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a b s t r a c t
The core and valence levels of ␤-PbO2 have been studied using hard X-ray photoemission spectroscopy
(h = 6000 eV and 7700 eV). The Pb 4f core levels display an asymmetric lineshape which may be ﬁtted
with components associated with screened and unscreened ﬁnal states. It is found that intrinsic ﬁnal
state screening is suppressed in the near-surface region. A shift in the O 1s binding energy due to recoil
effects is observed under excitation at 7700 eV. It is shown that conduction band states have substantial
6s character and are selectively enhanced in hard X-ray photoemission spectra. However, the maximum
amplitude in the Pb 6s partial density of states is found at the bottom of the valence band and the associated
photoemission peak shows the most pronounced enhancement in intensity at high photon energy.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
PbO2 is one of the most widely used functional oxides in the
world today, and is the medium for storage of chemical energy
in lead-acid batteries. These batteries account for 75% of the total
global consumption of lead in an industry worth an estimated $30
billion per annum [1]. PbO2 is a metallic conductor of electricity,
which is crucial in limiting the internal resistance of lead-acid batteries, thereby allowing them to deliver the very large currents
needed to turn over the starter motor of an internal combustion
engine. The nature of metallic behaviour in PbO2 has been a source
of controversy in recent years. In a simple description based on
the ionic model PbO2 has a full valence band of O 2p states and
an empty conduction band of Pb 6s states, although it is clear that
there is very strong mixing between O 2p states and cationic Pb
6s and 6p states. Early band structure calculations suggested that
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the metallic behaviour is an intrinsic property of stoichiometric ␤PbO2 due to overlap of the conduction band with the valence band
[2]. On the other hand, it is known that the carrier concentration
varies with preparation conditions in a way suggestive of conductivity associated with variable ﬁlling of a conduction band due to
donor defect states [3]. It has recently been demonstrated by highresolution photoemission measurements that the metallic nature
of PbO2 is indeed associated with partial ﬁlling of a conduction
band which lies above the main valence band edge. The population
of this band most likely arises from donor states associated with
oxygen vacancies [4–6].
Since the ﬁrst X-ray photoelectron spectroscopic (XPS) measurements were performed by Siegbahn and co-workers in the 1950s,
the technique has long been used as a powerful tool in the investigation of electronic structure in a wide range of materials. The
most common laboratory based X-ray sources incorporate Al K␣
(h = 1486.6 eV) and Mg K␣ (h = 1253.6 eV) anodes. Inelastic electron mean free paths under excitation by these sources are typically
in the range between 10 Å and 25 Å so that conventional XPS is
a surface sensitive technique. This can be exploited in the study
of surface and interface properties. However, a drawback is that
the surface sensitivity makes it difﬁcult to derive unambiguous
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Fig. 1. 100 m × 50 m AFM image of ␤-PbO2 ﬁlm. The greyscale (colour online)
extends over 4 m.

