RAPID COMMUNICATIONS

PHYSICAL REVIEW B

VOLUME 39, NUMBER 4

1 FEBRUARY 1989
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Single crystals of Bi,Sr,CaCu,Os+5s superconductors, in situ cleaved and modified by Rb and
oxygen overlayers, have been studied using ultraviolet and x-ray photoemission spectroscopy. The
core-level results show that Rb strongly reacts with the Bi and O states, while the Cu and Sr
states are left unchanged. This observation strongly indicates that the Bi-O plane forms the sur-
face layer. Subsequent exposure to oxygen results in new oxygen states at the surface as moni-
tored by the O ls core-level data. For both Rb and oxygen overlayers the valence-band spectra
are severely altered. In particular, new valence-band states, presumably of oxygen character, are

formed.

The promising superconducting properties of Bi-Sr-
Ca-Cu-O related compounds have stimulated a number of
photoemission studies of this type of materials.! > The
results obtained firmly show a finite density of states at
the Fermi energy, and a high stability in ultrahigh vacu-
um, thus showing promise for many important applica-
tions. So far, most of these studies have focused on the
electronic structure of in situ cleaned surfaces of polycrys-
talline and single-crystalline samples. In this study, we in-
stead concentrate on the interaction of Bi;Sr;CaCu,-
Og+5 with adsorbates of Rb and oxygen using photoelec-
tron spectroscopy, thus complementing an earlier syn-
chrotron radiation study.® With the use of both Hel
(40.8 V) and Mg Ka (1253.6 eV) radiation the effects on
both the valence band and the different core levels of the
adsorbates were followed for a series of exposures. For
Rb adsorbates, the valence-band spectrum is drastically
changed, suggesting that new oxygen states are formed at
the surface, presumable due to Rb pulling oxygen from
the bulk. Moreover, the core-level data show that Rb
strongly reacts with the Bi and O states by shifting the Bi
4f and O 1s core levels towards higher binding energy by
about 0.5 eV. The Sr and Cu states, on the other hand,
are basically unaffected by the deposition of Rb.
Specifically, the Cu valency, as determined by the satellite
to main-line intensity ratio, remains the same. Upon sub-
sequent adsorption of O, a pronounced shoulder appears
in the O 1s core-level spectra, while no change of the Bi,
Cu, and Sr core levels can be observed. In addition, three
prominent features, two of which have already been seen
for the Rb adsorbate, come up in the valence-band spec-
tra. The results imply that the Bi-O plane forms the sur-
face layer of the crystal, in agreement with results using
scanning tunneling microscopy (STM).’
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The photoemission experiments were carried out in a
Varian photoemission chamber operating at a base pres-
sure of 1x10 "% torr. A helium lamp and an x-ray source
providing, respectively, Hell (40.8 eV) and Mg Ka
(1253.6 eV) radiation were used for excitation. The pho-
toemitted electrons were analyzed by a cylindrical mirror
analyzer (CMA). The total energy resolution was 0.3 and
1.2 eV using Hell (40.8 eV) and Mg Ka (1253.6 €V) ra-
diation, respectively. Details of the preparation and char-
acterization of the single crystals of Bi,Sr,CaCu;Og+ 5 are
described elsewhere.® They exhibited a drop to zero resis-
tance at 90 K according to magnetic-susceptibility mea-
surements. The single crystals were transferred into the
photoemission chamber using a transfer arm attached to
it. The crystals were then cleaved in situ. Low-energy
electron diffraction (LEED) showed sharp diffraction
spots characteristic of a well-ordered single-crystalline
surface.® The surface cleanliness was checked using XPS
for both the in situ cleaved crystal and the Rb and O, ex-
posed surfaces. In all these cases the surfaces were found
to be free of carbon (within the experimental sensitivity).
Rb was deposited onto the surface using a carefully out-
gassed getter.” The oxygen exposure was determined by
reading off the pressure on the ion gauge.

