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Photoemission study of single-crystalline (Lat — Sr )2Cu04
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Ultraviolet and x-ray photoemission measurements have been performed on single-crystal
(La~-,Sr, )zCu04 with x 0.0 and 0.04. Considerable differences are found in the photoemission
spectra when compared with the results for sintered samples: a single-peak structure for the 0 ls
level and the absence of the peak at 9 eV of unknown origin reported for sintered samples, etc.
Comparison is also made with band-structure calculations.

The electronic structure of the oxide superconductors'2
is of considerable interest with respect to understanding
the mechanism giving rise to such high transition temper-
atures. Photoemission spectroscopy3 's has provided fun-
damental knowledge about the electronic structure which
forms a basis for studies of the high-T, mechanism. Ul-
traviolet photoemission spectroscopy has shown that (i)
the density of states at the Fermi level is very small com-
pared with that of band calculations'92o and (ii) the
valence-band spectrum is shifted by 1-2 eV relative to the
calculations while x-ray photoemission studies have found
a satellite of the Cu 2p level, indicating a divalent state for
the copper atoms. Photoemission studies with synchrotron
radiation have reported a remarkable resonance for the
satellite peak of the Cu 3d level. These results have been
interpreted as an indication of strong electron correlation
in favor of the theoretical proposals of a high-T, mecha-
nism based on strong electron correlation. ' Although
photoemission spectroscopy has thus provided valuable in-
formation on the electronic structure, the spectra reported
by different researchers do not necessarily agree with each
other. Notable discrepancies are found in the valence
band, a band emission of unknown origin at about 9 eV,
and the 0 ls core level. These discrepancies may be as-
cribed to sintered samples which consist of many small
grains and possess boundaries of differing compositions
from that of the bulk superconducting phase. It is also
known that the oxide superconductors absorb and desorb
oxygen very easily, implying that the concentration of ox-
ygen atoms at the sample surface may change rapidly un-
der ultrahigh vacuum. These two effects may have
brought about the confusion in the photoemission spectra,
especially in the oxygen-related region. Since it has been
suggested by various experiments that oxygen plays a key
role in the occurrence of the high-T, superconductivity,
the discrepancy in the 0 ls photoemission spectrum has

become a great obstacle to understanding the high-T,
mechanism.

In this paper, we report the results of photoemission
measurements on a single crystal of the high-T, supercon-
ductor (Lat —,Sr„)2Cu04(x 0.04) together with the un-

doped one (x 0.0). We took utmost care to prevent
compositional change at the sample surface. We found
remarkable differences in the photoemission spectra in the
valence-band region and the 0 ls core level compared
with the previous studies on sintered samples. We discuss
the electronic structure and the chemical states of constit-
uent atoms in the high-T, superconductors using the
present experimental results.

Single crystals were prepared by slowl~ cooling the non-
stoichiometric melt with excess CuO. Typical crystal
size was 10x10x5 mm3. Their single crystallinity was
checked by Laue diffraction measurement and their com-
position was determined by electron-probe microanaiysis
(EPMA), which also showed that Sr atoms were distri-
buted uniformly in the crystal. The resistivity and
Meissner-effect measurements showed that La2Cu04 is an
insulator while (Lao 96Sro o4)2Cu04 becomes superconduc-
tive at about 20 K.

Photoemission measurements were performed with
Hett (40.8 eV) and Mg Ka(1253.6 eV) lines with the en-

ergy resolution of 0.2 and 1.0 eV, respectively. The Mg
Ka spectra have been corrected for the satellites of the x-
ray source. The single crystals were scraped with a dia-
mond file under ultrahigh vacuum (2X 10 'o Torr) in the
spectrometer to obtain a fresh surface for the photoemis-
sion measurements. The sample was kept at low tempera-
ture (80-150 K) or at room temperature during the mea-
surements. Photoemission spectra changed rapidly at
room temperature, especially in the Hett measurement,
while the changes were reduced when the sample was
cooled.
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FIG. 1. HeII photoemission spectra of valence band in

(La~ -~Sr )2CuOq (x 0.0 and 0,04) single crystals. Calculated
Hett spectrum by Redenger er al (Ref. 20) is als. o shown with
an energy shift of 1.5 eV.

