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The electronic structures of a-PbO and B-PbO, have been investigated by X-ray photoemission,
X-ray absorption and X-ray emission spectroscopies, supported by bandstructure calculations
performed within the framework of density functional theory. The relative intensity of a peak
found at the bottom of the valence band for both oxides changes dramatically between Al Ko
X-ray photoemission and O K shell X-ray emission spectra, demonstrating that the states
associated with this peak possess dominant Pb 6s character. This finding is in accord with partial
densities of states derived from bandstructure calculations but is at variance with the conventional
view that the Pb 6s states in PbO are close to the Fermi energy and hybridise with empty 6p states
to give a metal based directional 6s—-6p lone pair. The photoemission onset of 3-PbO, contains a
well-defined metallic Fermi edge. The position of the onset structure suggests that the metallic
nature of PbO, arises from occupation of conduction band states above the main valence band,
probably arising from oxygen vacancy defects. The conduction electrons of B-PbO, are strongly
perturbed by ionisation of Pb core levels, giving rise to distinctive satellites in core XPS whose

energies correspond to those of the conduction electron plasmon.

1. Introduction

The heavier post-transition elements such as Tl, Pb and Bi
have two important oxidation states: the group state N and the
N — 2 state. For Pb, the two important oxidation states are
11 and 1V and the simple binary oxides PbO and PbO, are
prototype Pb(i1) and Pb(1v) compounds. The present paper is
concerned with electronic structures of the tetragonal poly-
morphs of these two oxides, a-PbO and B-PbO,. The Pb
cations in o-PbO have a formal 6s” electron configuration and
in the simplest ionic picture, oxidation of PbO to PbO,
involves removal of electron density from the 6s orbital. This
viewpoint implies that in B-PbO, the 6s band is nominally
empty. However, p-PbO, is known to be a metallic conductor.’
It has been argued on the basis of bandstructure calculations
that this is an intrinsic property of B-PbO, due to overlap
between the Pb 6s conduction band and the top of the O 2p
valence band.? On the other hand the n-type carrier con-
centration varies markedly with preparative conditions. This
suggests that the carriers are introduced by donor defects such
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as oxygen vacancies or interstitial hydrogen.® Technologically,
PbO, is of ubiquitous importance as the medium for storage
of chemical energy on the cathode of lead acid batteries. These
batteries have for many years dominated the road transport
industry and their manufacture now accounts for over 75%
of the usage of lead worldwide. The discharge process
involves comproportionation of PbO, with spongy Pb metal
on the anode in the presence of sulfuric acid to give lead
sulfate (PbSOy). Crucial to the ability of lead-acid batteries to
deliver the very high currents needed to turn over the starter
motor of an internal combustion engine is the fact that PbO, is
a metallic conductor. This ensures that the cathode coating
does not contribute significantly to the internal resistance of
the battery.* Thus it is important to establish why this material
is metallic.

The crystal structures of N — 2 compounds frequently
(but not always) involve irregular and non-centrosymmetric
coordination environments for the metal cations. a-PbO is
typical in this respect.’ Tetragonal a-PbO (litharge) adopts a
structure where four nearest neighbour oxygen atoms form a
square on one side of the Pb atoms with four more distant
oxygen atoms also in a square arrangement. The long-
established conventional explanation of this and related
unusual structures is in terms of a metal 6s—6p hybrid “lone
pair’ orbital which is projected out into the void space within
the distorted crystal structure.®” Of course an isolated 6s
cation is spherical. However, the lack of inversion symmetry at
the metal sites within a typical distorted N — 2 structure allows
mixing between occupied metal 6s states close to the Fermi
energy (Ep) and nominally unoccupied metal 6p states at
higher energy, thus lowering the internal electronic energy of
the metal cation and giving a directional s—p hybrid orbital.
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Such mixing is not possible at sites that possess inversion
symmetry because s and p orbitals have different parity. There
is therefore a driving force for structural distortion.

This lone pair model has recently been called into question
on the basis of density functional calculations which suggest
that the majority of the 6s population in o-PbO is in fact found
in a state at the bottom of the main valence band, about 10 eV
below Ep.'°' There is however significant mixing between Pb
6s and O 2p states, giving rise to a filled antibonding state with
some 6s character at the top of the valence band, but it is not
the energy where the majority of the 6s population in the
partial density of states is found. Further mixing between the
antibonding states and nominally empty Pb 6p states is
responsible for the distortion of PbO away from the closely
related but higher symmetry CsCl structure. The asymmetric
electron density therefore arises predominantly from a mix of
O 2p, Pb 6s and Pb 6p orbitals at the top of the valence band,
in contrast to the conventional model of a purely metal based
6s—6p lone pair.