information about the intrinsic ‘bulk’ electronic structure of a material. Spectra are also strongly inﬂuenced by adventitious surface
contamination. Recently hard X-ray photoelectron spectroscopy
(HXPS) with photon energies in the range between 6 keV and 10 keV
has become one of the most promising techniques for obtaining
‘bulk’ electronic structure information [7–10]. In HXPS the effective probing depth may be as high as 100–200 Å [11]. In the current
paper we combine conventional XPS measurements with HXPS in a
study of the valence and conduction band states of ␤-PbO2 . In addition valence level spectra are compared with those excited by lower
energy vacuum UV radiation. The application of HXPS to ␤-PbO2
is particularly appealing because the oxide is a delicate material
which cannot be subject to the usual in situ procedures such as
argon ion bombardment or high temperature annealing used to
clean metal oxides for surface studies.
2. Experimental
Films of ␤-PbO2 with the tetragonal rutile structure were
deposited on polished Pt substrates by anodic oxidation of solutions of 0.4 M Pb(NO3 )2 in 0.1 M HNO3 . The ﬁlms were rinsed in
ultrapure water and dried at 100 ◦ C prior to physical examination. A current density of around 10 mA cm−2 and a deposition
temperature of 60 ◦ C gave optimal phase purity, with strong
reﬂections in X-ray diffraction associated with tetragonal ␤-PbO2
and minimal intensity in orthorhombic ␣-PbO2 reﬂections [4,5].
The nominal ﬁlm thickness was 15 m. A typical AFM image of
an electrochemically deposited ﬁlm is shown in Fig. 1 over an
area of 100 m × 50 m, corresponding to the photon spot size
in the HXPS experiments. The greyscale in the image (colour
online) extends over 4 m. The ﬁlms have a coarse crystalline
microstructure (typical crystallite size in the range between 2 m
and 5 m) with a typical root mean square roughness of ca.
400 nm. High-resolution Al K␣ X-ray (h = 1486.6 eV) photoemission spectroscopy (XPS) measurements were performed using a
Scienta ESCA 300 spectrometer at the National Centre for Electron
Spectroscopy and Surface Analysis (NCESS) at Daresbury Laboratory (UK) as described previously [4–6]. Hard X-ray photoemission
measurements at h = 6000 eV and h = 7700 eV were performed
on beamline ID16 of the European Synchrotron Radiation Facility
(ESRF) in Grenoble (France) using the spectrometer endstation
developed under the European VOLume PhotoEmission (VOLPE)
project [11–14]. The radiation from the undulator on beamline ID16
was linearly polarised in the horizontal plane and was incident at
45◦ to the sample surface. Photoelectrons were collected in normal
emission in the horizontal plane, so that the angle between the
offtake direction and both the propagation and polarisation vectors
of the beam was 45◦ . The effective beamline resolution was set
at 300 meV at 6000 eV photon energy and at 150 meV at 7700 eV
photon energy for most measurements and these “standard”
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conditions apply unless otherwise stated. As will be discussed
below some measurements at h = 7700 eV were carried out with
300 meV beamline resolution, which increased the photon ﬂux by
a factor of ﬁve. The photon ﬂux from the beamline was a factor of
around four greater at h = 7700 eV than at h = 6000 eV when the
beamline resolution was set at 300 meV for both photon energies
so that the “standard” measurement conditions with narrower
slits at h = 7700 eV ensured comparable photon ﬂuxes on the
sample at the two energies used. The spectrometer resolution
was set at 200 meV for most measurements, although some scans
of the conduction band of PbO2 were carried out with 100 meV
spectrometer resolution. The typical time for accumulation of Pb
4f core level spectra was 1 h, whilst valence band spectra required
longer accumulation times of around 4 h. Binding energies in the
photoemission experiments were referenced to the metallic Fermi
edge of ␤-PbO2 . PbO2 is a highly oxidising material and the C 1s
to O 1s intensity ratio in Al K␣ XPS was found to be very low
even without in situ cleaning. In HXPS at h = 7700 eV the reduced
surface sensitivity and low C 1s cross-section resulted in spectra
where the C 1s core line was too weak to be observed.
3. Results and discussion
3.1. Survey XPS and HXPS
Survey XPS and HXPS spectra of a PbO2 thick ﬁlm measured at
h = 1486.6 eV, h = 6000 eV and h = 7700 eV are shown in Fig. 2. It
is immediately apparent that the relative intensity of the deeper
core levels, Pb 4s, 4p and 4d, increase strongly with increasing
photon energy relative to the intensity of the other core lines.
Similarly the intensity of Pb 5p and 5d shallow core lines also
increase relative to O 1s. Conversely the intensity of the Pb 4f core
lines (which are the strongest spectral features under Al K␣ excitation) decreases dramatically relative to both O 1s and the other
Pb core lines. These changes can be simply explained in terms
of photoionisation cross-sections. As the photon energy increases