20

Figure 1 shows valence-band photoemission spectra of
(La~-„Sr„)zCu04excited by the Heu line. Spectra
denoted by low temperature (LT) were measured at low
temperature (about 150 K) within 30 min after scraping
while the spectrum denoted by room temperature (RT)
was obtained at room temperature for the same sample
surface after warming it to room temperature. This spec-
tral change was irreversible. When the sample was
scraped and kept at room temperature, the spectrum
changed very fast, giving finally a spectrum similar to that
denoted by RT in Fig. 1. Spectral features of the undoped
(LT and x 0.0) and doped (LT and x 0.04) samples
are almost the same; low density of states at the Fermi
level and two main structures at about 4 and 17 eV (bands
A and C). Band A is due to the heavily hybridized states
of the Cu 3d and 0 2p orbitals '9'2o and band C to the La
5p state. The photoemission spectrum in the band-A re-
gion shows a fair agreement with the density of states cal-
culated by Redinger, Yu, Freeman, and Weinberger2o ex-
cept for a rigid shift of about 1.5 eV, as reported in previ-
ous studies on sintered samples. 4 ' When going from LT
to RT, drastic changes take place: (i) subband A ~ is con-
siderably reduced while subband A2 is slightly enhanced,
(ii) a new feature, band 8, appears at about 9 eV, and
(iii) band C is shifted by about 1 eV toward the high bind-
ing energy.

In the early photoemission studies '6's on sintered
samples of the La system (superconductors based on

La2Cu04), a band similar to band 8 was clearly resolved.
A similar and more pronounced structure has been also
observed in the Y s stem (superconductors based on
YBa2Cu30q). 9' 'z' '7's Various proposals have been
presented as the origin of band 8: extrinsic effects such
as carbon atom as an impurity ' ' ' ' and intrinsic ones
such as the multielectron feature of Y,9 two-hole bound
state of the 0 2p level, '4 3ds final state, '6 etc. Petroff et
al. 's reported a resonant enhancement of band 8 at the 0
2s core threshold in the Y system and interpreted it as an
indication of existence of empty 0 2p state and a strong
correlation between 0 2p electrons. However, it is obvi-
ous from Fig. 1 that at least in the La system band 8 is ex-
trinsic and is not related to the electronic structure of the
superconducting phase. We tentatively ascribe band 8 to
some different oxides formed at the surface since we ob-
served a drastic change of the 0 ls spectrum for the same
sample surface (discussed below).

In the valence-band spectrum of sintered high-T, super-
conductors, two main structures have been found at about
3 and 5 eV, although their intensity ratio differs for
different reports. As shown in Fig. 1, the intensity ratio
between subbands A &

and A2 changes drastically accord-
ing to the preparation method and history of the sample.
The wide variation of the spectral shape of band A report-
ed in early studies may be due to possible inhomogeneity
and/or deterioration of the sintered-sample surfaces. The
point of controversy in band A is which subband has more
weight of the 0 2p character and which one has more Cu
3d weight. Since the surface deterioration is certainly due
to changes of the chemical state of oxygen atoms rather
than those of Cu atoms as revealed by the core-level pho-
toemission study (shown later), subband A ~ would have a
larger weight of the 0 2p state.

Figure 2 shows the 0 ls core-level spectra obtained un-

der various conditions. Each spectrum is roughly normal-
ized to the number of incident photons. Spectra denoted