In the current paper we present a comprehensive compara-
tive study of the electronic structures of a-PbO and B-PbO..
High resolution Al-Ko XPS and O K shell X-ray emission are
used as complementary probes of the filled valence electronic
states whilst empty states are investigated by O K shell X-ray
absorption spectroscopy. These experiments provide clear-cut
evidence that the maximum in the Pb 6s partial density of
states lies well below the Fermi energy in o-PbO and that there
is in fact little change in the occupied Pb 6s population
between o-PbO and B-PbO,. These conclusions are supported
by density functional theory calculations. The metallic con-
duction electrons in B-PbO, are shown to reside in a band
which sits just above the main valence band and gentle
annealing in UHV provides a simple means of varying the
carrier concentration. The mobile conduction electrons are
strongly perturbed in core level photoemission giving rise to
distinctive satellite structure. We have investigated the
dependence of the core level satellites on both sample pre-
treatment in UHV and on temperature.

2. Experimental

Phase pure o-PbO was prepared by decomposition of $-PbO,
at 572 °C.” The a-PbO was pelletised between tungsten carbide
dies at 2 tons and sintered at 350 °C. Films of B-PbO, with the
tetragonal rutile structure were deposited on polished Pt
substrates by anodic oxidation of solutions of 0.4 M Pb(NOs),
in 0.1 M HNO;. A current density of around 10 mA cm >
and a deposition temperature of 60 °C gave optimal phase
purity, with strong reflections in X-ray diffraction (XRD)
associated with tetragonal B-PbO, and minimal intensity in
orthorhombic o-PbO, reflections.!*!* The nominal film
thickness was 15 pm. The films were rough but crystalline
and displayed pronounced (110) texture. The typical crystallite
size as derived from AFM images was about 5 um (Fig. 1). The
films were rinsed in ultrapure water and dried at 100 °C. For
comparison a commercial powder sample of phase pure
B-PbO, was also studied. This was pressed into indium foil.
The results from powder and thick film samples were basically
identical.

4

Fig. 1 AFM images of B-PbO, films: (a) 20 um x 20 pm, (b) 5 pm x
S um. The height scale range is between 0 and 8 pm in each case.

High-resolution X-ray photoemission spectra (XPS) were
measured in a Scienta ESCA 300 spectrometer. This incorpo-
rates a rotating anode Al Ka (v = 1486.6 eV) X-ray source, a
7 crystal X-ray monochromator and a 300 mm mean radius
spherical sector electron energy analyser with parallel electron
detection system. The X-ray source was run with 200 mA
emission current and 14 kV anode bias, whilst the analyser
operated at 150 eV pass energy with 0.8 mm slits. Gaussian
convolution of the analyser resolution with a linewidth of
260 meV for the X-ray source gives an effective instrument
resolution of 350 meV. The C 1s to O 1s XPS core level
intensity ratio of o-PbO was reduced to below 0.01 by cleaning
in situ by rear face electron beam heating at 400 °C. Sample
charging was problematic and it was necessary to stabilise the
surface charge with an electron flood gun delivering 5 eV
electrons. Binding energies were referenced to the residual C 1s
peak, which was assigned to a binding energy of 284.8 eV by
reference to the very weak residual C 1s peak on B-PbO.,.
Remarkably, samples of B-PbO, were sometimes found to be
almost free of carbon contamination even without in situ
treatments, with a C 1s to O 1s intensity ratio below 1/500.
Moreover, core level structure due to the Pt support material
was completely absent. The thick film samples of B-PbO, were
cleaned when necessary by heating at temperatures up to
230 °C. As well as further reducing the level of C contamina-
tion, in situ heating at this temperatures had a strong influence
on the carrier concentration in the films (see below) but the
phase integrity as gauged by XRD was not compromised.

X-Ray absorption and emission spectra (XAS and XES)
were measured at beamline 7.0.1 at the Advanced Light Source
(ALS), Lawrence Berkeley National Laboratory. This beam-
line is equipped with a spherical grating monochromator.'
Emission spectra were recorded using a Nordgren-type
grazing-incidence spherical grating spectrometer.'® For reso-
nant emission experiments, the beamline was set to have an
energy resolution of 350 meV at the O K edge, and the
emission spectrometer was set to have a resolution of 360 meV.
Absorption spectra were measured in total electron yield
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(TEY) mode by monitoring the sample drain current.
The beamline resolution was set to 200 meV for these
experiments. The absorption spectra were normalised to a
reference current from a clean gold mesh positioned in the path
of the photon beam.