Fig. 2. Survey scans of PbO2 thick ﬁlms measured at three photon energies:
h = 1486.6 eV, 6000 eV and 7700 eV.
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above 1000 eV, the cross-sections for photoionisation of orbitals
with no inner maxima in their radial distribution function decrease
rapidly as the wavelength of the free electron ﬁnal state decreases
and there is extensive cancellation between positive and negative contributions to the dipole matrix elements which govern the
cross-section. By contrast for orbitals with inner radial maxima, the
rapidly oscillating initial state wavefunction close to the nucleus
allows preservation of greater dipole intensity at high outgoing
photoelectron kinetic energy. Thus nodeless orbitals with principal quantum number n and orbital angular momentum l where
n − l = 1 (e.g. O 1s, O 2p and Pb 4f) lose photoemission intensity relative to orbitals with n − l > 1 (e.g. all the other Pb orbitals appearing
in Fig. 1).
Experimental intensity ratios of the ns, np and nd (n = 4,5) Pb
core lines and the Pb 4f doublet are compared with calculated total
subshell ionisation cross-section ratios in Table 1. The experimental values were derived after simple linear background subtraction.
All values are normalised to the occupancy of the Pb 4f shell, set
at 14.00. Theoretical estimates of the ratio at photon energies of
h = 1486.6 eV and h = 7700 eV have been interpolated from values given by Scoﬁeld [15] for photon energies of 1000 eV, 1500 eV,
6000 eV and 8000 eV, whilst the values at 6000 eV are taken directly
from the published tabulation. The Scoﬁeld cross-sections were
calculated within the relativistic Dirac-Fock framework, including
the non-dipole contributions to the cross-sections which become
important at high photon energies. In Table 1 values for differential cross-section ratios for the geometry of beamline ID16 are
also given. These were derived by correcting the Scoﬁeld cross√
√
sections by a term of the form (1 + ˇ/4 + /2 2 + ı/ 2) where the ˇ,
 and ı asymmetry parameters were interpolated from the tabulations of Trzhaskovskya et al. [16–18]. These tabulations again take
account of non-dipole contributions to the photoemission process.
In general agreement between theory and experiment is tolerably
good, especially for the stronger core line. In general taking account
of angular distribution effects leads to some minor improvement
between theory and experiment.
3.2. The Pb 4f core lineshape
Pb 4f7/2 core lines measured under excitation at h = 1486.6 eV,
6000 eV and 7700 eV are shown in Fig. 3. In each case the spectra may be ﬁtted with a pair of Voigt functions. The low binding
energy component is the narrower of the two and is of dominant
Gaussian character. The broader high binding energy component
is dominantly Lorentzian, suggesting a broadening associated with
lifetime effects. Similar satellite structure was observed many years
ago in a wide range of ‘narrow band’ metallic transition metal oxides
including the sodium tungsten bronzes Nax WO3 [19–26] the superconducting spinel LiTi2 O4 [27,28], dioxides such as MoO2 [28,29]
and RuO2 [30], and the ternary metallic pyrochlore ruthenates
Pb2 Ru2 O7 and Bi2 Ru2 O7 [31]. Satellite energies for these materials are all around 1–2 eV. More recently the use of monochromated
Al K␣ radiation has allowed observation of satellites with energies
less than 1 eV in XPS of degenerately doped (i.e. metallic) posttransition metal oxides such as Sb-doped SnO2 [32,33], Sn-doped
In2 O3 [34,35] and Tl2 O3−x [36]. Following ideas introduced by
Kotani and Toyozawa [37] a model to describe these satellites was
ﬁrst developed by Wertheim and co-workers and applied to core
spectra of sodium tungsten bronzes [19–21]. The Wertheim–Kotani
model involves a screening mechanism in which the Coulomb
potential of the core hole at an ionised atom creates a localised
trap state by pulling an orbital out of the conduction band. This
is in general possible if the occupied conduction bandwidth is less
than the Coulomb interaction between the core hole and the orbital
contributing to the conduction band. In this situation two different

Fig. 3. Pb 4f core line measured at three photon energies: h = 1486.6 eV, 6000 eV
and 7700 eV. Components due to screened and unscreened ﬁnal states are labelled
s and u respectively.

