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Photoemission studies of the (001) face of the high-temperature superconductor Bi,Sr,CaCu,Oq
have been performed over the photon energy range 16.5—-19 eV. Such spectra have previously been
analyzed in terms of O 2s resonant photoemission behavior and used to assign O 2p character to
features close to the Fermi level. We show that these results may be significantly influenced by the
presence of Sr 4p and O 2s core-level peaks created by a small second-order component of the excit-
ing radiation. This could provide an explanation for the anomalous enhancement of states close to

the Fermi level recently reported by Wells et al.

Despite many spectroscopic studies of the high temper-
ature superconducting oxides,! there remain several un-
resolved controversies surrounding the electronic struc-
ture of these materials. One of the main areas of uncer-
tainty is the character of the states near the Fermi level,
Ep. The Bi-Sr-Ca-Cu-O superconductors in particular
have attracted attention, as a finite density of states
(DOS) at Ep. is readily observed in photoemission of these
materials, whether in ceramic,?”!° thin film,!! or single
crystal form.*~%1272 This contrasts with the situation
for YBa,Cu,;0,-based systems where a reproducible DOS
at Ey has most successfully been obtained by cleaving
single crystals of the material below 50 K;2"28 to date few
studies have shown a finite DOS at E; at room tempera-
ture. 23!

In principle, resonant photoemission should give an in-
sight into the atomic character of the states at the Fermi
level. Earlier work on Bi,Sr,CaCu,O; (Ref. 17) demon-
strated ‘‘resonant” enhancement of two Fermi-level
features near the O 2s threshold which led to their assign-
ment as O 2p states. However, in a recent Rapid Com-
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munication, Wells er al.!?> note that the enhancement of
these Fermi-level states, and a third peak at ~1.6 eV
below Ep, is anomalous. Here we present photoemission
data recorded near the O 2s core threshold from
Bi,Sr,CaCu,04(001) which show that this anomalous be-
havior can be at least partly explained by the presence of
monochromator second-order effects.

The single crystals of Bi,Sr,CaCu,Oy used in this work
were supplied by SuperconiX Inc. (St. Paul, Minnesota).
The crystals were grown from a molten flux employing a
proprietary temperature-gas-atmosphere cycle which op-
timizes the superconducting properties. This growth pro-
cedure yields crystals that appear as thin platelets, of face
size up to 3 X3 mm?, at the surface of the residual melt.
x-ray diffraction of the platelets revealed the presence of
the Bi,Sr,CaCu,O; phase, with c-axis orientation.’? Mag-
netization measurements showed that the crystals became
superconducting at 84 K.

Angle-resolved photoemission measurements employed
the VG ADES 400 instrument and low-temperature
manipulator on station 6.2 at the SRS, Daresbury Labo-
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ratory. Using the low-energy grating in the toroidal grat-
ing monochromator on this beam line gives a photon en-
ergy range 15=<hv=55 eV. The combined (monochro-
mator + analyzer) energy resolution was 0.15 eV, and an
analyzer entrance aperture was used to fix the angular
resolution at +2° [full width at half maximum (FWHM)].
Contaminant-free surfaces suitable for photoemission
measurements were obtained by peeling the sample at
room temperature using a tab technique. After removal
from the spectrometer, the cleaved surface used in the
present study was found to be oriented such that photo-
emission measurements had been carried out at about 12°
from normal emission. Laue back reflection confirmed
the crystallinity of the cleaved surface, although some
evidence of twinning was detected. Figure 1 shows a
photoemission spectrum of Bi,Sr,CaCu,04(001), mea-
sured at hv=45 eV, showing valence and low-lying core
levels. The assignment of major features in the spectrum
follows earlier work,’ and will not be commented upon
other than to draw attention to the O 2s and Sr 4p
features at ~20 and ~ 17.7 eV binding energy (BE), re-
spectively.?® Figure 2 shows photoemission spectra of the
valence band and the Fermi level regions for photon ener-
gies between 16.5 and 19 eV. The majority of the valence
band intensity above 1 eV BE originates from strongly
hybridized Cu 3d and O 2p states.>* 3¢ However, our
main interest in the present work is in the features
around E; and on the low BE side of the valence band
edge.

