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Vacuum-prepared surfaces of BaPb,_,Bi,0; with x =0, 0.25, and 1 were studied by x-
ray photoelectron spectroscopy to elucidate the electronic structure and the valence states
of bismuth in these compounds. Valence-band spectra give evidence for a shallow band
in BaBiO;, which is depopulated as Pb is substituted for Bi. The lack of asymmetry of
the Ba core-electron lines indicates that there is no Ba 5d or 6s character at Er. The
asymmetry of the O Is line, especially in BaPbOs3, indicates that this shallow band has
largely O 2p character. The Bi4f lines of BaBiO; were significantly broadened, but could
not be unambiguously resolved into the two components expected on the basis of the crys-

tal structure.

I. INTRODUCTION

The valence of Bi in BaBiO; has long been a
subject of speculation. With few exceptions,' stud-
ies’>~* have led to the conclusion that the formal
valence of Bi(IV) implied by the composition is less
likely than are equal amounts of Bi(III) and Bi(V).
This conclusion has found support in recent crys-
tallographic work>® which has identified two ine-
quivalent Bi sites in BaBiOj;. It is worth noting,
however, that the Bi—O bond lengths of the two
sites do not differ by an amount commensurate
with expectations based on a two-electron charge
difference. In an early electron spectroscopy for
chemical analysis study,* the Bi4f lines were
found to be broadened but unsplit, a result which
was taken as indicative of mixed-valence behavior.
Motivated in part by the discovery of superconduc-
tivity in the system’ BaPb,_,Bi, O, we have un-
dertaken a more detailed investigation of the elec-
tronic structure of these materials.

II. EXPERIMENTAL

Samples consisted of a few large crystals of
these compounds with x =0, 0.25, and 1. (Details
of the crystal-growth procedure will be published
elsewhere.) The samples were mounted with con-
ducting epoxy cement in sample holders so that the
shiny top surface of the solidified melt was ex-
posed. The holders were introduced into the
preparation chamber of a HP 5950A spectrometer,
which was evacuated until a pressure in the 1077
Pa range had been attained. The original sample
surface was then removed with a diamond file.
The progress of this cleaning procedure was fol-
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lowed by recording Ba, Bi, C, and O core-electron
spectra. Filing was continued until carbon con-
tamination could no longer be detected by x-ray
photoemission spectroscopy. The vacuum in the
preparation chamber gave no evidence of the evo-
lution of oxygen from the sample during this pro-
cedure, indicating that these materials are stable in
vacuum at room temperature.

The O 1s line showed profound changes in
shape, sharpening, and moving to smaller binding
energy during the cleaning pocedure. The O-Ba
and O-Bi ratios decreased significantly as the top
layer was removed, but the Ba-Bi ratio did not
change appreciably, indicating that the air-exposed
surface was partially hydrated. The Ba and Bi
core-electron lines also narrowed and moved to
smaller binding energy as the surface layer was re-
moved.

The data were analyzed by a least-squares pro-
cedure in which lines with the Doniach-Sunjic
shape® convolved with the well-established resolu-
tion function, and a calculated background are fit-
ted to the data. The background was taken to be
proportional to the integral of the fitted curve.

III. RESULTS AND DISCUSSION
A. Valence-band spectra

For insight into the electronic structure of these
compounds the valence-band spectra are, of course,
of major interest (see Fig. 1). The prominent
structure near 14 eV is the essentially corelike
Ba 5p spin-orbit doublet. It overlaps the feature
between 8 and 12 eV which arises dominantly from
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FIG. 1. Valence-band spectrum of BaBiO;,
BaPb, _,Bi,0; with x =0.25, and BaPbO;. Binding-
energy scale is appropriate for BaBiOs, the other spectra
are shown with the Ba 5p states aligned.

Bi or Pb 6s states. These states fall at approxi-
mately the same energy as they do in the elements,
but are hybridized with the O 2p states, and consti-
tute part of the valence band. The broad structure
between the Fermi level and 8 eV is the largely
02p derived part of the valence band.

In an attempt to define the nature of the states
responsible for the superconductivity of
BaPb, _, Bi, O; we compare the valence-band spec-
trum of this compound with x =0.25 with those of
BaBiO; and BaPbO; (see Fig. 1). The binding-
energy scale in this figure is appropriate for Ba-
BiO;. The data for the other compounds were
placed so as to align the Ba 5d lines. The Fermi
level of BaBiO; was assumed to fall at the top of
the occupied valence band because the compound
is known to be a small-gap semiconductor. That
of BaPbO; can be similarly placed at the cutoff of
the strong valence-band feature. The Fermi level
of BaPb,_,Bi,O; is more difficult to assign be-
cause the valence band has a low density-of-states
tail, but it clearly lies higher than in BaPbOj.

The most significant differences between the -
three spectra are found near Er. The spectrum of
BaBiO; clearly shows an occupied band in the in-
terval between the Fermi level and 2 eV, which is

largely or entirely empty in BaPb,_,Bi, Oz and
BaPbO;. This band could, in principle, be made
up of BaS5d 6s, O2p, or Bi6sp states. From the
calculations of Scofield® we know that the pho-
toelectric cross section of the 6s states of Ba is
comparable to that of O2p, while that of the 5d
states is estimated to be somewhat larger, based on
the values quoted for La and Gd. The cross sec-
tions of the Bi6s and 6p states are both 4.4 times
larger than that of O 2p, so that any of these states
could, in principle, be responsible for the observed
shoulder. Further information concerning the
states near E is obtained from the core-electron
spectra.