ﬁnal states are then accessible depending on whether the localised
state remains empty (to give an unscreened ﬁnal state) or is ﬁlled by
transfer of an electron from the conduction band (to give a screened
ﬁnal state). The width of the higher binding energy unscreened
state is determined by timescale for the conduction electrons to
screen the core hole.
Qualitatively the Pb 4f lineshape observed at high photon
energies is very similar to that found at h = 1486.6 eV. This conﬁrms the previously published interpretation of the lineshape in
terms of intrinsic ﬁnal state screening processes rather than the
presence of ill-deﬁned surface phases [4–6]. In Fig. 2 the area
ratio between ‘screened’ and ‘unscreened’ ﬁnal state components
increases from 0.7 at h = 1486.6 eV to 1.0 at h = 7700 eV. Because
the near-surface region contributes more strongly to the spectrum
excited at 1486.6 eV, this suggests that core hole screening is suppressed in the near-surface region. This conclusion is in accord
with recent HXPS experiments on correlated metallic oxides. These
show that core features due to coherent metallic screening in a
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Table 1
Calculated total cross-sections for Pb core levels relative to the Pb 4f cross-section (which is itself normalised to a value of 14, corresponding to the Pb 4f occupancy) from
Ref. [15] compared with corresponding experimental intensity ratios.
Core level

1486.6 eV
Calc.

4s1/2
4p1/2
4p3/2
4ptotal
4d3/2
4d5/2
4dtotal
4f5/2
4f7/2
4ftotal
5s1/2
5p1/2
5p3/2
5ptotal
5d3/2
5d5/2
5dtotal

1.2
1.3
3.9
5.2
5.5
8.0
13.5
6.1
7.9
14.0
0.3
0.3
0.8
1.1
0.7
1.0
1.7

6000 eV
Expt.
–
0.7
2.7
3.4
6.1
7.5
13.6
6.6
7.4
14.0
–
0.2
0.4
0.7
0.6
0.9
1.5

7700 eV

Calc.

Expt.

Calc.

Expt.

18.7 (18.1)
23.6 (22.8)
44.3 (44.1)
67.9
31.9 (35.0)
42.5 (46.4)
74.4
6.3 (6.3)
7.7 (7.7)
14.0 (14.0)
4.3 (4.1)
4.6 (4.5)
8.3 (8.2)
12.9
3.9 (4.3)
5.0 (5.5)
9.0

11.2
15.4
33.6
49.0
21.3
41.8
63.1
6.9
7.1
14.0
–
5.8
8.0
13.8
4.6
6.4
11.0

29.3 (24.8)
35.8 (31.8)
63.8 (59.1)
99.6
39.7 (41.0)
52.1 (53.4)
91.9
6.3 (6.3)
7.7 (7.7)
14.0 (14.0)
6.6 (5.6)
6.9 (6.2)
12.0 (11.0)
18.9
4.9 (5.0)
6.3 (6.4)
11.1

15.6
23.8
45.8
69.6
46.0
58.3
104.3
7.2
6.8
14.0
–
10.8
14.3
25.0
7.0
8.4
15.3

The ﬁgures in parentheses give relative differential cross-sections relevant to the geometry of the HXPS experiment.

number of systems including V2 O3 [38,39], La1−x Srx MnO3 [40–42],
La1.2 Sr1.8 Mn2 O7 [43], La0.85 Ba0.15 MnO3 [44] and Nd2−x Cex CuO4
[45,46] are very much stronger at 6 keV photon energy and above
than in conventional XPS measurements, where the coherently
screened structure is almost invisible. Unfortunately it was not possible to further enhance the surface sensitivity in Al K␣ XPS by
measuring spectra at shallow offtake angle: the very rough nature
of the ﬁlms meant that the relative intensities of screened and
unscreened ﬁnal state components showed no signiﬁcant variation
with angle of offtake in the range between 90◦ and 20◦ .
A radically different alternative model for the core line satellites
is provided by a description of the high binding energy component
of the core lines as an unusually strong plasmon loss satellite. The
Lorentzian linewidth is then determined by the conduction electron
scattering rate. It was discovered early in the application of photoemission techniques to simple metallic solids that plasmon satellites
make a signiﬁcant contribution to core level structure in X-ray
photoelectron spectra. Much of the early work in this area was concerned with unravelling the relative contributions of intrinsic and
extrinsic structure and with rationalising the pattern of multiple
plasmon excitations [47]. Intrinsic plasmons arise synchronously
with the creation of the core hole during the photoemission process
[48]. Extrinsic plasmons are due to inelastic scattering events as the
photoelectron leaves the material [48]. The weak coupling models
developed by Langreth [49] suggested that the intrinsic plasmon
satellite intensity I should increase as the conduction electron density N decreases according to the expression I ∝ N−1/3 . Thus within
the framework of this model, the high intensity of the satellites
observed in the present work reﬂects the relatively low density of
conduction electrons. It has been shown in an earlier publication
that the plasmon energy observed in electron energy loss spectroscopy of Sb-doped SnO2 [50] and PbO2 [4] is the same as the
satellite energy in XPS [4,33]. The plasmon energy ωp is determined by the carrier concentration N through the relationship:
ωp2 =