3. Computations

For comparison with the experimental data, density functional
theory (DFT) as embodied in the Vienna Ab-initio Simulation
Package (VASP)'7!® was used to calculate the electronic
structure of o-PbO and B-PbO,. The crystal wave functions
were expanded in terms of a plane wave basis set using periodic
boundary conditions with a plane wave cutoff of 500 eV and a
k-point grid density of 6 x 6 x 6 for a-PbO and 4 x 4 x 6
for B-PbO. The generalised gradient approximation (GGA)
parameterization of Perdew, Burke and Ernzerhof!® was used
with the projector augmented wave method employed to
represent the valence-core interactions®® (Pb: [Xe]; O: [He]).
These fixed core states were generated from all-electron scalar
relativistic calculations. The metal 5d states were included
explicitly in the calculations, but the extent of hybridization of
these states with O 2p states was negligible. In contrast to
previous ab initio studies,”’ full optimization of the crystal
structures was performed.

Structural optimizations at a series of volumes were
performed, allowing the atomic positions, the lattice vectors
and angles to relax within a constrained total volume. The
resulting energy versus volume curve was fitted to the
Murnaghan equation of state?® to obtain the equilibrium cell
volume. This approach avoids the problems in Pulay stress
associated with volume changes within a plane wave basis set.
The optimized crystal structures of both a-PbO and B-PbO,
are shown in Fig. 2. The calculated lattice vectors of a-PbO
were a = b = 4.06 A and ¢ = 5.39 A. These are within 2.5%
of experiment with the exception of the ¢ vector which is
overestimated by 7.8%. This reflects the inability of density
functional methods to model the weak van der Waals forces
between PbO layers in the ¢ direction. However the optimized
Pb-O bondlength is within 1.3% of the experimental value,
showing an accurate description of bonding within the Pb—O
layers. The error in the Pb—O bondlength is similar to a value
of 1.2% found in a recent calculation on molecular PbO using a
hybrid DFT/Hartree-Fock Hamiltonian.>® The calculated
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Fig. 2 The optimized crystal structures of (a) a-PbO and (b) B-PbO,,
The Pb atoms are coloured dark grey, with oxygen light grey.

lattice parameters for p-PbO, were ¢ = b = 5.08 A and ¢ =
3.45 A, representing small deviations of only +2.5% and +2.0%
respectively from experimental values.

4. Results and discussion
4.1. The calculated densities of states

The calculated total and partial densities of states for a-PbO
are shown in Fig. 3. Within the occupied density of states it is
possible to identify three main features labelled I-III in the
figure. Integration across the occupied states reveals that 111
corresponds to two electron states per formula unit, whilst I
and II contribute six electron states per formula unit. All three
have pronounced O 2p character but the states associated with
the peak III, which is found at the highest binding energy,
actually has dominant Pb 6s character and is derived from an
in phase bonding combination with O 2p states. The middle

PbO Total DOS

O 2p PDOS

Density of states (states per eV per formula unit)

2+ 4
Pb 6s PDOS

1k 4

0 h h .

9 Pb 6p PDOS

Binding energy (eV)

Fig. 3 The total and partial densities of states for tetragonal o-PbO.
The Pb 6s and Pb 6p partial densities of states are presented on a scale
expanded by a factor of 2 relative to the other data.
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peak II has very little Pb 6s character, but there is significant
admixture of Pb 6p states into the states in the middle of the
valence band. The highest valence band states responsible for
peak I also have a significant contribution from Pb 6p states
together with a smaller contribution from Pb 6s states which
combine out of phase with O 2p states to give an antibonding
state. The overall pattern of electronic structure is very similar
to that found in molecular PbO where the topmost 46 MO is
found to involve significant Pb—O antibonding character as
well as directional Pb lone pair character.>® The empty density
of states has two main peaks within 10 eV of the Fermi energy,
labelled i and ii in Fig. 3. The lower of these, i, has some Pb 6s
and O 2p character together with a bigger contribution from
PDb 6p states. The higher peak, ii, contains little Pb 6s character
and is essentially a mix of Pb 6p and O 2p states. The bandgap
derived from our calculations has a value of 1.7 eV, compared
with an empirical value of 1.95 eV at room temperature.>*° It
is generally recognised that density functional methods tend to
underestimate bandgaps,?’ although the discrepancy in this
case is quite small.

