PHYSICAL REVIEW B 75, 153102 共2007兲

Nature of electronic states at the Fermi level of metallic ␤-PbO2 revealed by hard x-ray
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The nature of electronic states at the Fermi energy in metallic ␤-PbO2 has been identified by hard x-ray
photoemission spectroscopy 共HXPS兲 combined with x-ray emission spectroscopy and density-functional theory
calculations. Pb 6s states are strongly enhanced in HXP spectra, allowing us to locate the Fermi level above the
top of the valence band. The occupied conduction-band states have significant Pb 6s character, although the
major 6s contribution to the density of states is found 9 eV below the Fermi energy. The enormous potential of
HXPS for the study of s states in oxides is emphasized.
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Almost all binary dioxides where the metal atom achieves
the group oxidation state are insulators with an energy gap of
at least 3 eV separating a filled valence band of states with
dominant O 2p atomic character from an empty conduction
band of cation states. Examples include TiO2, ZrO2, HfO2,
ThO2, GeO2, and SnO2.1,2 By contrast, ␤-PbO2 is a metallic
conductor.3,4 The metallic nature of ␤-PbO2 is therefore
unique within this class of materials and is at present incompletely understood. The high conductivity of ␤-PbO2 is in
turn of wide significance because lead dioxide is the medium
for storage of chemical energy on the cathode plate of leadacid batteries.5 Crucial to the ability of these batteries to
deliver the high currents needed to turn over the starter motor of an internal combustion engine is the fact that the cathode coating in the charged state does not contribute significantly to the internal resistance of the battery. The
unexpected metallic conductivity of ␤-PbO2 is therefore both
of fundamental physical interest and of enormous technological importance.
What is the nature of the electronic states close to the
Fermi level in ␤-PbO2? In the simplest textbook description,
PbO2 has a filled valence band of O 2p states and an empty
conduction band of Pb 6s states. Earlier band-structure calculations have suggested that the metallic behavior is an intrinsic property of the stoichiometric rutile phase of ␤-PbO2
due to overlap of the bottom of the conduction band with the
top of the valence band.6 On the other hand, the carrier concentration varies with preparation conditions in a way suggestive of occupation of conduction-band states by carriers
introduced by donor defects.7 In the present Brief Report, it
is shown that the Fermi level in ␤-PbO2 sits above the edge
of the topmost valence band, consistent with the defect
model. However, it emerges that it is incorrect to assume8,9
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that the metal ns states are concentrated near the Fermi energy in post-transition metal oxides. We come to these conclusions by studying ␤-PbO2 with a combination of hard
x-ray photoemission spectroscopy 共HXPS兲, soft x-ray emission spectroscopy 共XES兲, and density-functional theory
共DFT兲 calculations. We show that the cross section for ionization of Pb 6s state is strongly enhanced at photon energies
of 6000 or 7700 eV relative to the cross section for O 2p
states and thus HXPS can be used as a probe of Pb 6s character in the filled states. At the same time, HXPS facilitates
the study of technological samples due to the much longer
electron path length10 and correspondingly reduced surface
sensitivity as compared with low-energy photoemission.
Oxygen K shell emission gives a complementary view of the
valence-band electronic structure sensitive only to O 2p
states. With the combination of these two bulk sensitive techniques supported by DFT calculations, we find that the dominant Pb 6s contribution to the density of states is in a region
about 9 eV below EF. The partially populated conductionband states also possess Pb 6s character. However, in contrast to simple expectations, the 6s contribution to
conduction-band states is shown to be less than the contribution to the valence band. We argue that the combination of
HXPS with element specific XES and density-functional calculations provides a uniquely powerful and completely general approach to the characterization of the bulk electronic
structure of oxide materials and, in particular, of the distribution of metal s character.
Metallic films of ␤-PbO2 with the tetragonal rutile structure were deposited on polished Pt substrates by anodic oxidation of solutions of Pb共NO3兲2 in HNO3 as described
previously.11 The nominal film thickness was 15 m. The
films were rinsed in ultrapure water and dried at 100 ° C. The
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n-type carrier concentration in as-prepared films was estimated to be 1.1⫻ 1021 cm−3.11 XES experiments were performed on beamline 7.0.1 at the Advanced Light Source,
Lawrence Berkeley National Laboratory 共USA兲. As in previous work on PbO,12 the overall resolution was set at 0.7 eV
on the O K edge. HXPS measurements were performed on
beamline ID16 of the European Synchrotron Radiation Facility in Grenoble 共France兲 using the spectrometer developed
under the European Volume Photoemission project.13,14 The
overall instrument resolution was 0.35 and 0.25 eV, respectively, at 6000 and 7700 eV photon energy. Binding energies
in the XPS experiments were referenced to the metallic
Fermi edge of ␤-PbO2 and the XES data were aligned relative to the XPS on the peak maxima. Adventitous carbon
contamination in HXPS was minimal even without sample
pretreatment, with a C 1s / O 1s intensity ratio below the
level of detection at h = 7700 eV. Spectra were therefore
measured at room temperature on “as-presented” samples.
Typical spectral accumulation times for valence bands were
around 6 h. The total accumulated counts 共about 10 000 per
channel on the strongest valence-band peak兲 and signal-tonoise ratio were very similar to those achieved in earlier
offline XPS experiments11 using a rotating anode Al K␣
x-ray source despite the fact that the absolute value for the
O 2p ionization cross section is over 2 orders of magnitude
smaller at 8000 eV photon energy than at 1486.6 eV 共see
below兲. The experimental data are compared with densities
of states calculated using periodic DFT as embodied in the
Vienna ab initio simulation package, as described
previously.11 The full and partial density of states profiles
from the earlier work were convoluted with a Gaussian of
full width at half maximum height of 0.8 eV to allow for
phonon and instrument broadening in the experimental spectra. Phonon broadening in oxides is typically of the order of
1 eV, although in metallic PbO2 we may expect a somewhat
smaller broadening than is usual.15
The band-structure calculations show that the description
of PbO2 in terms of a valence band of O 2p states and a
conduction band of Pb 6s states is not correct 共Fig. 1兲. There
is pronounced hybridization between O 2p and Pb valence
states, and the Bader charge16 on the Pb cations has a value
of only +2.07. The valence band contains three features labeled I, II, and III in Fig. 1, while the conduction band
breaks down into two components i and ii. The Pb 6s contribution to the density of states is split between the lower
conduction band i and band III found at the bottom of the
valence band. The Pb 6s contribution to the valence band is
greater than that to the lower conduction band. Similarly,
Pb 6p character is divided between middle valence band II
and the upper conduction band ii. The upper valence band I
is almost pure O 2p. In the calculations, there is no overlap
between valence and conduction bands in the raw partial
density of states, which drops to zero at the Fermi energy.
However, the two bands touch and after convolution with a
broadening function they appear to merge. Thus, ␤-PbO2 is
best described as a semimetal.
Using the combination of XES and valence-band HXPS,
we are able to directly test the validity of the calculations.
O K␣ XES and valence-band XPS of ␤-PbO2 excited at
6000 and 7700 eV photon energies are shown in Fig. 2, with