Ne2
m∗ ε0 ε(∞)

(1)

where ωp is the plasmon frequency, m* is the electron effective
mass, ε0 is the permittivity of free space and ε(∞) is the dielectric
constant. In Fig. 2 the separation of the ‘satellite’ from the main peak
is 0.69 eV, 0.89 eV and 0.91 eV under excitation by photons with
energies of 1486.6 eV, 6000 eV and 7700 eV, respectively. By taking
a value for the effective mass of 0.8m0 (where m0 is the electron

rest mass) [3] and a dielectric constant ε(∞) = 3.91 [4] the carrier
concentrations are estimated from Eq. (1) to be 1.08 × 1021 cm−3 ,
1.80 × 1021 cm−3 and 1.88 × 1021 cm−3 under excitation at photon
energies of 1486.6 eV, 6000 eV and 7700 eV, respectively. This result
suggests that there may be appreciable carrier depletion over a
length range of the order of the Al K␣ XPS probing depth. The
decreased intensity of the high binding energy core component in
HXPS is then consistent with the N−1/3 dependence of the intensity
of the plasmon loss.
There are however several problems with the plasmon model as
described above. First the abnormally high intensity of the plasmon
loss satellite calls into question the validity of the weak-coupling
model for a very dilute gas of conduction electrons. Moreover, in
‘simple’ metals the overall lineshape involves multiple plasmon
loss satellites, whereas in the present work only a single satellite is
observed. Finally it is interesting to note that in simple systems the
plasmon loss intensity increases with increasing photon energy.
This effect has recently been observed in Si where the intensity
of valence electron plasmon single and multiple excitation losses
increase as the photon energy increases from h = 1253.6 eV and to
h = 5925 eV [51]. For ␤-PbO2 it is difﬁcult to unravel this intrinsic
effect from the effects of surface carrier depletion.
In summary then the one electron screening model and the plasmon loss model provide alternative descriptions of the Pb 4f core
lineshapes. It remains however a major challenge to develop a theoretical framework which can reconcile these two physically distinct
models.

3.3. Valence band XPS
Photoemission spectra of ␤-PbO2 in the low binding energy
regime, including the shallow core Pb 5d levels and the valence
and conduction bands measured at h = 1486.6 eV, 6000 eV and
7700 eV, are shown in Fig. 4. The valence and conduction bands
are shown in greater detail in Fig. 5, which also includes data taken
with a photon energy of 56 eV [52]. The valence band is comprised
of three main features labelled I, II and III with peak maxima at
binding energies of 2.3 eV, 4.9 eV and 8.9 eV, respectively. Bandstructure calculations show that band I relates to states of almost
pure O 2p character. However, there is pronounced mixing between
O 2p states and Pb 6p orbitals in the states contributing to band II,
whilst the states associated with band III involve an equal mix of
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bigger than Pb 6s and Pb 6p cross-sections at low photon energy,
but as the photon energy moves above 1000 eV, the decrease in the
cross-sections for the highly penetrating Pb 6s and Pb 6p orbitals
decrease much less rapidly than the O 2p cross-section. Thus there
is a monotonic increase in the cross-section ratios (Pb6s)/(O2p)
and (Pb6p)/(O2p) in the photon energy range between 1000 eV
and 10,000 eV. Thus the increased relative intensity of band III at
high photon energies is associated with the very pronounced Pb 6s
character of the associated electronic states.
We have attempted to quantify these qualitative ideas by
calculating cross-section weighted densities of states using the
bandstructure calculation of reference [4] and the cross-section
data used to construct Fig. 6. At X-ray photon energies it is expected
that this approach should reproduce experimental spectra quite
well. The results of this analysis are shown in Fig. 7. The top two
panels in this ﬁgure show the full and partial densities of states,
whilst the lower two panels show cross-section weighted den-

Fig. 4. Pb 5d core line and valence band spectra of PbO2 measured at three photon
energies: h = 1486.6 eV, 6000 eV and 7700 eV.

