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High-quality single crystals of BiCaSr,Cu;Os superconductors have been prepared and cleaved
in ultrahigh vacuum. Low-energy electron diffraction measurements show that the surface struc-
ture is consistent with the bulk crystal structure. Ultraviolet photoemission and x-ray photoemis-
sion experiments were performed on these well-characterized sample surfaces. The valence-band
and the core-level spectra obtained from the single-crystal surfaces are in agreement with spectra
recorded from polycrystalline samples, justifying earlier results from polycrystalline samples. Cu
satellites are observed both in the valence band and Cu 2p core level, signaling the strong correla-
tion among the Cu 3d electrons. The O ls core-level data exhibit a sharp, single peak at 529-eV
binding energy without any clear satellite structures.

Since the discovery of the high-T,. superconductors,
photoelectron spectroscopy has been used extensively to
study their electronic structures. !> Even though valence-
band spectra for BiCaSr,Cu;Os have been studied by
various authors on both single-crystalline and polycrystal-
line samples,** no low-energy electron diffraction
(LEED) study has been reported to characterize the sur-
face structure of those samples studied by photoemission
spectroscopy (PES). Furthermore, all the core-level data
for Bi,CaSr,Cu;Og were obtained from polycrystalline
samples.* Therefore, concerns about the surface quality
and its potential effects on the experimental results
remain. In this paper, we report a study of single crystals
of Bi,CaSr,Cu,0s using LEED, ultraviolet photoemission
spectroscopy (UPS), and x-ray photoemission spectrosco-
py (XPS). The LEED pattern shows that the surface
structure is consistent with the bulk crystal structure. The
experimental results from these well-characterized
single-crystal surfaces are compared with previous report-
ed results. The valence-band spectra obtained are very
similar to earlier results obtained from single-crystalline
and polycrystalline samples.>* The important Cu 42 sa-
tellite structures are identified in the valence band,
confirming previous observations from polycrystalline
samples.* The O 1s core-level and Cu 2p core-level spec-
tra from these single crystals are also in good agreement
with results from polycrystalline materials. Clear satellite
structures are observed in the Cu 2p core-level spectra,
consistent with the localized nature of the Cu 3d states.
On the other hand, the O 1s core level, which has been
controversial in YBa;Cu3;O7 and (La;-,Sr,);CuQy, ex-
hibits a single, sharp peak without any clear sign of satel-
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lite structures.

Single crystals of Bi;CaSr,Cu;Og were prepared by
mixing powders of Bi;O3, Sr(CO3),, CaCO;, and CuO.
More details of the sample preparation can be found in
our earlier paper.’ x-ray diffraction measurements showed
an almost pure phase of Bi,CaSr,Cu,0Os in the crystals.
The superconducting transition temperature T, was deter-
mined by magnetic measurements to be 90 K. The sam-
ples were transferred into a Varian photoemission
chamber through a fast lock transfer system and then
cleaved in situ. The orientations of the cleavage plane of
the samples were determined by x-ray diffraction after the
photoemission experiment.’> The base pressure of the
chamber was 1x10 ~!% torr. The surface area of the sam-
ples varied from 6 to 25 mm2. The energy resolutions of
the UPS and XPS experiments were 0.4 and 1.2 eV, re-
spectively.

Figure 1 presents a LEED pattern of a single crystal of
Bi,CaSr,Cu,0s recorded at 45 eV beam energy and 24 h
after cleaving. The LEED pattern, exhibiting sharp, dis-
tinct spots without streaking, is typical of a well ordered
single crystalline surface. The LEED pattern shows that
the single-crystal cleaves along the a-b plane, in agree-
ment with the results of x-ray diffraction measurements.’
The closely spaced diffraction spots along one axis reveal
that also the surface exhibits a one-dimensional super-
structure, consistent with the bulk crystal structure.’
Even though this LEED pattern was taken 24 h after
cleaving, it appeared identical to the LEED pattern taken
from the freshly cleaved surface except for somewhat fuz-
zier diffraction spots. This result demonstrates that the
surface of Bi;CaSr,Cu;Os is very stable in vacuum, which
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FIG. 1. Low-energy electron diffraction (LEED) pattern
from a single-crystal Bi»CaSr,Cu;Os superconductor recorded
at a beam energy of 45 eV and 24 h after cleaving.

might be important for their potential applications.

