I . Calculations shows these bands dispersing
away from the main nonbonding bands as the electron
wave vector moves towards the zone boundary. Thus, the
one-electron band description predicts that four of the 36
Cu-0 bands will cross or approach the Fermi level as the
photoelectron detector angle is moved off the normal
direction.
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FIG. 3. Comparison of the hv 25 and hv 18 eV photon en-
ergy spectra at 8 37'. Note the emission close to EF in the
latter case.

Despite this prediction, the region within 1 eV of EF is
remarkably free of photoemisison signal for 30 eU photon
energy, as seen in Fig. 2. In contrast, a substantial pho-
toyield is seen near EF for lower photon energies, e.g., 18
eV. In Fig. 3, we compare spectra for 18- and 25-eV pho-
ton energies after aligning the Fermi levels and scaling the
spectra to the same height of the main feature. Spectra
taken at 18 eV for different values of the angle 8 are
shown in Fig. 4. As seen in this figure, the leading edge of
the upper feature is below EF for normal or near-normal
emission whereas, considering the instrumental broaden-
ing, it coincides with EF at larger 8 angles. The leading
edge position as a function of the photoelectron k-vector
component parallel to the surface exhibits an upwards
shift of 0.25-0.3 eV on moving from the I point of the
two-dimensional Brillouin zone to a point approximately
75% of the way of the corner of the zone at M. Such a
dispersion is larger than the uncertainty of + 0.1 eV.

The interpretation of these angular effects is directly
affected by the choice of the theoretical framework for the
electronic structure of these materials. There are, at
present, two extreme theoretical approaches to the prob-
lem. One is based on the standard one-electron band
theory wherein electron-electron correlation is neglected
or only treated approximately. The other considers the
correlation, particularly between the Cu 3d electrons, as
the dominant energy in the system. This latter approach
typically involves calculating the energy levels of isolated
molecular clusters in a configuration-interaction scheme,
and ignoring the delocalized continuum in which these
clusters may be imbedded. Spectroscopic measurements
of multihole final states have shown that the correlation
energies of the Cu 3d electrons are important in
YBa2Cu307-„.

Data such as ours provide a stringent test for the rela-
tive merits of these two approaches, which could not be
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FIG. 4. Angular dependence of the spectra taken at hv 18
eV.

provided by earlier angle-integrated photoemission data.
In general angle-dependent spectra are most easily inter-
preted within the one-electron band picture, since disper-
sion is difficult to handle in the localized cluster approach.
In fact, some features of our angleMependent spectra
could be explained by onewlectron band-structure
theories. '2 '5 In particular, such theories predict, in the
energy region near EF, a group of@de antibonding bands.
These bands exhibit a similar, strong upwards dispersion
on going from the I point of the zone boundary. This
leaves a gap at the I point, in agreement with our data.
The shift in energy of the leading spectral edge, observed
for example in Fig. 4, is qualitatively consistent with the
dispersion of the onewlectron @der bands.

On the other hand, some other features in our data are
not immediately explained by one-electron pictures. For
example, the quantitative dispersion suggested by the shift
of the leading edge appears smaller than that of the calcu-
lated one-electron upper bands. The calculated dispersion
is, in fact, of the order of 2 eV on going from the I" point
to the M point.

The intensity of the photoemission signal close to EF
also raises interesting questions. The fact that we did ob-
serve, in some spectra, signals all the way up to EF is very
important —in particular, it rules out the possibility of ex-
plaining the discrepancies between calculated one-electron
densjty-of-state curves and angle-integrated photoemis-
sjon spectra as a simple rigid shift. However, the relative
jntensity of the observed signal is always below the level

suggested by one-electron calculations.
Even assuming that a one-electron picture is valid, the

compiexjty of these compounds makes it impossible to
produce a detailed band-structure mapping of all bands by
angle-resolved photoemission. Our experiments, ho wever,
did reveal important angular effects involving the states
near EF. The corresponding data provide a stringent test
for any treatment of the electronic structure high-
temperature superconductors. Further experjme«s are
underway to examine other aspects of the occupied and
unoccupied electron states of single-crystal YBaqCu3-



ANGLE-REGLUED PHOTOEMISSION STUDIES OF SINGLE-. . .