Pb 6s and O 2p character [4–6]. At 56 eV and 1486.6 eV band I is
the strongest feature of the valence band spectrum. As the incident photon energy increases the intensities of bands II and III
increase relative to that of band I and at 7700 eV photon energy
band III is the dominant component of the valence band. It is also
seen in Fig. 4 that bands II and III of the valence band increase in
intensity relative to the Pb 5d shallow core levels. Qualitatively the
changes in the valence band spectra can be understood in terms of
the differing atomic contributions to the valence band states and
changes in ionisation cross-sections with photon energy. Calculated
one-electron cross-sections for ionisation of O 2p, Pb 6s and Pb 6p
orbitals as a function of photon energy are shown in Fig. 6. This
ﬁgure includes data taken from the tabulations of Scoﬁeld [15],
Yeh and Lindau [53] and Trzhaskovskya et al. [16–18]. Although
there are some technical differences in the computational techniques adopted by the different authors, there is generally good
agreement between the different results. The O 2p cross-section is

Fig. 5. Valence and conduction band photoelectron spectra measured at (a) 56 eV
[52], (b) 1486.6 eV [4,5], (c) 6000 eV and (d) 7700 eV.
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toemission spectra of Bi2 Sn2 O7 [54], Bi2 O3 [55,56] and PbO [56]
have been noted previously.
An expansion of the conduction band photoemission spectrum
measured at 7700 eV is shown in Fig. 8. The conduction band intensity increases relative to that of the valence band peak I due to the
signiﬁcant Pb 6s character of the conduction band states. However,
the increase is less pronounced than for the valence band peak III,
so that the maximum intensity of the conduction band peak relative to the valence band peak III decreases by about a factor of two
on increasing the photon energy from 1486.6 eV to 7700 eV. This
observation is in agreement with the calculated Pb 6s partial density of states, where the amplitude of the Pb 6s contribution relative

Fig. 6. Top panel: One electron photoionisation cross-sections of Pb 6s (squares),
Pb 6p (triangles) and O 2p (circles) orbitals as a function photon energy. Bottom
panel: Pb 6s/O 2p (squares) and Pb 6p/O 2p (triangles) one electron photoionisation
cross-section ratios. Data taken from Refs. [15–18,53].

sities of states at h = 1486.6 eV and h = 6000 eV. Although the
increase in the intensity of band III relative to band I with increasing
photon energy is qualitatively in agreement with the experimental data of Fig. 5, the intensity of band III is too strong relative
to I and II at both photon energies. It seems improbable that
the bandstructure calculation is grossly in error in assessing the
extent of hybridisation between O 2p states and Pb 6s or Pb 6p
states. We are therefore led to believe that the calculated ionisation cross-sections for Pb 6s (and to some extent Pb 6p) states
are too high. Cross-sections at the high photon energies relevant
to the present paper are strongly dependent on the shape of the
atomic wave functions very close to the nucleus and will therefore
be inﬂuenced by correlation between core orbitals and the highly
penetrating valence orbitals. We may further speculate that the
errors arise because these correlation effects are not included in
the one electron Hartree-Fock or Dirac-Fock approaches used to
calculate cross-sections, but further work is needed to explore this
idea. It may be noted that similar problems in using tabulated 5s or
6s ionisation cross-sections to calculate Al K␣ valence band pho-

Fig. 7. (a) Density of states in PbO2 derived from bandstructure calculation of Ref. [4].
(b) Partial densities of states as above. (c) Cross-section weighted density of states
at h = 1486.6 eV using cross-sections of reference [15]. (d) Cross-section weighted
density of states at h = 6000 eV using cross-sections of Ref. [15]. In all panels the
Fermi level is placed 1 eV above the top of the valence band.
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Fig. 8. Solid circles: photoelectron spectrum of the conduction band of PbO2 measured at h = 7700 eV with 100 meV spectrometer resolution and 150 meV beamline
resolution. Solid line: smoothing function using a running average of the data points.
The dashed lines show the estimated positions of the top of the valence band and
the bottom of the conduction band whilst the dotted line deﬁnes the Fermi energy.

