Chemical Physics Letters 443 (2007) 61–65
www.elsevier.com/locate/cplett

Photon energy dependence of ﬁnal state screening in a dilute
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Abstract
Photoemission spectra of thick ﬁlms of b-PbO2 have been measured over a range of exciting photon energies between 40 eV and
150 eV. There is evidence for occupation of conduction band states above the top of the main valence band to give a degenerate electron
gas and the spectra terminate in a sharp metallic Fermi edge. Structure associated with screening of shallow 5d core holes by the mobile
conduction electrons observed in Al Ka excited X-ray photoemission spectra is suppressed in the lower energy spectra and the Pb 5d core
level appears as a simple spin-orbit doublet.
 2007 Elsevier B.V. All rights reserved.

Almost all group 4 or group 14 metal dioxides are insulators with a wide gap 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, CeO2, ThO2, SiO2, GeO2 and SnO2, all of
which have gaps in excess of 3 eV [1,2]. By contrast bPbO2 is a metallic conductor [3,4]. On the basis of calculations carried out within the local density approximation it
has been argued that b-PbO2 is intrinsically metallic due to
overlap of a conduction band of Pb 6s states with the top of
the valence band [5]. However, the carrier concentration is
known to vary with preparation conditions, which implies
partial ﬁlling of a conduction band by donor defects [6].
More recent density functional calculations using the generalised gradient approximation (GGA) suggest that stoichiometric b-PbO2 is a semi-metal with a conduction
band that touches but does not overlap the valence band
[7,8]. However, it must be further recognised that density
functional methods invariably underestimate bandgaps.
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Experimentally it may be inferred (albeit indirectly) from
X-ray photoemission measurements that there is a small
bandgap and that the Fermi level sits between 0.4 eV and
0.7 eV above the bottom of the conduction band at a position dependent on sample pre-treatment [8]. It is necessary
to invoke the presence of donor defects such as oxygen
vacancies or proton interstitials in order to account for carrier concentrations of order 1021 cm 3 that lead to the
occupation of the conduction band [7,8].
The mobile conduction electrons in b-PbO2 have a
strong inﬂuence on metal core level photoemission spectra
excited with Al Ka radiation (hm = 1486.6 eV) [7,8]. In particular each component of the Pb 4f spin-orbit doublet in
these spectra itself consists of two overlapping components. This structure can be understood in terms of the
model proposed by Kotani for core ionisation in a narrow
band metallic system, as shown schematically in Fig. 1 [9].
The Coulomb potential associated with the core hole pulls
a localised state below the conduction band on the ionised
atom. Two diﬀerent ﬁnal states are then possible depending
on whether the localised trap state is ﬁlled by an electron
from the conduction band to give a screened ﬁnal state
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Fig. 1. Schematic representation of ﬁnal state screening of a core hole in a
narrow band metallic material as described by the Kotani model.

or remains empty to give an unscreened ﬁnal state. The
core level structure thus comprises a low binding energy
component associated with the screened ﬁnal state and a
lifetime broadened high binding energy component with a
predominantly Lorentzian lineshape associated with the
unscreened ﬁnal state. The energy separation of around
1 eV between the ‘screened’ and ‘unscreened’ ﬁnal states
found for b-PbO2 is very close to the conduction electron
plasmon energy as observed in electron energy loss spectroscopy [7,8]. In this and related systems including Sbdoped SnO2, Sn-doped In2O3 and Tl2O3 the ‘unscreened’
ﬁnal state component can alternatively be described as an
unusually strong plasmon satellite [10–14]: it has for many
years remained a major challenge for theory to reconcile
these two diﬀerent viewpoints [15].
On the basis of very recent hard (hm = 6000 eV) X-ray
photoemission experiments on correlated metallic system
including V2O3 [16], La1 xSrxMnO3 [17], La0.85Ba0.15MnO3 [18] and Nd2 xCexCuO4 [19] it appears that coherent metallic screening is strongly suppressed in the near
surface region. The physics of this eﬀect is far from clear
at present, although it is now reasonably well established
by empirical observation. In the present context, suppression of metallic screening near surfaces would lead to diminution of the intensity of the low binding energy core level
structure under excitation with lower energy VUV synchro-

tron radiation as compared with soft X-ray excited spectra
due to the greater surface sensitivity at low photon energy:
the electron inelastic mean free path diminishes from about
20 Å at 1500 eV kinetic energy to values as low as about
5 Å for kinetic energies around 50 eV. On the other hand,
if the outgoing photoelectron escapes from the vicinity of
the core hole slow on a timescale compared with that of
the screening response of the conduction electrons, the system can evolve adiabatically to reach the screened ground
state of the ionised system and the low binding energy
structure will predominate. In the alternative language of
the plasmon model it is known that for simple metals with
a high density of conduction electrons such as Al plasmon
satellites are suppressed in photoemission spectra excited
for outgoing electron kinetic energies below 100 eV due
to interference between the intrinsic and extrinsic plasmon
loss channels [20,21]. Thus, it is possible to envisage alternative scenarios which may lead to suppression of either
low or high binding energy structure in core lines. Metallic
PbO2 provides an ideal model system in which to explore
the photon energy dependence of core level screening in a
dilute but uncorrelated electron gas system. In the present
communication we investigate the shallow core Pb 5d lineshape in b-PbO2 as a function of photon energy in the
range between 50 eV and 150 eV and make comparison
with the lineshape in Al Ka photoemission spectra. It
emerges that the distinct peaks associated with screened
and unscreened states seen in Al Ka XPS are not observed
at low photon energy and core level structure is dominated
by structure due to unscreened ﬁnal states.