This research was supported by National Science Foun-
dation Grants No. DMR-84-21212 and No. DMR-86-
57109, by the (Mice of Naval Research Contract No.
N00014-80-C~08, and by the Wisconsin Alumni
Research Foundation. We are extremely grateful to Art
Freeman, Roland Allen, Robert Joynt, and Dave Huber
for fruitful discussion and for disclosure of unpublished

theoretical results. The diamagnetic susceptibility mea-
surements were performed by G. W. Hull. The photo-
emission experiments were performed at the Wisconsin
Synchrotron Radiation Center, a national facility support-
ed by the National Science Foundation, with a spectrome-
ter developed by Helen Farrell.

1C. %'. Chu, P. H. Hor, R. L Meng, L Gao, Z. J. Huang, and
Y. K. Wang, Phys. Rev. Lett. 5$, 405 (1987).

2F. C. Brown, T.-C. Chiang, T. A. Friedmann, 0, M. Ginsberg,
G. N. Kwamer, T. Miller, and M. G. Mason, J. Low Temp.
Phys. 69, 151 (1987).

3M. Onellion, Y. Chang, D. %'. Niles, R. Joynt, G. Margariton-
do, N. G. Stofkl, and J. M. Tarascon, Phys. Rev. 8 36, 819
(1987).

4Y. Chang, M. OneBion, D. %'. Niles, R. Joynt, 6. Margariton-
do, N. 6. StoN'el, and J. M. Tarelcon, Solid State Commun.
63, 717 (1987).

5N. 6. Stoffel, J. M. Tarascon, Y. Chang, M. Qnellion, D. %.
Niles, and 6.Margaritondo, Phys. Rev. B36, 3986 (1987).

~R. L Kurtz, R. L. Stockbauer, D. Mueller, A. Shih, L. E. Toth,
M. Osofsky, and S. A. Wolf, Phys. Rev. BI, 8818 (1987).

7P. D. Johnson, S. L Qiu, L Jiang, M. W. Ruckman, M. Stron-
gin, S. L. Hulbert, R. F. Garrett, 8. Sinkovic, N. U. Smith,
R. J. Cava, C. S.Jee, D. Nichols, E. Kaczanowicz, R. E. Salo-
mon, and J. E. Crow, Phys. Rev. B 35, 8811 (1987).

8J. A. Yarmoff; D. R. Clarke, W. Drube, U. O. Karlsson,
A. Taleb-ibrahimi, and F. J. Himpsel, Phys. Rev. 8 34, 3967
(1987).

9Zhi-xun Shen, J. %. Allen, J. J. Yeh, J. S. Kang, %. Ellis,
O'. Spicer, I. Lindau, M. S. Maple, Y. D. Dalichaouch, M. S.
Torikachvili, and J. Z. Sun (private communication).

10A. 6. Schrott, S. L Cohen, I. K. Dinger, F. J. Himpsel, J. A.

YarmoK, K. 6. Frase, S. 1. Park, and R. Purtell (unpub-
lished).
A. Fujimori, E. Takayama-Muromaki, and Y. Uchida, Solid
State Commun. 63, 857 (1987).

1~S. Massidda, J. Yu, A. J. Freeman, and D. D. Koelling, Phys.
Lett. A 122, 198 (1987).

i3B. A. Richert aud R. E. Allen (private communication); and

(unpublished).
~L F. Mattheiss and D. R. Hamann, Solid State Commun. 63,

395 (1987).
15~ Y Ching Y Xu 6 L Zhao K ~ ~ong and F Zan

diehnadem, Phys. Rev. Lett. 59, 1333 (1987).
1~8. Hasegaw'a, U. Kawabe, J. Aita, and T. Ishiba, Jpn. J.Appl.

Phys. 2», L»73 (1987).
i7W. A. Bonner, P. A. Morris, and 6. W. Hull (unpublished).
1SN. 6. Stoffel, P. A. Morris, %.A. Bonner, and 8. J. %ilkens,

Phys. Rev. B 37, 2297 (1988).
19M. M. Traum, 6. Margaritondo, N. V. Smith, J. E. Rowe,

and F. J. DiSalvo, Phys. Rev. B 17, 1836 (1978).
20For a review of angle-resolved photoemission results, and in

particular of experimental band-structure mapping, see
6. Margaritondo and J. H. Weaver, in Methods of Experi-
ment@/ PIIysies, edited by R. Park and M. G. Lagally
(Academic, New York, 1985), Vol. 22, p. 127; F. J. Himpsel,
AppL Opt. N, 3964 (1980).