to O 2p is higher at the bottom of the valence band than in the conduction band. Of course this is at variance with a simple description
of electronic structure in terms of the ionic model where the conduction band is of pure Pb 6s character and there should be no Pb
6s character in the valence band.
The metallic nature of PbO2 is demonstrated by the fact that the
spectrum is truncated by a weak but sharp Fermi edge. The Fermi
energy (EF ), deﬁned in terms of the energy relative to the bottom of
the conduction band, can be calculated by using the free electron
expression Eq. (2):
2

EF =

h̄
2/3
(32 N)
2m∗

(2)

where N is the carrier concentration, and m* is the effective mass
of the conduction electrons. This used in conjunction with the previously estimated carrier concentration of the sample measured
at 7700 eV gives a value of the Fermi energy of 0.69 eV. Taking
this value to be the width of the conduction band, along with
the measured position of the valence band edge at 1.30 eV binding energy, it is possible to estimate that the bandgap of PbO2
is 0.61 eV. However, this estimate neglects electron–electron and
electron–impurity interactions which can lead to bandgap renormalisation with degenerate n-type doping.

where Ekin is the kinetic energy of the outgoing photoelectron, m
is the electron mass and M is the mass of the ionised atom. Recoil
effects are particularly important for light atoms under irradiation
by hard X-rays. The ﬁrst clear cut experimental observation of recoil
effects was in C 1s core PES of CH4 where atomic recoil gives rise
to excitation of asymmetric vibrations [57]. Following a theoretical
treatment of recoil effects in solids [58], Takata et al. have recently
observed recoil shifts in core photoemission of graphite [59]. The
energy shifts were of order 0.36 eV at 8 keV photon energy and
could be equated with the classical recoil energy. However, details
of changes in the core lineshape could only be rationalised by taking
account of the discrete quantum mechanical nature of vibrational
excitation in the solid.
In the present context the recoil energy for 16 O is calculated
to be 0.033 eV at h = 1486.6 eV and 0.244 eV at 7700 eV. Thus a
small but signiﬁcant shift of around 0.211 eV is expected in the O
1s binding energy in switching from Al K␣ to the higher of the
two energies employed in our HXPS experiments. By contrast for
the much more massive 208 Pb (the most abundant isotope of lead)
the corresponding recoil energies are 0.002 eV and 0.019 eV with
an almost negligible shift of 0.017 eV between the two excitation
energies. The shift for the O 1s level found in the present work is
0.12 eV which is lower than expected, but the possible experimental error in binding energies is around 0.05 eV. Additionally as will
be seen below the placement of the Fermi level within the conduction band (which deﬁnes the binding energy scale) is dependent on
sample history.
3.5. Beam damage in HXPS
Very small but nonetheless noticeable changes in core and
valence level spectra with time of exposure to the synchrotron
beam were evident under the “standard” measurement conditions
deﬁned in Section 2. For example Fig. 10 shows two sequential
30 min scans of the Pb 4f core line measured at h = 6000 eV and
h = 7700 eV under “standard” conditions (and therefore under
comparable photon ﬂuxes). At both photon energies it is just
possible to discern a very small increase in the intensity of the
unscreened ﬁnal state component of the core line relative to the
screened ﬁnal state component during the 1 h measurement period
that was typically involved in the study of Pb 4f core lines. The ﬁgure also shows a scan of the valence region at h = 7700 eV taken
over a 30 min measurement and a second 30 min scan taken after
4 h exposure to the synchrotron beam under “standard” conditions.
Again there are only very small changes in relative intensity. Due to

3.4. Recoil effects in HXPS of ˇ-PbO2 .
O 1s core line photoemission spectra of ␤-PbO2 excited at
h = 1486.6 eV and at 7700 eV are shown in Fig. 9. As discussed in
detailed elsewhere the core line has an asymmetric lineshape due to
ﬁnal state screening effects and may be ﬁtted with two components
whose separation is similar to that found in the Pb 4f core region.
However, in contrast to the Pb 4f core lines there is a well-deﬁned
shift to high binding energy for the screened ﬁnal state component
on increasing the photon energy from 1486.6 eV to 7700 eV.
In photoemission experiments it is usually assumed that all of
the excess energy subsequent to photon absorption is transmitted
to the outgoing photoelectron. However, momentum conservation
dictates that the photoionised atom must take up a recoil energy
ıE deﬁned by the expression:
ıE =

m
E
M kin

(3)