The corresponding density of states profiles for B-PbO, are
shown in Fig. 4. Again it is possible to identify three main
features labelled I-1II in the occupied density of states and two
features 1 and ii in the empty density of states. I-III now
account for twelve electron states per formula unit, but with
IIT again contributing two states. As with a-PbO, the states in
band III contains a mix of Pb 6s and O 2p character. There is

PbO, Total DOS
10 |
5 L
0
S5t 0 2p PDOS

Density of states (states per eV per formula unit)

25 F E
Pb 6s PDOS
0.0 /\\\T~A .——’jﬁ\.
25 F
Pb 6p PDOS
0.0 M
10 5 0 -5 -10

Binding energy / eV

Fig. 4 The total and partial densities of states for tetragonal B-PbO,.
The Pb 6s and Pb 6p partial densities of states are presented on a scale
expanded by a factor of 2 relative to the other data.

now little Pb 6s or Pb 6p character in the states in band I at the
top of the valence band. Instead the 6s character is split
between the occupied states in band III discussed above and
the empty states in band i. Similarly the Pb 6p character is split
between the occupied states in band II and the empty states in
ii. There is thus very little direct hybridisation between Pb 6s
and Pb 6p states in either the occupied or the empty states. In
particular there is clear separation between the Pb 6s and Pb
6p conduction band states, with a region between 4.2 eV and
5.8 eV above the Fermi energy where the density of states
drops to zero. Another important distinction between a-PbO
and B-PbO, is that the bandgap is very much bigger in the
former. The top of the valence band and the bottom of the
conduction band do not overlap for B-PbO, and the density of
states does drop to zero at Ef, but in our calculations the full
and empty bands almost touch. Recognising that density
functional methods inevitably underestimate bandgaps, we
may infer that f-PbO, has a small but non-zero bandgap.

In summary o-PbO and B-PbO; are both found to be highly
covalent materials with very strong hybridisation between O
2p and Pb 6s and 6p states. Bader partitioning® of the charge
density on the Pb cations gives a value of only +2.1e to Pb in
B-PbO, and +1.2¢ to Pb in a-PbO. These values are roughly
half the formal ionic charge. Moreover, the effective Pb 6s
population per Pb ion derived by integrating the Pb 6s partial
density of states (PDOS) is 1.0 in B-PbO,, as compared with
1.4 in 0-PbO which is formally a 65> compound.

4.2. Valence XPS and O K shell XES

Valence band XPS spectra of o-PbO and -PbO, are shown in
the top left panels of Fig. 5 and 6 respectively alongside
calculated total densities of states derived from the DFT
calculations. The XPS spectra for both a-PbO and B-PbO, are
in general agreement with previously published data.?®*!
For each oxide it is again convenient to discuss the structure of
the valence band in terms of three features, labelled I, II and
III. For a-PbO the low binding energy peak I apparently
consists of two overlapping components with indication of a
high binding energy shoulder. Peak II appears as a well-
defined high binding energy shoulder to I, while peak III,
which appears at the highest binding energy of 9.8 eV, is well-
resolved from the rest of the valence band and shows signs of a
low binding energy shoulder. Three spectral features are also
found for B-PbO,, although peak III is now weaker relative
to I and II than for o-PbO. In broad terms the X-ray
photoelectron spectra reproduce the total density of states
derived from the bandstructure calculations. The major
discrepancy is that the overall energy spread of valence band
states is less in the calculations than is found experimentally.
This is a general problem when comparing densities of states
(DOS) derived from DFT calculations with experimental
photoemission spectra.’’” The fact that for «-PbO and
B-PbO, XPS appears to measure the total DOS suggests that
cross sections for ionisation of O 2p, Pb 6s and Pb 6p states are
all very similar. Within the framework of the Gelius model,*
this conclusion is not in accord with the widely used ionisation
cross sections of Yeh and Lindau, where the Pb 6p and 6s one
electron ionisation cross sections are calculated to be much
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Fig. 5 Valence band Al Ko XPS and O K shell XES spectra from a-PbO compared with the total DOS and the O 2p PDOS derived from DFT
bandstructure calculations. The alignment between the XPS and XES spectra is made on peak III. Note that the overall spread of energies is 17 eV
in the experimental spectra but only 15 eV in the calculated DOS.
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Fig. 6 Valence band Al Ko XPS and O K shell XES spectra from B-PbO, compared with the total DOS and the O 2p PDOS derived from DFT