It is immediately apparent that at the higher photon
energies represented in Fig. 2, features appear in the
spectrum beyond the Fermi edge, apparently at negative
BE (the position of the Fermi edge was determined using
a freshly scraped section of the copper manipulator
shroud, which was in electrical contact with the sample).
The spectra recorded at 16.5, 17.25, and 18.0 eV are in
excellent agreement with the recent spectra of Wells
et al.’> However, the smaller photon increments
displayed in Fig. 2 allow us to discern the continuous
movement of structure through the Fermi energy in our
data, as the photon energy is increased. The strongest of
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FIG. 1. Photoemission spectra of single crystal
Bi,Sr,CaCu,04(001), recorded at 300 K and at near normal
emission, using 45-eV photon energy.
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FIG. 2. Photoemission spectra of single crystal
Bi,Sr,CaCu,04(001) at 300 K, showing the region around Egp
and the low-lying valence band states, for photon energies close
to the Sr 4p and O 2s thresholds. The spectra were recorded at
near normal emission and have been normalized to the intensity
of the incident synchrotron radiation. An additional correction
has been included for the 18.25- and 18.75-eV photon-energy
spectra, to take account of changes in SRS operation. Tic
marks indicate the positions of the peak maxima of the Sr 4p
(A4) and O 2s (B) core-level peaks excited by second-order radi-
ation.

these features (between —2 eV and Ej) is seen to move
through the Fermi energy in BE increments equal to the
change in photon energy, Ahv, i.e., in increments of
2Ahv, when plotted on a kinetic-energy scale. This is a
clear indication of a contribution to the monochromator
output from second-order radiation. Such a contribution
is likely to be significant (~15-25 % of the total flux’7)
at the photon energies used, which are close to the lower
limit of the monochromator and correspond to very graz-
ing uv radiation incidence on the monochromator in our
system. For each spectrum of Fig. 2, the expected posi-
tions of the Sr 4p and O 2s core level peaks excited by
photon energy 2hv are indicated by tic marks (marked A4
and B, respectively). It can be seen that there is a very
direct correlation between the expected position of the
second-order Sr 4p peak (A4) and the strongest mobile
feature of the spectra. It is clear that our results have
been influenced by a contribution from the Sr 4p, and to a
lesser extent the O 2s core levels excited by second-order
radiation.

An earlier paper by Takahashi et al.!” concluded that
the enhancement of two weak features within 1 eV of the
Fermi energy near a photon energy of 18 eV was attribut-
able to O 2s resonance effects. More recently Wells
et al.,'? using constant initial state (CIS) spectroscopy
with a small photon-energy step, came to a rather
different conclusion. The latter data show that the two
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peaks close to the Fermi edge have intensity maxima at
different photon energies: 17.3 eV for the 0.3 eV BE
feature (peak A4 in Ref. 12); and 16.9 eV for the 0.65 eV
BE feature (peak B in Ref. 12). These results are not con-
sistent with an O 2s-related resonance, and photoemis-
sion final-state effects have been proposed as a possible
origin.12 However, the behavior observed is precisely
that expected on the basis of our interpretation of spectra
in Fig. 2, which strongly suggests that this anomalous
effect is an experimental artifact, arising from a second-
order—derived Sr 4p peak. The additional resonance-type
behavior observed by Wells et al.,'? that of a 1.6 eV BE
feature (peak C in Ref. 12), has two maxima, at photon
energies of 15.8 and 18.0 eV. The difference between
these two energies coincides almost exactly with the bind-
ing energy difference between the Sr 4p and O 2s core lev-
els of 2.3 eV, and the absolute values are in line with
those expected from the data in Fig. 2. This suggests that
the behavior of peak C in the CIS spectra'? may be simi-
larly influenced by second-order effects. This being the
case, the two features closer to E, (4 and B in Ref. 12)
would also be expected to show an increase in intensity at
ca. 19.6 and 19.2 eV photon energies, respectively. At
these energies a second-order derived O 2s feature would
move through the kinetic-energy window. The lack of
these features in the CIS spectra'? could be explained on
the basis of the limited range of the Seya-Namioka mono-
chromator used in Ref. 12. The transmission of this
monochromator should be decreasing rapidly close to
38-40 eV, the appropriate energy range for any second-
order O 2s effects which might contribute to the intensi-
ties of peaks A and B in the CIS spectra (Ref. 12). How-
ever, the CIS scan for the 3.45-eV BE feature (peak D in
Ref. 12) does not obviously behave anomalously at
around 16.2 eV, the photon-energy position expected for
the second-order O 2s feature. This may be masked by
the greater intensity of peak D compared to the features
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closer to E, but this result does confuse the issue regard-
ing second-order versus true resonance enhancement.

We do not intend to imply that the observation of some
type of resonance enhancement of the Bi-Sr-Ca-Cu-O
features close to the Fermi energy is invalid,'>!? as stud-
ies of the empty states above Ep by inverse photoemis-
sion, 340 soft-x-ray absorption*"*? and electron energy
loss** spectroscopies tend towards the same result.
Dispersion of structure through the Fermi level as a func-
tion of emission angle at a fixed photon energy, observed
by several authors!”!824726 clearly cannot be explained
by the effect of second-order light. Moreover, the pro-
portion of second-order radiation present will obviously
depend on the monochromator employed. However, we
believe that anomalous intensity enhancement as a func-
tion of photon energy of the type observed by Wells
et al.'? may reflect results influenced by this experimental
artifact. It is also the case that a marked intensity
enhancement at 18 eV photon energy has not been ob-
served in all studies.>!