Photoemission spectra were recorded using Hell (40.8
ev) and Mg Ka (1253.6 eV) radiation for the following set
of surfaces: (1) a cleaved single crystal of Bi,Sr;-
CaCuy0g+4, (2) after subsequent Rb deposition, (3) fol-
lowed by first an exposure to 3x 103 L (1 L = 10 ~ torrs)
of O, and (4) then a total O, exposure of 5% 10* L of O,.
In the following, the same notation (labeling of the spec-
tra) will be used throughout the paper, and all spectra
within a figure have been normalized to have the same
maximum intensity.
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Figure 1 shows the valence-band spectra using Hell ra-
diation. The spectrum of the cleaved crystal is in agree-
ment with previous results on single- and polycrystalline
samples of Bi;SroCaCuyOg+s.' > The principal feature
in the valence band extends from about —7 to —1 eV
with a centroid position around —4 eV. On either side of
the centroid, shoulders are observed at about —2 and —6
eV, as indicated in the figure. Although the density of
states (DOS) sharply drops as the Fermi level is ap-
proached, a clear Fermi-level cutoff has been observed.?
The broad feature between —13 and —9 eV is believed to
consist of two separate structures, of which at least one is
due to a Cu d® satellite.*

Upon deposition of Rb onto the cleaved surface, pro-
found changes of the valence-band features occur. The
position and line shape of the main structure are severely
altered. The shoulder at —2 eV is now clearly resolved.

Presumably, this feature is due to states of Bi,Sr;-

CaCu;,0s+ 5 that do not react with the Rb overlayer. The
deposition of Rb also results in peaks at about —11.5,
—9.5,and —8.5 eV which we attribute to new surface ox-
ygen states, the formation of which is promoted by Rb on
the surface (see the core-level data below). The presence
of Rb on the surface is evident from the Rb 4p emission
around —15eV.

As the surface then is exposed to various amounts of ox-
ygen, the peaks at —11.5 eV (4) and —9.5 eV (B) be-
come more intense, while the feature at —8.5 eV com-
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FIG. 1. Photoemission spectra using He 1l (40.8 eV) radiation
of (1) a cleaved single crystal of Bi»SrCaCu;Os+5 and (2)
after Rb deposition, (3) followed by exposure to 3x103 L (1 L
= 10° torrs) of O, and (4) a total O exposure of 5x10* L of
0O,.

pletely disappears. Moreover, at —5 eV a prominent
peak (C) is clearly discernible. We note that the position
of the Rb 4p structure is unaltered, indicating that no
significant change of the Rb states occurs. All these re-
sults are in agreement with a recent synchrotron radiation
study of the Rb/Bi,Sr,CaCu,Osg+s interface that also
showed additional features at —11.5, —9.5, and —5 eV,
as well as a shift of the main structure, upon exposure to
adsorbates of Rb.® Since the intensity of these features is
drastically enhanced by the Rb deposition followed by ex-
posure to oxygen, it is natural to associate them with
oxygen-related states.'® Further evidence for this assign-
ment is given by the core-level spectra presented below.

During the same series of adsorption experiments, core
levels of the different constituents (apart from Ca, due to
its low cross section) were also studied in order to gain
further insight into the reaction of Rb and O, with the
Bi»Sr,CaCu,0s4 5 surface. In Fig. 2 we show the (a) Bi
4f, (b) O 1s, (c) Cu 2p, and (d) Sr 3d core-level spectra
using the same notation as in Fig. 1. Concentrating first
on the Bi 4f core level we note that the deposition of Rb
results in a shift of 0.5 eV towards higher binding energy.
A similar observation was previously found using syn-
chrotron radiation.® This shift is tentatively attributed to
a movement of the oxygen atoms away from the Bi atoms
because of the Rb overlayer, which creates a more electro-
positive environment of the Bi ions at the surface. The
subsequent exposure to oxygen, however, does not alter
the position of the Bi 4f core level, suggesting that the Bi
atoms are fairly stable in their new environment.