bandstructure calculations. The alignment between the XPS and XES spectra is made on peak III. Note that the overall spread of energies is 17 eV
in the experimental spectra but only 15 eV in the calculated DOS.
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larger than the O 2p cross section.* The discrepancy cannot
be simply attributed to relativistic effects not treated in these
cross section calculations because the Pb 6s and Pb 6p cross
sections calculated by Scofield® using a relativistic Dirac—
Slater method are very similar to those of Yeh and Lindau.
Thus cross section weighted densities of states calculated using
the tabulated cross sections give too much intensity to bands II
and IIT relative to I. The uncertainty in cross sections
highlights a difficulty in using XPS data alone as a source
for derivation of information about partial densities of states
(PDOS).

A final feature of the XPS of B-PbO, is that the spectra
terminate in a weak but well defined Fermi edge which
straddles zero binding energy. Analysis of this structure and
its variation with in situ annealing treatment is discussed
further below.

O K shell emission spectra of the two oxides are shown in
the lower left hand panels of Fig. 5 and 6. Again it is possible
to identify three bands. There are however very pronounced
changes in relative intensities as compared with the XPS data.
Most strikingly the high binding energy band III is very much
weaker relative to I and II in XES as compared with XPS. Due
to the localised nature of the O 1s core hole and the dipole
selection rule operative in X-ray emission, the O K shell
emission spectra involve decay from occupied states of O 2p
character into an O 1s core hole. O K emission therefore
directly measures the O 2p PDOS. Thus the diminution of
intensity of band III is a clear signature of the fact that the
corresponding electronic states at the bottom of the valence
band have less O 2p character than the states closer to Eg. The
reduced contribution of the O 2p levels to the PDOS in band
III is also seen clearly in the calculations.

To quantify this idea, it is possible to make an estimate of
the O 2p contribution fo,, to the lowest valence band state
from the XES data as follows. Integration of the calculated
density of states across band III reveals that it corresponds to
two electron states per metal atom for both PbO and PbO,. If
all the states in the valence band were of pure O 2p character it
follows that the intensity of band III (/1) relative to that of the
total valence band ([i,) would simply be n/p where n is the
number of metal atoms per formula unit and p is the total
number of valence electron pairs per formula unit (n =1, p =4
for PbO; n = 1, p = 6 for PbO,) It follows that the fractional
contribution of O 2p states to the lowest valence band fop
may be estimated from the ratio between the intensity Ij; of
the lowest valence band peak measured in XES and the total
experimental valence band intensity /.

(It / Liotar)
(n/p)

The results of this analysis for PbO and PbO, are given in
Table 1, along with data for HgO, TI,O; and Bi,0;.37
Corresponding values obtained by integrating the partial
density of states from the DFT calculations are also given.
Both the experimental and calculated data clearly show that
there is a progressive decrease in the amount of O 2p character
in the valence band state at highest binding energy in moving
across the periodic table. For both the lead oxides there is in

f‘02p =

Table 1 Estimates of O 2p contribution to lowest valence band state
from XES data and from DFT bandstructure calculations

XES DFT
HgO 0.87 0.82
T1,04 0.54 0.47
PbO, 0.43 0.28
PbO 0.37 0.30
Bi,O3 0.19 0.17

fact less than 50% O 2p character present in the lowest valence
band state. Empirically we can therefore deduce that the state
at the bottom of the valence band must have dominant metal
6s atomic character and that the amount of 6s character
present is not much different between the two oxides.

The empirical values in Table 1 assume that the states in
bands I and II are of pure O 2p atomic character. There is in
fact some mixing of 6s and 6p character into these states,
although Fig. 3 and 4 show that the extent of the mixing is
quite small. Nonetheless, due to this mixing the experimental
values given in Table 1 must overestimate the true amount of
O 2p character in the lowest valence band state. This accounts
for the small systematic discrepancy between experimental and
theoretical values.