Figure 2 shows experimental energy distribution curves
(EDC’s) of the same Bi,CaSr,Cu,Og single crystal at
photon energies of 40.8 and 1253.6 eV in comparison with
our earlier results from an in situ scraped polycrystalline
sample.* It is clear that the valence-band spectra ob-
tained from the single crystal are very similar to the
valence-band spectra obtained from the polycrystalline
sample, except for the difference in the background in
panel (a). This consistency between the spectra from
single-crystalline and polycrystalline samples validates
earlier results obtained from polycrystalline samples.®
Among these results is the poor agreement with one-
electron band calculations and the existence of the Cu d*®
satellite, signaling the necessity to include many-body
effects in describing the electronic stracture of the super-
conductors. Since comparisons with one-electron band
calculation have been made in detail earlier,* we will dis-
cuss only the satellite structure in the rest of the para-
graph. The broad feature extending from —9.5 to —13
eV, clearly seen for both the single-crystalline and poly-
crystalline samples, is probably due to Cu 3d states since
it is more pronounced at a photon energy of 1253.6 eV.
Such a Cu 34 feature located at high binding energy in
the valence band, which is not predicted by the one-
electron band theory, is usually assigned to a d® satellite.
However, our resonance photoemission measurements in-
dicate that only the higher binding energy part (—12.3
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FIG. 2. Valence-band energy distribution curves (EDC’s)
from a single-crystal sample in comparison with results from a
polycrystalline sample at different photon energies : (a) 40.8 eV,
(b) 1253.6 eV.

eV) of the feature exhibits evident resonance behavior
across the Cu 3p to 3d threshold.® This finding cannot be
explained by the differences in the resolution of XPS (1.2
eV) and UPS (0.3 eV) (Ref. 6) measurements. However,
it might be due to the fact that the photoemission and res-
onance photoemission involve different photoionization
channels.” The d°® final states can have different multiplet
components S, P, D, F, G, among them; the F and G com-
ponents are the strongest.® The resonance photoemission
involves an Auger process and it has very different
transition-matrix elements for the different components.
The high binding energy component probably has larger
transition-matrix elements, causing the stronger reso-
nance behavior. Similar effects have been observed by
Ghijsen et al. in the CuO system.’ It is worthwhile to
note here that a similar feature exists in the 40.8 eV spec-
tra where Cu and O have comparable photoionization
cross sections. Therefore, one cannot rule out contribu-
tions also from Bi 6s states and O-related states to this
broad feature.

To gain further insight into the electronic structure of
the Bi;CaSr,Cu;03 compound, we also measured the Cu
2p core level from the single-crystalline sample. A Cu 2p
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core-level spectrum of the single crystal is presented in
Fig. 3, together with a spectrum of a polycrystalline sam-
ple from our earlier experiments.* The spectra of the two
kinds of samples are in good agreement. The general line
shapes of the spectra are very similar to that of the other
high-T, materials and CuO.'® However, the line shapes
are distorted a little because of the Ca (LMM) Auger
(~ —960 eV) and Bi 4s core level (~ —940 eV). The Bi
4s is not very strong, so the Cu 2p3/; spectral features are
basically unaffected. These peaks are assigned to d° and
d'°L configurations using the configuration interaction
model. "' The existence of the d° satellite in the Cu 2p
core level again suggests the importance of strong correla-
tion. The energy separation between the d° and 4'°L
lines, which reflects the Coulomb interaction U.;s between
a Cu 3d hole and a Cu 2p core hole, is about 9 eV, close to
that of other high-T. superconductors. '° The satellite and
the main-line intensity ratio, which reflects the Cu valen-
cy, is about 33%, similar to that of the other high-T, su-
perconductors.'® Given the fact that the intensity ratio
and the energy separation between the satellite and the
main line of the Cu 2p core level, as well as the valence-
band satellite position, are similar to results from
YBa,Cu3O; and (La,-,Sry)2CuO4 superconductors,'®
the parameters for the cluster model are expected to be
nearly the same.