Films of b-PbO2 with the tetragonal rutile structure
[22,23] were deposited electrochemically on polished Pt
substrates as described previously [7,8]. Initial surface characterisation and development of cleaning procedures were
carried out in a Scienta ESCA 300 spectrometer [7,8]. This
incorporates a monochromatic X-ray source. The eﬀective
instrument resolution was 350 meV.
b-PbO2 has limited thermal stability and it was not possible to use standard procedures including argon ion bombardment and high temperature annealing in UHV to
prepare ‘clean’ surfaces. However, very low levels of adventitious carbon contamination were found even without
in situ pre-treatments, with optimal C 1s to O 1s intensity
ratios as low as 1/500. Further reduction of the C 1s intensity by annealing at temperatures up to 230 C in UHV was
also possible without decomposition of the rutile phase,
although such anneals did lead to an increased conduction
electron concentration (see below).
Vacuum UV photoemission spectra were measured on
beamline 4.1 of the synchrotron radiation source at Daresbury Laboratory UK [24]. The nominal monochromator
resolution was 40 meV below hm = 50 eV, increasing to
120 meV at hm = 150 eV. The spectrometer was housed in
a single chamber UHV system with a base pressure of
2 · 10 10 mbar. The chamber was equipped with a Scienta
SES200 hemispherical electron energy analyser with a
mean radius of 200 mm and angular acceptance of 10.
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The pass energy was ﬁxed at 40 eV, giving a nominal
analyser resolution of 80 meV. The chamber also included
a twin anode non-monochromatised X-ray source. This
enabled measurement of Mg Ka spectra with energy
resolution of about 1000 meV. The Mg Ka excited Pb 4f
core lines observed on the beamline showed the same
structure due to ﬁnal state screening as was observed in
the Scienta XPS system, although the resolution was of
course much poorer under non-monochromatised X-ray
excitation.
Synchrotron excited valence and shallow core level spectra of a b-PbO2 ﬁlm that had been annealed progressively
for 1 h at 210 C, 220 C and ﬁnally 230 C are shown in
Fig. 2. The Al Ka spectrum of a similarly annealed sample
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is also shown. The synchrotron spectra all terminate in a
weak but sharp peak above the main valence band edge
truncated by a cut-oﬀ whose shape is determined by a convolution of instrumental broadening with the Fermi–Dirac
distribution function. This cut-oﬀ deﬁnes the zero of the
binding energy scale. Similar but less well resolved structure is found in the Al Ka spectra. The observation of this
structure conﬁrms that occupation of conduction band
states seen in Al Ka spectra [7,8] to give a metallic material
persists up to the near surface region probed by the low
energy photoemission experiments. The conduction band
structure excited at hm = 56 eV is shown in greater detail
in Fig. 3, which also includes comparison with data taken
after annealing to only 210 C. The intensity of the conduction band photoemission increases and at the same time the
valence band edge moves to higher binding energy by
about 0.1 eV following the higher temperature 220 C
and 230 C anneals. These observations are consistent with
an upward shift of the Fermi level within the conduction
band due to increased band occupancy. Assuming a parabolic conduction band shape and a value of 0.8 m0 [6] for
the conduction band electron eﬀective mass (where m0 is
the electron rest mass) it may be inferred that the carrier
concentration n increases from 1.6 · 1021 cm 3 to 2.0 ·
1021 cm 3 as a result of the higher temperature anneals [25].
Pb 5d core level spectra for a sample with n = 2.0 ·
1021 cm 3 are shown in Fig. 4. It may be seen that the spectrum excited at hm = 1486.6 eV consists of a doublet of
doublets with a separation of 1.2 eV in both 5d5/2 and
5d3/2 components. There is an additional low binding
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Fig. 2. Valence and shallow core Pb 5d photoemission spectra of b-PbO2
excited at the photon energies indicated. The ﬁlms have been annealed to
230 C.
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Fig. 3. (a) Structure close to the Fermi energy of excited at hm = 56 eV for
b-PbO2 following annealing at 210 C and 230 C. (b) Smoothed ﬁrst
derivative of the photoemission spectrum of sample annealed at 230 C.