B. Core-electron spectra

A fit to the Ba4d lines in BaBiO; is shown in
Fig. 2. The model function is clearly capable of
representing the data in detail, without significant
misfit. The most important numerical result is
that the singularity index is essentially zero (see
Table I). This indicates that there are no electronic
excitations at Er when an electron is emitted from
a Ba atom, i.e., the compound behaves like an in-
sulator. This provides direct proof that there are
no Ba states at the Fermi energy of BaBiO;. The
Ba4d spectrum of BaPbOs, although significantly
broader, leads to the same conclusion.
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FIG. 2. Least-squares fit to the x-ray photoemission
spectrum of the Ba4d core electrons in BaBiO;. Two
spin-orbit components as well as the calculated back-
ground are shown.
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TABLE 1. Properties of some core electrons in BaBiO;.

Ep® so? re ad
Core level (eV) (eV) (eV)
Badd 88.4 2.59 ~0.2 0.004
Bi4f ¢ 157.8 5.31 ~0.2
Ols 528.5 ~0.1 0.10

2Core-electron binding energy of the / +s state measured
from the top of the occupied valence band.

Spin-orbit splitting.

Lifetime width.

dSingularity index.

“Average values from a two-site analysis.

An attempt to use the same model function to
fit the Bi4f lines gave a decidedly unsatisfactory
result. Since it is known from crystallographic
studies that there are two inequivalent Bi lattice
sites, the model function was then generalized to
contain two spin-orbit pairs, constrained to have
the same lifetime width, spin-orbit splitting, and
intensity ratio. Much better fits could now be ob-
tained, but the intensity ratio of the two spin-orbit
doublets was typically far from the value of unity
expected on the basis of the crystal structure.
Moreover, the magnitude of the residuals indicated
that the model function was not capable of
representing the data in detail. The best fits were
typically obtained with a small nonzero singularity
index, suggesting that there is some Bi 6s character
at Er, but the quality of the fits does not justify
detailed interpretation. The magnitude of the ob-
served broadening is, however, in line with that re-
ported earlier.*

An interpretation of the Bi4f core-electron bind-
ing energy rests ultimately on measurements for
well-characterized compounds. Measurements on
powders, using contamination carbon as a refer-
ence,'? show shifts relative to elemental Bi of 2.2
eV for NaBiO;, 2.3 eV for Bi,042H,0, and 2.4 eV
for Bi,0;, i.e., there appears to be a weak retro-
grade dependence on formal oxidation state.
Larger shifts were found only for more electroneg-
ative ligands like fluoride or sulfate. A systematic
dependence of core-electron binding energy on
ligand electronegativity was also found in the
bismuth sesquichalcogenides with shifts of 0.7, 0.8,
and 1.9 eV for the telluride, selenide, and oxide,
respectively.!! The results of Ref. 10 certainly sug-
gest that one should not expect to be able to define
the oxidation state of Bi in oxygen coordination in
terms of the core-electron binding energy. Howev-

er, the realization that the Bi line shifted signifi-
cantly in the present experiments when the surface
layer was removed makes it clear that a calibration
with vacuum-prepared surfaces is needed before an
interpretation of the Bi core-electron binding ener-
gy can be attempted.

The O 1s line shown in Fig. 3 is best fitted by an
asymmetric line of the type associated with
electron-hole pair excitations at Er in metals.
Similar line shapes also arise in semimetals'? due
to the modification of the density of states by the
core hole. A fit to the data of Fig. 3 yields a
singularity index of 0.10 (see Table I). The asym-
metry of the O 1s line is a direct indication that
the oxygen core hole is screened by electron-hole
pair excitations in the final-state valence band.
The absence of comparable asymmetry on the Ba
or Bi lines indicates that the states at E have
dominantly O 2p character, because only an O core
hole is capable of modifying the density of states
so as to allow a pseudometallic screening response.
A comparable asymmetry was also found in the
O 1s electron spectrum of BaPbOs.

The O 1s spectrum also contained a weak subsi-
diary peak at ~530 eV which grew with time in
the spectrometer. Since the Ba and Bi lines
remained unchanged, this secondary oxygen peak is
assigned to contamination, a common observation
for samples mounted with epoxy. A C Is line also
developed on the initially clean surface supporting
this assignment.

The Pb4f lines of BaPbO; could be well fitted
with a vanishing singularity index, suggesting that

BaBiO3 O1s
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FIG. 3. O s spectrum of BaBiO;.
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there is little Pb 6s character at Er. Data analysis
in this case was complicated by a weak component
at smaller binding energy which was evident even
by inspection. Least-squares analysis placed it 0.85
eV toward smaller binding energy. It is tentatively
identified as divalent Pb in Ba sites. It seems like-
ly that this substitution is responsible for the
broadening of both the Ba and O core levels in this
compound.

In BaPb,_,Bi, O3, all core-electron states were
found to be significantly broadened, presumably by
the random occupancy of the B site by Pb and Bi.
The effect on the Pb and Bi core-electron spectra
was sufficiently great so that they could not be fit-
ted with the conventional line-shape function.

IV. CONCLUSIONS

The present experiments lead to the conclusion
that the Bi atoms in the two lattice sites of BaBiO;

are, electronically, only marginally distinguishable.
The occupancy of a band at Er, identified as being
dominantly of O 2p character, is decreased by the
substitution of Pb for Bi. In BaBiO;, this band, or
a subband split off by the lattice distortion, is com-
pletely filled, resulting in a semiconductor. The
small difference in binding energy for the two Bi
sites in BaBiOj; is then largely a reflection of the
fact that this band makes only a small contribution
to the charge densities at the two inequivalent sites.
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