FIG. 1. 共Color online兲 Total and partial densities of states for
␤-PbO2 derived from band-structure calculations following convolution with a 0.8 eV Gaussian broadening function 共see text兲. The
inset shows the unbroadened full density of states. Energies are
given relative to the Fermi energy for stoichiometric ␤-PbO2.

XPS data taken at h = 1486.6 eV 共Ref. 11兲 also included for
comparison. Due to strong dipole selection rules and the localized atomic nature of the x-ray emission process, the
O K␣ emission spectrum is a direct measure of the O 2p
partial density of states. The O K␣ emission spectrum is
dominated by the valence-band feature I, consistent with the
calculations which show that this band is primarily of O 2p
character. Feature III in the XES data is extremely weak,
reflecting the strong Pb 6s contribution and correspondingly
reduced O 2p contribution to the density of states. However,
in photoemission using 7700 eV excitation, peak III is the
dominant feature in the valence-band spectrum. In addition,
the intensity of feature II increases relative to that of feature
I, but to a lesser extent than that of feature III. Spectra excited at the lower photon energies of 6000 and 1486.6 eV
display relative intensities intermediate between the O K
shell emission spectrum and the spectrum excited at h
= 7700 eV.
Qualitatively, these changes can be understood simply in
terms of the fact that the cross sections for ionization of
Pb 6s and Pb 6p states decay with increasing photon energy
much less rapidly than the cross section for ionization of
O 2p states 共see cross sections calculated by Scofield17 in
Table I兲. These variations can, in turn, be understood in terms
of the highly penetrating nature of the 6s and Pb 6p radial
wave functions. Quantitatively, however, it seems that the
Scofield tabulation overestimates the cross sections for ionization of Pb 6s and 6p orbitals relative to that of O 2p,
particularly at high energy, so that the cross-section weighted
density of states gives stronger spectral weight to peak III
relative to peak I than is observed experimentally 共cross sections calculated by Yeh and Lindau18 using nonrelativistic
Hartree-Fock theory are similarly at odds with the experi-
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FIG. 2. 共a兲 O K shell x-ray emission spectrum of ␤-PbO2. 共b兲
HXPS excited at h = 6000 eV 共solid line兲 with data at h
= 1486.6 eV taken from Ref. 11 superimposed 共dotted line兲. 共c兲
Cross-section weighted densities of states derived from cross sections given in Ref. 16 at h = 6000 eV 共solid line兲 and 1486.6 eV
共dotted line兲. The Fermi level has been set 1.6 eV above the
valence-band maximum to facilitate comparison with experimental
data. 共d兲 HXPS excited at h = 7700 eV.