In conclusion, we have observed that our measure-
ments of the Bi,Sr,CaCu,04 Fermi-level states near the O
2s threshold are influenced by a component of second-
order radiation in the incident photon flux. We suggest
that this may offer an explanation for the anomalous
enhancement of Fermi-level states at the same photon en-
ergies.’> We further suggest that photoemission experi-
ments near the O 2s threshold should be repeated using a
monochromator with a negligible second-order contribu-
tion. This would provide a definitive test for O 2s reso-
nance effects.

This work was supported by the Science and Engineer-
ing Research Council (U.K.) with additional support
from Harwell Laboratory and (for W.R.F.) from the Roy-
al Society. We are grateful to Mr. F. Wondre of the
Clarendon Laboratory, Oxford, for Laue measurements.

IB. O. Wells, P. A. P. Lindberg, Z.-X. Shen, D. S. Dessau, W. E.
Spicer, I. Lindau, D. B. Mitzi, and A. Kapitulnik, Phys. Rev.
B 40, 5259 (1989).

2For a recent review, see R. G. Egdell, W. R. Flavell, and M. S.
Golden, Supercond. Sci. Technol. 3, 8 (1990).

3Z.-X. Shen, P.A.P. Lindberg, P. Soukiassian, C. B. Eom, 1. Lin-
dau, W. E. Spicer, and T. H. Gebale, Phys. Rev. B 39, 823
(1989).

4Y. Fukuda, K. Terashima, Y. Nakanishi, M. Nagoshi, Y. Sto-
no, and M. Tachiki, Physica C 162-164, 1315 (1989).

SM. Onellion, M. Tang, Y. Chang, G. Margaritondo, J. M.
Tarascon, P. A. Morris, W. A. Bonner, and N. G. Stoffel,
Phys. Rev. B 38, 881 (1988).

6H. M. Meyer III, D. M. Hill, J. H. Weaver, D. L. Nelson, and
C. F. Gallo, Phys. Rev. B 38, 7144 (1988).

7A. Fujimori, S. Takekawa, E. Takayama-Muromachi, Y. Uchi-
da, A. Ono, T. Takahashi, Y. Okabe, and H. Katayama-
Yoshida, Phys. Rev. B 39, 2255 (1989).

8P. Steiner, S. Hiifner, A. Jungmann, S. Junk, V. Kinsinger, I.
Sander, W. R. Thiele, N. Backes, and C. Politis, Physica C

156, 213 (1989).

9E. G. Michel, J. Alvarez, M. C. Asensio, R. Miranda, J.
Ibanez, G. Peral, J. L. Vicent, F. Garcia, E. Moran, and M.
A. Alario-Franco, Phys. Rev. B 38, 5146 (1988).

10M. S. Golden, D. A. Geeson, S. E. Male, and W. R. Flavell,
Supercond. Sci. Technol. 2, 185 (1989).

11C, Laubschat, E. Weschke, M. Domke, J. E. Ortega, and G.
Kaindl, Physica C 162-164, 1317 (1989).

12D, A. Geeson, M. S. Golden, S. J. Golden, and W. R. Flavell,
Supercond. Sci. Technol. 2, 279 (1989).

I3F, U. Hillebrecht, J. Fraxedas, L. Ley, H. J. Trodahl, J.
Zaanen, W. Braun, M. Mast, H. Petersen, M. Schaible, L. C.
Bourne, P. Pinksukanjana, and A. Zettl, Phys. Rev. B 39, 236
(1989).

14F Minami, T. Kimura, and S. Takekawa, Phys. Rev. B 39,
4788 (1989).

I5F, Maeda, T. Kawamura, M. Oshima, Y. Hidaka, and A.
Yamaji, Jpn. J. Appl. Phys. 28, 1L361 (1989).

16p, M. Hill, H. M. Meyer III, J. H. Weaver, C. F. Gallo, and
K. C. Goretta, Phys. Rev. B 38, 11331 (1988).



4 COMMENTS 881

17T, Takahashi, H. Matsuyama, H. Katayama-Yoshida, Y. Ok-
abe, S. Hosoya, K. Seki, H. Fujimoto, M. Sato, and H. Inoku-
chi, Nature 334, 691 (1988).

18T, Takahashi, H. Matsuyama, K. Katayma-Yoshida, Y. Ok-
abe, S. Hosoya, K. Seki, H. Fujimoto, M. Sato, and H. Inoku-
chi, Phys. Rev. B 39, 6636 (1989).

193 -M. Imer, F. Patthey, B. Dardel, W.-D. Schneider, Y. Baer,
Y. Petroff, and A. Zettl, Phys. Rev. Lett. 62, 336 (1989).