The O 1s core-level data for the high-7, superconduc-
tors have been somewhat controversial. The results from
most polycrystalline samples of earlier superconductors of
YBa,Cu307 and (La, —,Sr,),CuOy4 have two components
at different binding energies.!!"!7 Some of the authors
attribute the two components to the different oxygen sites
in the crystals.'*”!> Recent data from polycrystalline
Bi,CaSr,Cu;0Os and single-crystalline (Laj—,Sr,),-
CuOj reveal a single O 1s core peak.*!® In Fig. 4, we
present an O 1s core-level spectrum from a well charac-
terized Bi;CaSr,Cu;0Os single-crystal surface together
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FIG. 3. Cu 2p core-level spectra from a single-crystalline and
a polycrystalline Bi,CaSr,Cu;Os sample.
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FIG. 4. O 1s core-level spectrum from single-crystalline and
polycrystalline Bi;CaSr,Cu,Os samples.

with a spectrum from a polycrystalline sample from our
earlier study, in which the O 1s core level showed to have
only one sharp peak near —529 eV. These data con-
clusively demonstrate that only one component is intrinsic
to the Bi,CaSr,Cu,0s superconductor. Even though the
oxygen sites in the Bi,CaSr,Cu,0Os are not equal, the
chemical shifts of O 1s core level are smaller than the ex-
perimental resolution of ~1 eV, consistent with the
theoretical calculation by Redinger et al. on the other
high-T. superconductors.'® Because of the similarity of
the different oxygen sites in Bi,CaSr,Cu;Oz and
YBa,;Cu307 as revealed by their crystal structures, we
suggest that only the lower binding energy component is
intrinsic for YBa;Cu305. It is clear that the O 1s core lev-
el does not have a strong satellite structure as the Cu 2p
core level does. There have been suggestions that the
Coulomb interaction among the oxygen 2p electrons, Upy,
is about 5 eV,!” not too much smaller than Uy, the
Coulomb interaction among the Cu 3d electrons. The fact
that we observed satellites in the Cu 2p core level while we
did not see satellites in the O 1s core level cannot be ex-
plained within the context of the configuration interaction
(CI) model, but it may be understood if one takes into ac-
count the difference between the unrenormalized oxygen
and copper bandwidth. Since no strong satellite structure
is observed in the O 1s core level, which is consistent with
the bandlike nature of the oxygen 2p states, it seems un-
likely that a clear oxygen two-hole satellite will be ob-
served in the valence-band spectra.

To summarize, UPS and XPS experiments have been
performed on well characterized single-crystal surfaces of
Bi,CaSr,Cu,0s superconductor. The results are con-
sistent with previous results from polycrystalline samples,
which support earlier interpretations based on the poly-
crystalline samples. Cu satellite structures were observed
both in the core-level and valence-band spectra, revealing
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the strongly correlated nature of the 3d electrons. For the
complicated O 1s core-level data, our result clearly indi-
cates that only one peak is intrinsic to the Bi;CaSr,Cu,0s
superconductor. This result demonstrates that the
difference of the binding energy of the oxygen ions at the
different sites in the superconductor is small. Unlike the
Cu core levels, the O 1s core level does not have strong sa-
tellite structures, which we suggest, is due to the bandlike
nature of the oxygen 2p states.
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FIG. 1. Low-energy electron diffraction (LEED) pattern
from a single-crystal Bi;CaSr,Cu;0Oz superconductor recorded
at a beam energy of 45 eV and 24 h after cleaving.