mental data兲. This is illustrated in Fig. 2共c兲, which shows the
cross-section weighted density of states calculated at 1486.6
and 6000 eV photon energies. Clearly, the calculated intenTABLE I. One-electron cross section for ionization of valence
orbitals of Pb and O derived from Dirac-Slater calculations 共Ref.
16兲. All values are in barns. The figures in parentheses give cross
sections for Pb 6s and 6p states relative to the O 2p cross section.
h
共eV兲

O 2p

Pb 6s

Pb 6p

1486.6

6.38⫻ 101

5.03⫻ 102
共7.88⫻ 100兲

2.93⫻ 102
共4.59⫻ 100兲

6000

3.17⫻ 10−1

4.54⫻ 101
共1.43⫻ 102兲

2.59⫻ 101
共1.70⫻ 102兲

8000

1.00⫻ 10−1

2.70⫻ 101
共2.70⫻ 102兲

1.41⫻ 101
共1.41⫻ 102兲

sity of peak III in both Al K␣ XPS and HXPS is much too
high relative to that of peak I. Further work is needed to
establish why the computed cross sections are not quantitatively reliable.
Al K␣ photoemission spectra of ␤-PbO2 contain a weak
feature about 1.6 eV above the top valence band, terminating
in a sharp edge at the Fermi energy EF. In parallel with the
changes in the valence band, excitation of photoemission
spectra at high photon energy leads to pronounced enhancement in the intensity of this structure close to EF relative to
the peak at the top of the valence band. Under 7700 eV
excitation, the low binding energy structure appears as a
well-defined peak with a clear minimum between it and the
main valence band—at lower photon energy, the structure
appears only as a shoulder to the main valence band. These
observations demonstrate that the metallic behavior of
␤-PbO2 arises from partial filling of a conduction band that
sits above the top of the main valence band. Occupation of
the conduction band must arise from electron introduced donor states such as oxygen vacancy defects or proton interstitials. The observation that occupation of the conduction band
increases from 1.1⫻ 1021 to 2.0⫻ 1021 cm−3 after gentle annealing in UHV 共Ref. 11兲 favors the vacancy hypothesis. The
enhancement in the intensity of the conduction band in
HXPS is consistent with the band-structure calculation,
which shows the lower conduction band to have substantial
Pb 6s character. We can further analyze the intensity changes
in relation to the computed partial densities of states. The
valence states in band III have 55% O 2p character and 45%
Pb 6s character. By contrast, the conduction-band states
1.6 eV above the top of the valence have 67% O 2p character and only 33% Pb 6s character. The reduced Pb 6s contribution to the conduction band is reflected in the fact that
although the peak at the Fermi energy increases in intensity
relative to valence-band peak I 共which relates to states of
almost pure O 2p character兲 on increasing the photon energy,
the enhancement is less than for the valence-band peak III.
Thus, the peak height at the Fermi energy decreases relative
to that of peak III by about a factor of 2 over the photon
energy range investigated.
In summary, we have shown that the intensity of structure
associated with states that have pronounced metal 6s character is strongly enhanced in the photoemission spectra of
␤-PbO2 excited at high 共7700 eV兲 photon energy. Further
analysis of the intensity changes confirms that conductionband states have less Pb 6s character than the most tightly
bound valence-band states, a conclusion in accord with bandstructure calculations. Looking at the broader implications of
the current work, cross sections for ionization of 4s and 5s
orbitals are expected to be similar to those for 6s orbitals at
high energies.17 It follows that selective enhancement of the
ns contribution to the cross-section weighted density of
states is expected to be a general feature of high-energy photoemission. This promises to be of particular value in the
study of conduction-band states in doped n-type transparent
conducting oxides such as Sb-doped SnO2 共Ref. 19兲 and Sndoped In2O3 共Ref. 20兲. The conduction bands for these technologically important materials have dominant metal 5s
character and can be observed only as very weak features in
conventional photoemission spectra. We anticipate that
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HXPS will provide vastly superior conduction-band data for
these and related materials. At the same time, HXPS will
enable identification of the regions of O 2p valence bands
that are hybridized with cation s states for any oxide.
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