20p A.P. Lindberg, Z.-X. Shen, D. S. Dessau, B. O. Wells, A.
Borg, D. B. Mitzi, I. Lindau, W. E. Spicer, and A. Kapitul-
nik, Physica C 162-164, 1313 (1989).

21p A P. Lindberg, Z.-X. Shen, B. O. Wells, D. B. Mitzi, I. Lin-
dau, W. E. Spicer, and A. Kapitulnik, Phys. Rev. B 40, 8769
(1989).

22N. G. Stoffel, P. A. Morris, W. A. Bonner, Y. Chang, M.
Tang, R. Zanoni, L. Dottl, Q. B. Chen, R. Joynt, D. L.
Huber, M. Onellion, and G. Margaritondo, Surf. Sci.
211/212, 1123 (1989).

23R. Manzke, T. Buslaps, R. Claessen, and J. Fink, Europhys.
Lett. 9, 477 (1989).

24R. Manzke, T. Buslaps, R. Claessen, G. Mante, and J. Fink
(unpublished).

25C. G. Olson, R. Liu, D. W. Lynch, B. W. Veal, Y. C. Chang,
P. Z. Jiang, J. Z. Liu, A. P. Paulikas, A. J. Arko, and R. S.
List, Physica C 162-164, 1697 (1989).

26C, G. Olson, R. Liu, D. W. Lynch, R. S. List, A. J. Arko, B.
W. Veal, Y. C. Chang, P. Z. Jiang, and A. P. Paulikas, Phys.
Rev. B 42, 381 (1990).

27A. J. Arko, R. S. List, Z. Fisk, S.-W. Cheong, J. D. Thomp-
son, J. A. O’'Rourke, C. G. Olson, A.-B. Yang, T. W. Pi, J. E.
Schirber, and N. D. Shinn, J. Magn. Magn. Mater. 75, L1
(1988).

28A.J. Arko, R. S. List, R. J. Barlett, S.-W. Cheong, Z. Fisk, J.
D. Thompson, C. G. Olson, A.-B. Yang, R. Liu, C. Gu, B. W.
Veal, J. Z. Liu, A. P. Paulikas, K. Vandervoort, H. Claus, J.
C. Campuzano, J. E. Schirber, and N. D. Shinn, Phys. Rev. B
40, 2268 (1989).

29y. Sakisaka, T. Komeda, T. Maruyama, M. Onchi, H. Kato,
Y. Ajura, H. Yanahima, T. Terashima, Y. Bando, K. Iijima,
K. Yamamoto, and K. Hirata, Phys. Rev. B 39, 9080 (1989).

30P. 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. Kaczanoxicz, R. E. Salo-
mon, and J. E. Crow, Phys. Rev. B 35, 8811 (1987).

31p. Thiry, G. Rossi, Y. Petroff, A. Revcolevski, and J.
Jegovdez, Europhys. Lett. 5, 55 (1988).

32p A.P. Lindberg, Z.-X. Shen, B. O. Wells, D. B. Mitzi, I. Lin-
dau, W. E. Spicer, and A. Kapitulnik, Appl. Phys. Lett. 53,
2563 (1988).

33N. B. Brookes, F. M. Quinn, and G. Thornton, Phys. Scr. 36,
711 (1987).

34p. Marksteiner, S. Massidda, J. Yu, A. J. Freeman, and J.
Redinger, Phys. Rev. B 38, 5098 (1988).

35L. F. Mattheiss and D. R. Hamann, Phys. Rev. B 38, 5012
(1988).

36H. Krakauer and W. E. Pickett, Phys. Rev. Lett. 60, 1665
(1988).

37T. S. Turner (private communication).

38R. Claessen, R. Manzke, H. Cartensen, B. Burandt, T.
Buslaps, M. Skibowski, and J. Fink, Phys. Rev. B 39, 7316
(1989).

39W. Drube, F. J. Himpsel, G. V. Chandrashekhar, and M. W.
Shafer, Phys. Rev. B 39, 7328 (1989).

40H. Ohta, T. Takahashi, K. Murata, H. Matsuyama, S. Suzuki,
Y. Okabe, and H. Katayama-Yoshida, Phys. Rev. B 39, 7354
(1989).

41F. J. Himpsel, G. V. Chandrashekhar, A. B. MacLean, and M.
W. Schafer, Phys. Rev. B 38, 11946 (1988).

42p, Kuiper, M. Grioni, G. A. Sawatzky, D. B. Mitzi, A. Kapi-
tulnik, A. Santaniello, P. de Padova, and P. Thiry, Physica C
157, 260 (1989).

43N. Niicker, H. Romberg, X. X. Xi, J. Fink, B. Gegenheimer,
and Z. X. Zhao, Phys. Rev. B 39, 6619 (1989).