4.3. O K shell XAS and resonant XES

The O K shell X-ray absorption spectrum of a-PbO is shown
in the upper panel of Fig. 7. There are two peaks labelled i and
ii above the threshold with a separation of 2.8 eV between the
maxima. Peak i is narrower than ii and has a symmetric
lineshape. By contrast ii has a well-defined high energy
shoulder. In broad terms this structure is reproduced in the
calculated O 2p partial density of states (Fig. 3) where there are
also two peaks, but with a separation of 3.3 eV. The lower
peak corresponds to O 2p states hybridised with both Pb 6s
and 6p states, whereas the higher peak is associated with O 2p
states hybridised only Pb 6p states.

The O K shell X-ray absorption spectrum of B-PbO, is
shown in the upper panel of Fig. 8. Again it possible to identify
two main peaks i and ii, but in this case the second peak ii
clearly consists of three overlapping components, the second of
which gives the maximum in the overall band profile. The
separation between the maxima of i and ii is 7.05 eV. Again the
experimental spectrum parallels the structure found in the O
2p partial density of states where the separation between a
lower band of O 2p states hybridised with Pb 6s states and an
upper band where the O 2p states are hybridised with Pb 6p
states is bigger than for a-PbO.

4.4. Core level XPS

Pb 4f core level spectra of a-PbO and B-PbO, in the Pb 4f
region are shown in Fig. 9. The 4f spectrum of «-PbO
comprises a simple spin-orbit doublet with a spin-orbit
splitting of 4.86 eV. The individual components have a full
width at half maximum height of 0.93 eV. The core lineshape
for B-PbO, is more complex. The individual spin-orbit
components display an asymmetric peakshape which can be
fitted with two pseudo-Voigt components separated by 0.69 eV.
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Fig. 7 Upper panel: X-ray absorption spectrum of o-PbO in the
region of the O 1s core threshold. The vertical dashed lines delineate
photon energies at which emission spectra have been excited in the
data presented below. Lower panel: X-ray emission spectra of a-PbO
excited at the photon energies indicated. The threshold photon energy
is indicated by a vertical dashed line.

The lower components are sharper (FWHM = 0.67 + 0.1 eV)
than the higher binding energy “‘satellites” (FWHM = 1.34 +
0.1 eV). It is also striking that the high binding energy
components are more pronouncedly Lorentzian than the low
binding energy components suggesting that the linewidth of the
former is dominated by lifetime broadening. Similar but weaker
satellite structure is found on the O 1s core line of B-PbO, where
the separation between the two components is again close to
0.69 eV (a value of 0.72 eV is obtained from the curve fit of
Fig. 10). By contrast the O 1s spectrum of o-PbO fits to a simple
Voigt function. A weak component shifted by a much larger
energy of 2.06 eV from the main peak arises from residual
surface contamination by hydroxide or carbonate species.

The core photoemission spectra of B-PbO, are very similar
to those of other metallic post transition metal oxides
including Sb-doped Sn0,, 34 Sn-doped In,0;,*' and

PbO,

hv = 529.4eV

xX7.5
hv = 530.4eV

X7.5
hv = 535.0eV

xX7.5
hv = 537.45eV

X7.5
hv = 539.2eV

510 520 530 540

Photon Energy (eV)

Fig. 8 Upper panel: X-ray absorption spectrum of B-PbO, in the
region of the O 1s core threshold. The vertical dashed lines delineate
photon energies at which emission spectra have been excited in the
data presented below. Lower panel: X-ray emission spectra of 3-PbO,
excited at the photon energies indicated. The threshold photon energy
is indicated by a vertical dashed line.

T1,05.2° The observation of strong intrinsic satellites for
PbO, but not for PbO is obviously a direct consequence of the
metallic nature of the former. The simplest model is that the
broad high energy peaks correspond to unusually strong
conduction electron plasmon satellites. The plasmon energy is
determined by the carrier concentration n through the
relationship:

) ne’
0, =——
P mrepe(o0)
where w,, is the plasmon frequency, m* is the effective mass
and ¢(0) the high frequency dielectric constant. The separation
of the “satellite”” from the main peak, 0.69 eV, is in fact very
similar to the plasmon energy of 0.76 eV measured directly by

electron energy loss spectroscopy.*?

This journal is © The Royal Society of Chemistry 2007

J. Mater. Chem., 2007, 17, 267-277 | 273



Pb 4f
PbO

PbO

144 142 140 138 136

Binding Energy (eV)

Fig. 9 Al Ka core level photoemission spectra of a-PbO and B-PbO,
in the Pb 4f region. See text for discussion of energy referencing.