by LT were obtained at low temperature (about 80 K)
and the spectrum denoted by RT1 was measured at room
temperature within 15 min after scraping while the same
sample gave spectrum RT2 a few hours later. In the ear-
lier photoemission studies of the La system, Steiner et al.
and Niicker et al. s presented a two-peak structure for the
0 ls level while Sarma and Rao'6 reported the third peak,
ascribing it to monovalent oxygen (0' ). The confusion
in the 0 1s photoemission result seems greater in the Y
system. In the present study with single crystals, we
found a single peak for the 0 ls level at about 529 eV
in both the superconductor (x 0.04) and insulator
(x 0.0). But the 0 1s peak transforms into a double
peak structure upon deterioration of the surface as shown
in Fig. 2. The single-peak behavior of the 0 ls photo-
emission spectra seems in good agreement with the
theoretical prediction by Redinger et al. 2n which calcu-
lates the energy difference between two nonequivalent 0
atoms in La2Cu04 as 0.66 eV, which is within the resolu-
tion of x-ray photoemission measurement. A small shoul-
der at the higher energy observed in the spectra of the
doped sample (middle two spectra in Fig. 2) may be due
to a slight deterioration of the surface: it was found in the
Hett measurement that the deterioration is faster in the
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FIG. 2. 0 1s core-level photoemission spectra of
(La&-,Sr, )2Cu04 single crystals obtained under various condi-
tions. LT and RT mean measurements at low and room temper-
atures. The irregular background of the spectra may be due to
the La NMM Auger transitions.

doped crystal. We could not resolve the third 0 ls peak
at about 533 eV which has been reported and interpreted

by Sarma and Rao'6 as an indication of the existence of
monovalent oxygen. As found in Fig. 2, the total intensity
of the 0 1s photoemission peak does not change
significantly even after deterioration, which suggests that
the deterioration may not be due to removal of oxygen
atoms but is rather ascribed to transformation of the
high-T, oxide into other types of oxides. It is noted that
Meyer et al. 23 reported recently a single-peak feature for
the 0 ls level in a dense sintered sample as in the present
result, although an unknown peak at 9 eV still exists in

their spectrum.
Thus, the valence-band and the 0 ls spectra show rapid

and drastic changes due to the degradation of the sample
surface. However, it is surprising that the Cu 2p spec-
trum does not show any changes as shown in Fig. 3: the
spectrum denoted by RT was obtained under nearly the
same conditions as spectrum RT2 in Fig. 2. This insensi-

tivity of the Cu 2p level suggests that copper atoms may
not be involved in the surface deterioration, or at least,
that the chemical bonding of copper atoms to neighboring
oxygens does not change even after the degra-
dation. The appearance of satellite structures denoted
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Binding energy (eV)

FIG. 3. Cu 2p core-level photoemission spectra of
(La~ —,Sr„)2CuOq single crystals obtained at room temperature
(RT) and low temperature (LT).

by ~23d in Fig. 3 indicates that copper atoms in both
(La~-„Sr„)2Cu04(x 0.0 and 0.04) take divalent state
(Cu2+) as reported in the previous studies. 3 6 7's

In conclusion, we have performed ultraviolet and x-ray
photoemission studies on single-crystalline (La& —,Sr, )2-
Cu04 (x 0.0 and 0.04) samples in order to obtain reli-
able photoemission data to serve as a basis for understand-
ing the high-T, mechanism. Remarkable differences have
been found in comparison with the previous photoemission
results with a sintered sample; (i) the 0 ls core level
shows a single-peak structure in both the undoped and
Sr-doped crystals, but it transforms into a double-peak
structure upon degradation of the crystal surface; (ii) the
Cu 2p core-level spectrum exhibits a clear satellite struc-
ture indicating the divalent state of copper atoms; (iii)
valence-band photoemission spectra of undoped and
doped crystals are almost the same, having a very low den-
sity of states at the Fermi level and a broad band at about
4 eV which shows an energy shift by about 1.5 eV relative
to the band ealeulation; (iv) a photoemission band at 9
eV of unknown origin reported for sintered samples is
completely absent in a clean surface but appears as a
prominent structure as the surface deterioration, indicat-
ing that the band at 9 eV is extrinsic, probably due to
some other oxides formed at the surface. A similar photo-
emission study with a single crystal is urgently desired
also for the Y system.
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the Ministry of Education.