An even more drastic change occurs in the O 1s core
level, as illustrated in Fig. 2(b). Again, the deposition of
Rb causes a shift towards higher binding energy by about
0.5 eV. Moreover, the linewidth increases by approxi-
mately 30% from 2.2 to 2.8 eV [full width at half the
maximum (FWHM)]. This increase in width suggests
that the O s feature in curve (2) consists of two peaks,
one attributed to unreacted oxygen at about —529 eV,
and the other at about 1 eV higher binding energy
(~ —530 eV). As the surface is then exposed to oxygen
[curves (3) and (4)], a prominent shoulder appears
around —533 eV. It is clear that the appearance of this
feature correlates with the observation of the 5-eV feature
in the valence band shown in Fig. 1. Thus, we suggest
that peak C and the higher binding energy shoulder in the
O 1s core-level data are intimately related. The fact that
both these peaks appear after exposure to O, points to-
wards molecular oxygen species, such as 0,27, i.e., a
peroxide ion as the origin. This assignment is supported
by an earlier study on Bi-Sr-Ca-Cu-O superconductors as
well as other perovskite-related materials, showing evi-
dence of peroxides at the surface region.!! We also note
that the increased intensity of peaks 4 and B in the
valence band correlates with the growth of the shoulder at
about —533 in the O 1s core-level spectra. This finding
points toward oxygen-related states as the origin of peaks
A and B also. However, since peaks 4 and B already ap-
pear in the spectra from the Rb adsorbed surface, they, in
contrast to peak C, do not require exposure to molecular
oxygen for their existence.

In sharp contrast with the Bi 4f and O 1s data, are the
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FIG. 2. Photoemission spectra using Mg Ka (1253.6 eV) radiation of the (a) Bi 4f, (b) O 1s, (c) Cu 2p, and (d) Sr 3d core levels.
The notation of the different spectra is defined in the text and in Fig. 1.

Cu 2p and Sr 3d core levels, which hardly show any sign
of reaction. Starting with the Cu 2p data shown in Fig.
2(b), we note that the Cu 2p core level is essentially
unaffected by Rb deposition followed by coadsorption of
O,; the position as well as the linewidth remains the same.
More important, hardly any change of the intensity ratio
of the Cu d°? satellite and the main line at about —933.5
eV, a ratio that is a measure of the Cu valency, can be ob-
served. This is a most significant result, since other reac-
tive metals, such as Al, In, Ti, and Fe,'>”! as well as
more inert metals as Cu and Ag,”'m’” have been shown
to significantly reduce the Cu valency in similar materials.

This might be due to the ability of these metals to

penetrate into the substrate, an ability that large electro-

positive ions, such as Rb and Cs are lacking. Similarly,
the Sr 3d spectra shown in Fig. 2(d) are essentially invari-
ant upon deposition of Rb and oxygen onto the surface.

To this point, we have shown that while the Bi and O
states of the superconductor are changed dramatically by
reaction with Rb and oxygen, the Sr and Cu states are left
basically unchanged. The origin of this may be traced
back to the layered structure of this material.'® A num-
ber of papers indicate that the most probable cleavage
plane of this type of material is the one that is perpendicu-
lar to the c axis, i.e., the a-b plane.” "® Furthermore, be-
cause of the long bonding distance between the Bi-O
planes, it is most plausible that the Bi-O a-b plane ter-
minates the crystal at the solid-vacuum interface. Thus,



39 REACTION OF Rb AND OXYGEN OVERLAYERS WITH . ..

since adsorbates almost invariably interact most strongly
with the top atomic layer of a material, one would expect
the Bi and O atoms in the surface layer to be those that
are most strongly affected by the adsorbates. Since the
core-level data indicate that a strong reaction occurs with
the Bi and O states upon exposure to adsorbates of Rb and
oxygen, while no change in the valency of either the Cu or
the Sr states can be resolved, we infer that the effects of
the adsorbates are confined to the top layer, which most
probably consists of a Bi-O plane. Moreover, the results
imply a fairly weak coupling between the different layers
of the crystal structure.

To summarize, photoemission spectra from Rb and oxy-
gen overlayers on single crystals of Bi,Sr,CaCu,0g+ 5 su-
perconductors have been recorded in both the UPS and
XPS regimes. The core-level data show evidence of strong
interaction between the Rb adsorbates with the Bi and O
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states at the surface, while the Cu and Sr states are almost
completely unaffected. This result suggests that the Bi-O
plane of the cleaved crystal forms the surface layer. We
have also shown that upon coadsorption with oxygen new
oxygen species are formed at the surface of the supercon-
ductor as revealed by additional features in the UPS and
XPS spectra.
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