It was recognized 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.** The weak coupling
models developed many years ago* suggested that the intrinsic
plasmon satellite intensity / should increase as the conduction
electron density n decreases according to the expression
I oc n~ '3, Thus within the framework of this model, the high
intensity of the satellites observed in the present work reflects
the low density of conduction electrons.

An obvious problem with the plasmon model is that the
abnormally high satellite intensity calls into question the
applicability of a weak coupling model in the first place.
Moreover, in “‘simple’” metals the overall lineshape involves
multiple plasmon loss satellites, whereas in the present work
only a single satellite is observed. Similar behaviour has been
observed in core photoemission of a wide range ‘“‘narrow
band” metallic transition metal oxides including the sodium
tungsten bronzes Na,WO;,*® the superconducting spinel
LiTi,04,>*% dioxides such as MoO,>” and Ru0,,° and
the ternary metallic pyrochlore ruthenates Pb,Ru,O; and
Bi,Ru,0-,.%7 Satellite energies for these materials are all around
1-2 eV. Wertheim and coworkers* 7 suggested an alternative
limiting model for the satellites in this family of narrow band

PbO
O1s

PbO,

534 532 530 528 526

Binding energy (eV)

Fig. 10 Al Ko core level photoemission spectra of a-PbO and B-PbO,
in the O Is region. See text for discussion of energy referencing.

metals. This involves a screening mechanism in which the
Coulomb potential of the core hole at an ionised atom creates
a localised trap state. In this situation two different final states
are then accessible depending on whether the localised state
remains empty (giving an unscreened state) or is filled by
transfer of an electron from the conduction band (to give a
screened final state). In the model developed by Kotani and
Toyozawa>® the screened final state gives rise to an asymmetric
line to low binding energy of the lifetime broadened peak
associated with the unscreened final state. In the alternative
language of the plasmon model the high binding energy
unscreened peak corresponds to an extrinsic plasmon satellite
whose Lorentzian linewidth will be determined by the con-
duction electron scattering rate. It still remains a major
challenge to reconcile these two different possible descriptions
of the satellite structure.

4.5. Effects of in situ annealing and sample cooling on spectra of
B-PbO,

The metallic Fermi edge observed in XPS of B-PbO, was
always found to lie well above the top of the main valence
band peak 1. However, both the intensity of the Fermi edge
cutoff and its position relative to the valence band edge were
strongly dependent on the nature of in situ treatments, as
illustrated in Fig. 11. These observations demonstrate in a
simple way that the metallic behaviour arises from variable
filling of a conduction band which lies above the main valence
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Fig. 11 Al Ko core level photoemission spectra of B-PbO, in the
region close to the Fermi energy for the two different carrier
concentrations indicated. The lower carrier concentration corresponds
to an as-presented sample and the higher carrier concentration to a
sample annealed to 230 °C for 1 h in UHV.

band. Of course all binding energies are referenced to the
Fermi energy and the shifts in the Fermi level within the
conduction band are manifest in terms of shifts in the valence
band edge to higher binding energy with increasing filling of
the conduction band. The downward shift of the valence band
edge of 0.26 eV evident in Fig. 11 and the observed increase in
the intensity of the Fermi edge as a result of in situ annealing
at 230 °C may be analysed in terms of the free-electron
expressions for the Fermi energy Er (which defines the
position of the Fermi edge observed in photoemission relative
to the bottom of the conduction band) and the density of states
at the Fermi energy N(Eg):

2
Er= h (37:211)2/3

2m*

1 /2m* 1/3
=52 ( ; ) (3n2n)

where n is the electron concentration and m* is the electron
effective mass. The measured increase in the density of states at
the Fermi energy implies an increase of the conduction
electron concentration by a factor of 1.9. Taken in conjunction
with the shift in the valence band edge and assuming that m* =
0.8m, (where my is the electron rest mass)® this variation allows
us to deduce that the carrier concentration increases from
1.1 x 10" em™3 to 2.0 x 10*' em™* as a consequence of
annealing at 230 °C in UHV. The values of the width of the
occupied part of the conduction band at the two different
carrier concentrations are respectively 0.47 eV and 0.73 eV.
This in turn suggests that there is a gap of about 0.7 eV
between the top of the valence band and the bottom of the
conduction band. That this gap is not immediately evident in
XPS could be due to the limited experimental resolution, the
effects of secondary electron structure and the possible
existence of surface states which fill in the gap region. Note
also that in this simple analysis it is not possible to take
account of any possible variation in the electron effective mass
within the conduction band.