Fig. 9. O 1s core level spectra of ␤-PbO2 measured under excitation at h = 1486.6 eV
and h = 7700 eV.
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Fig. 11. Pb 4f7/2 core line of ␤-PbO2 ﬁlm sample as a function of exposure to synchrotron radiation at h = 7700 eV with a photon ﬂux ﬁve times higher than that
used under standard measurement conditions (a) initial scan after moving beam
onto virgin region of the surface and (b) after 8 h exposure to the beam.

Fig. 10. (a) Single scan of Pb 4f7/2 core line of ␤-PbO2 ﬁlm at h = 6000 eV acquired
over 30 min period with the 2nd 30 min scan superimposed. “Standard” measurement conditions were employed. There is a very small increase in the intensity of
the unscreened ﬁnal state component u relative to that of the screened component s.
(b) Sequential 30 min scans of Pb 4f7/2 core line of ␤-PbO2 ﬁlm taken at h = 7700 eV
under standard measurement conditions. Changes are observed as in (a). (c) 1st
and 9th 30 min scan of valence region of ␤-PbO2 ﬁlm taken at h = 7700 eV under
standard measurement conditions during measurement of total duration 4 h. A very
small increase in the intensity of band III relative to band I is observed.

the very tight focus of the synchrotron beam into a spot of approximate dimension 100 m × 50 m it was possible to minimise the
effects of beam damage by routinely shifting the sample so as to
expose a virgin region of the surface before starting a measurement.
At the same time some systematic studies were made of the effects
of prolonged exposure of the sample surface to 7700 eV photons
with the beamline resolution degraded to 300 meV so as to increase
the photon ﬂux by a factor of ﬁve over that found under “standard” measurement conditions. Fig. 11 shows the Pb 4f7/2 core line
immediately after initial moving of the sample to a new position
and after 8 h exposure to synchrotron radiation at h = 7700 eV. The
total photon exposure in this measurement is a factor of 40 greater
than that involved in a 1 h measurement under “standard” conditions. It is now more obvious that the core lineshape has changed as
a result of photon irradiation, with the unscreened peak becoming
more intense relative to the screened peak. At the same time Fig. 12
shows that the intensity in the conduction band decreases after

Fig. 12. Valence band spectra measured at h = 7700 eV as a function of exposure
to synchrotron radiation at h = 7700 eV with a photon ﬂux ﬁve times higher than
that used under standard measurement conditions. Initial spectrum (solid line) and
after 8 h in the beam (dashed line).

exposure to the high photon ﬂux photons over extended periods
and there is a small shift in the valence band edge to low binding energy. These observations are all consistent with a decrease
in the carrier concentration after prolonged beam exposure, which
causes a downward shift in the Fermi energy within the conduction
band and reduces the probability of ﬁnal state screening. Photon
stimulated oxygen desorption should lead to an increased carrier
concentration and indeed annealing ␤-PbO2 samples in UHV at
temperatures up to 230 ◦ C does lead to increased carrier concentrations [4]. However, annealing at yet higher temperatures above
250 ◦ C produces changes in the spectral signatures similar to those
induced by prolonged exposure to the synchrotron beam [60].
4. Concluding remarks
HXPS measurements have been performed on PbO2 . The results
conﬁrm that the metallic nature of the material is due to partial
ﬁlling of a conduction band above the main valence band, most
likely due to oxygen deﬁciency. The Pb 4f core line measured under
6000 eV and 7700 eV excitation, can be ﬁtted with components
associated with screened and unscreened ﬁnal states, in agreement
with previous work using Al K␣ excitation [4,5]. There is however
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some evidence of a reduced carrier concentration and a reduced
probability of ﬁnal state screening in the near surface region probed
by Al K␣ XPS as compared with more bulk-like HXPS. Additionally
we have identiﬁed a small recoil shift in the O1s binding energy
at high photon energies, but there is no shift for the Pb 4f core
lines due to the much greater mass of Pb isotopes. Finally we have
found evidence for beam-induced decomposition of ␤-PbO2 after
prolonged exposure to hard X-rays.
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