BRIEF REPORTS

'J. G. Bednorz and K. A. Miiller, Z. Phys. B 64, 189 (1986).
2M. K. %u, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng,

L. Gao, Z. J. Huang, Y. g. Wang, and C. W. Chu, Phys. Rev.
Lett. 5$, 908 (1987).

3P. Steiner, J. Albers, V. Kinsinger, I. Sander, 8. Siegeart,
S. Hiifner, and C. Politis, Z. Phys. B66, 27S (1987).

4T. Takahashi, F. Maeda, S. Hosoya, and M. Sato, Jpn. J. Appl.
Phys. 26, L349 (1987).

~8. Reihl, T. Riesterer, J. G. Bednorz, and K. A. Muller, Phys.
Rev. B 35, 8804 (1987).

N. Nucker, J. Fink, 8. Renker, D. Ewert, C. Politis, P. J. %.
Weijs, and J. C. Fuggle, Z. Phys. B 67, 9 (1987).

A. Fujimori, T. Takayama-Muromachi, Y. Uchida, and
B.Okai, Phys. Rev. B 35, 8814 (1987).

sP. D. Johnson, S. L. Qiu, L Jiang, M. W. Ruckman, M. Stron-
gin, S. L. Hulbert, R. F. Garrett, B. Sinkovic, N. V. 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).

9R. L. Kurtz, R. L. Stockbauer, D. Mueller, A. Shih, L. E. Toth,
M. Osofsky, and S. A. Wolf, Phys. Rev. B 35, 8818 (1987).
P. Steiner, V. Kinsinger, I. Sander, B. Siegwart, S. Hiifner,
and C. Politis„Z.Phys. B 67, 19 (1987).

'A. Fujimori, E. Takayama-Muromachi, and Y. Uchida, Solid
State Commun. 63, 8S7 (1987).

~2N. G. Sto8'el, J. M. Tarascon, Y. Chang, M. Onelion, D. %.
Niles, and G. Margaritondo, Phys. Rev. B 36, 3986 (1987).

'38. Dauth, T. Kachel, P. Sen, K. Fischer, and M. Campagna,
Z. Phys. B 6$, 407 (1987).

~4Y. PetroA; P. Thiry, 6. Rossi, A. Revcolevschi, and
J. Jegoudez, Int. J. Mod. Phys. B 1, 183 (1987).

~T. Takahashi, F. Maeda, H. Arai, H. Katayama-Yoshida,
Y. Okabe, T. Suzuki, S. Hosoya, A. Fujimori, T. Shidara,
T. Koide, T. Miyahara, M. Onoda, S. Shamoto, and M. Sato,
Phys. Rev. B36, S68S (1987).

~SD. D. Sarma and C. N. R. Rao, J. Phys. C 20, L6S9 (1987).
'7J. A. Yarmoff, D. R. Clarke, %'. Drube, U. O. Karlsson,

A. Taleb-Ibrahimi, and F. J. Himpsel, Phys. Rev. B 36, 3967
(1987).

~sz. Shen, J. W. Allen, J. J. Yeh, J.-S. Kang, %. Ellis,
W. Spicer, I. Lindau, M. 8. Maple, Y. D. Dalichaouch, M. S.
Torikachvili, and J. Z. Sun (unpublished).

19L. F. Mattheiss, Phys. Rev. Lett. 5$, 1028 (1987); L. F.
Mattheiss and D. R. Hamann, Solid State Commun. 63, 395
(1987).

OJ. Redinger, J. Yu, A. J. Freeman, and P. %einberger, Phys.
Lett. A 124, 463 (1987).

2'For example, P. W. Anderson, Science 235, 1196 (1987); V. J.
Emery, Phys. Rev. Lett. 26, 2794 (1987); H. Fukuyama and
K. Yoshida, Jpn. J.Appl. Phys. 26, L371 (1987).
S. Hosoya, S. Shamoto, M. Onoda, and M, Sato, in Proceed-
ings of International Workshop on IVovel Meehanisnt of Su
perconduetivity, Berkeley, 1987 (Plenum, New York, 1987),
p. 909.

2 H. M. Meyer III, Y. Gao, T. J. Wagener, D. H. Mill, J. H.
Weaver, B. K. Flandermeyer, and D. W. Capone II (unpub-
lished).