N(EF)

An increase in carrier concentration as a result of annealing
at 230 °C in UHV (as determined above from changes in the
conduction band structure) may also be inferred from the
increase in the energy of the plasmon satellite seen in core XPS.
Fig. 12 shows curve fits to the Pb 4f;, core line before and
after annealing at 230 °C. The separation between the two
components increases from 0.69 eV before annealing to 1.02 eV
after annealing. If the satellite is interpreted as a plasmon
feature this implies that the carrier concentration increases by
a factor (1.02/0.69)> = 2.2. The increase inferred from
conduction band data is by a factor of 1.8, so the agreement
between the two techniques is quite reasonable.

We turn finally to consider the effects of cooling thin film
samples below room temperature on core level spectra. Fig. 13
shows Pb 4f;, spectra for a sample annealed at 210 °C in UHV
for one hour measured at 298 K and 160 K (the lowest
temperature achievable in the Scienta spectrometer). From
the measured satellite energy of 1.00 eV measured at 298 K
(0.02 eV below the value of 1.02 eV found after annealing
at 230 °C) we can infer a carrier concentration just below
2 x 10*' em 3. The satellite energy increases progressively
as the temperature decreases, as shown in Fig. 14. Similar
changes were found for both higher and lower carrier
concentrations.

140 139 138 137 136 135 134

Binding energy (eV)

Fig. 12 Pb 4f;, structure in the Al Ko core level photoemission
spectra of B-PbO, for the two different carrier concentrations
indicated. The upper spectrum corresponds to an as-presented
sample and the lower spectrum to a sample annealed to 230 °C for
1 hin UHV.
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Fig. 13 The Pb 4f;, core line for B-PbO, with carrier concentration
of 2.0 x 10%° cm ™3 measured at 298 K and 160 K.
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Fig. 14 Temperature dependence of energy of satellite on Pb 4f;,
core line.

Small increases in plasmon energies with decreasing
temperature have been observed before for simple metals
such as AL> Ag® and Pb.%! Here the effect may be linked
to thermal expansion with increasing temperature and the
corresponding increase in the density of the free electron
gas with decreasing temperature. The variations in satellite
energy observed in the present work are much too big to be
attributable to this mechanism.

The alternative interpretation is that there is a decrease in
electron effective mass with decreasing temperature. This in
turn could result from narrowing of the bulk bandgap leading
to increasing interactions between valence and conduction
band states. Although it is usual to find that bandgaps increase
with decreasing temperature—and indeed this behaviour is
found for the neighbouring oxide Sn0,**—for TiO, itself
the bandgap decreases with decreasing temperature.®* For
PbO, we are unaware of any previous investigation of this
phenomenon.

5. Concluding remarks

The present work demonstrates that the dominant contribu-
tion to the Pb 6s density of states in a-PbO lies about 10 eV
below the top of the valence band. A small but significant
population of 6s states at the top of the valence band arises due
to mixing between O 2p and Pb 6s states to give a lower
bonding combination and an antibonding combination at
higher energy. Hybridisation between this antibonding combi-
nation and nominally empty Pb 6p states is responsible for the
structural distortion found in o-PbO. This viewpoint provides
a simple explanation of why PbO has a structure where the Pb
ions occupy non-centrosymmetric sites but PbS retains a high
symmetry rocksalt structure. The anion 3p states in PbS are at
higher energy than the anion 2p states of PbO so that the
mixing which introduces the metal states to the top of the
valence band is less pronounced in PbS and further hybridisa-
tion with Pb 6p states is correspondingly suppressed.'? In SnO
and SnS, the cation 5s states are at higher energy than the
cation 6s states in PbO and PbS and so in both compounds
there is significant mixing between cation 5s and anion np
states. Thus both SnO and SnS are subject to structural
distortion.®*6

The second major conclusion to emerge from the present
work is that the Fermi energy in B-PbO, lies well above the top
of the main valence band. This implies that conduction band
states are populated due to donor defects. The fact that the
donor concentration may be increased by very gentle annealing
in UHV suggests in turn that the donor centres are most
likely oxygen vacancy defects. However it is possible that the
donors in ‘‘as-presented” samples are proton interstitials
which transform into oxygen defects during the initial stages
of annealing according to H,PbO, — PbO,_,,» + x/2H,0.
Neutron diffraction experiments should be able to distinguish
between these two possibilities.
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