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conduction electron relaxation time. The spectra excited
with lower energy synchrotron radiation diﬀer dramatically
from the Al Ka spectrum. Over the complete range of photon energies investigated the Pb 5d proﬁle may be ﬁtted
adequately with a simple pair of spin-orbit doublets, with
the addition of a single further component associated with
O 2s states in the upper part of the photon energy range.
The components of the doublet are found at a binding
energy between that of screened and unscreened components seen in XPS, but much closer to the unscreened peak
over most of the photon energy range investigated. These
observations suggest that coherent metallic screening is
suppressed in the near surface region probed by low energy
photoemission spectroscopy, so that the spectra are dominated by unscreened ﬁnal state structure. There is however
a pronounced shift to low binding energy over a range of
photon energies centred around 56 eV, as shown in
Fig. 5. Energies in the range where the low binding energy
shift is most pronounced probably coincide with the minimum in the universal curve for the photoelectron inelastic
mean free path as a function of electron energy. To account
for the dip to low binding energy it is further necessary to
invoke a surface core level shift. Most simply this can be
understood in terms of narrowing of the conduction band
at the surface along with a shift in the barycentre of the
conduction band spectral weight toward the valence band
arising from the reduced Madelung potential at undercoordinated surface cation sites. These eﬀects will produce a
shift of the Fermi energy toward the valence band edge.
Since core binding energies are all referenced to the Fermi
energy this will lead in turn to a shift to low binding energy
for the surface core level peak. Unfortunately the position
of the bottom of the conduction band could not be identiﬁed in experimental spectra due to overlap with the tail of
the valence band. The downward shift of 0.4 eV is much
less than the width of the Pb 5d core level structure
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Fig. 4. Expansion of shallow core Pb 5d structure in photoemission
spectra of b-PbO2 excited the photon energies indicated. The data have
been ﬁtted to a series of Voigt functions.
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energy shoulder associated with O 2s states. The Pb 5d core
level structure is very similar to the Pb 4f core level
structure reported previously [7,8]. The low binding energy
Pb 5d5/2 component is narrower than the higher binding
energy component: full width at half maximum height
(FWHM) values are 1.11 eV and 1.65 eV, respectively.
The high binding energy component is also more dominantly Lorentzian, with contributions to the pseudo-Voigt
function used to ﬁt the spectra of 56% and 78% for low and
high binding energy components, respectively. These diﬀerences may be understood in terms of lifetime broadening of
the unscreened ﬁnal state, or in the alternative language of
the plasmon model lifetime broadening associated with the
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Fig. 5. Variation of binding energies for Pb 5d5/2 structure with photon
energy derived from curve ﬁts to synchrotron excited photoemission
spectra. The solid horizontal lines delineate the binding energies for
screened and unscreened ﬁnal state components in the Pb 5d5/2 spectrum
excited at hm = 1486.6.
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(FWHM 1.3–1.8 eV depending on photon energy) and it
was not possible to use curve ﬁts to identify distinct surface
and core peaks.
It is interesting to speculate as to why the alternative
scenario of suppression of unscreened ﬁnal state structure
does not emerge. At the lowest photon energy of hm =
40 eV that we have used the classical escape velocity vE
of a Pb 5d photoelectron is about 1.9 · 108 cm s 1. This
compares with a Fermi velocity vF for a conduction electron gas with n = 2 · 1021 cm 3 and m* = 0.8 m0 of only
5.6 · 107 cm s 1. Thus, under our experimental conditions
we are always in the limit where vE > vF and to reach an
adiabatic limit where vE  vF it would be necessary to
use photon energies only a couple of eV or less above
the core threshold. At these photon energies the Pb 5d
core lines sit on a strong inelastic background and it
is not possible to characterise the core lineshape with
conﬁdence.
In summary we have studied photoemission spectra of
metallic b-PbO2 with excitation over a photon energy range
between 40 eV and 150 eV. A sharp conduction band feature is observed in all spectra, conﬁrming that conduction
band occupancy persists up to the near surface region. In
contrast to spectra excited with Al Ka radiation, the Pb
5d core line excited with VUV synchrotron radiation consists of a simple spin-orbit doublet with no evidence of
structure due to metallic ﬁnal state screening over the complete photon energy range between 40 eV and 150 eV. In
addition there is evidence of a surface core shift for photon
energies centred around the minimum in the universal
curve for electron inelastic mean free paths. The current
work adds to the recent ﬁnding from hard XPS that coherent screening is suppressed close to surfaces [16–19] but further theoretical work is needed to explain the physics of
this eﬀect.
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