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The experiments -
core lineshapes in photoemission spectra of:
* Metallic tungsten bronzes NaxWO3
* Metallic rutile-type dioxides MO2

* Degenerately doped post transition metal oxides:
Sn-doped In2O3 and Sb-doped SnO2

The models:
* The Kotani model with split-off screening state
*  Intrinsic plasmon excitation: the Langreth weak coupling model
*  GW + cumulant expansion (GW + C) method: an ab initio approach to    

many body excitations in response to creation of a hole.



Colour due to conduction electron plasmon in 
visible region:

x<0.4 blue

x=0.50-0.60 purple

x=0.65-0.80 red

x>0.85 bronzy yellow

The cubic metallic sodium tungsten bronzes NaxWO3 (0.0<x<1.0)

Density of states for (a) cubic WO3

(b) monoclinic WO3 (c) cubic NaWO3
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NaWO3 is a 5d1 W(V) 
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For intermediate x values the 
tungsten bronzes are formally 
mixed valent with W(VI)+W(V)  
But they are metallic, the 5d 
electrons are delocalised and 
all the W ions are equivalent. 

Can XPS take a snapshot of 
valence fluctuation? A number 
of papers published in the early 

1970s made this claim.



Satellites are seen for both Na 1s and O 1s core lines. 

Mixed valence W(V) + W(VI) can’t be the whole 
story, especially as double peak structure is also 

seen in ReO3 where all the Re ions are 5d1 Re(VI).

This led Wertheim to introduce two final state 
models – the Kotani (Friedel exciton) model and 

intrinsic plasmon excitation.

The Kotani model deals with a situation where the 
Coulomb interaction between a core hole and an 
orbital contributing to the conduction band in the 

initial state exceeds the conduction electron 
bandwidth.

U    S



Core level structure in narrow band metals due to final state screening

In the model proposed by Kotani (and Friedel) the core hole creates a localized state by “pulling” a  state out of the conduction 
band: on the core-ionised atom the localised level no longer contributes to the conduction band. Two final states are possible.

•High binding energy peak corresponds to an ‘unscreened’ final state in which the localised state remains empty.
•Low binding energy peak corresponds to a ‘screened’ final state in which a conduction electron falls into the localised  state.
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Plasmons
Drude model
Collective longitudinal oscillation of the conduction 
electrons. Plasmon frequency 𝜔𝑝 depends on the density of 

conduction electrons n and increases as n1/2

RPA Lindhart Model
Contribution to the 𝜀(𝑞, 𝜔) dielectric function due to intra-
band electron-hole pair excitations across the Fermi surface 
in the limit 𝑞 → 0. Plasmon energy depends on area of the 
Fermi surface.

For a single isotropic band both models give:
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Plasmon energy associated with drop in reflectivity in optical 
spectra and loss features in electron energy loss spectroscopy.  

Cox, Hill, Egdell
Surface Science 
1984 141 13

Carrier density in Na metal  is 2.5 x 1022 cm-3 carrier density in 
Na0.7WO3 is 1.2 x 1022 cm-3 - but background  dielectric 
constant 𝜖 ∞ is about 5 so plasmon energy is about 2.0 eV as 
compared to 5.7 eV in sodium metal.



Problems with the plasmon model
*In the weak-coupling model developed by Langreth the intensity of the intrinsic plasmon satellite should increase as the 

electron gas gets more dilute with a n-1/3 power law dependence.  In dilute electron metals we are far from the weak   
coupling limit so does the model remain applicable? 

* If intrinsic excitation of a single plasmon becomes strong we expect to see plasmon overtones, as in simple metals such as 
Na. For the sodium tungsten bronzes there is no hint of multiple losses – taking us back to the Kotani (Friedel exciton) 
model?? But why do we get an Na satellite when Na 3s states make little contribution to the conduction band.

Chalzalviel, Campagna and Wertheim, PRB 1977 16 697



The RuO2 surface had been 
rigorously cleaned and the 

satellites were intrinsic. 

Elsewhere in the literature the 
high binding energy 

unscreened doublet were 
assigned to a mysterious 

‘oxidised RuO3 surface phase’ 
even though RuO3 is not 
known as a bulk phase.

Oxidation would decrease the 
carrier density in the oxidised 
layer,  but no evidence from  
EELS that carrier density is 
lower close to the surface.

J. Solid State Chemistry
1986 62 36

Ru 3d



X-ray photoelectron diffraction seems to prove beyond reasonable 
doubt that the “main peaks” and the “satellite peaks” (S) in XPS of 

metallic RuO2 correspond to atoms in identical sites
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for Mo 3d core line is 1.73 eV.

Plasmon energy measured in 
EELS is 1.56 eV

The catalytic literature abounds 
with papers that interpret 

complex peak shapes for Mo 
oxides purely in terms of 

different oxidation states for Mo 

J. Phys. Chem. C 2010 114 4636
J C S Faraday  1996 92 2137

Core XPS of MoO2



Excluding the idea of ‘surface phases’ – use HAXPES to increase probing depth

Typical satellites are found in Ir 4f HAXPES of metallic IrO2 – although the proximity of Ir 5p is problematic.

Kahk, Oropeza, Borgatti, Panaccione, Payne, Egdell, Regoutz and others. 
Physical Review Letters 2014 112 117601/1-6



At the time of this 
publication the GW + C 

method in Johannes 
Lischner’s hands was unable 
to deal with core levels, but 

a plasmon satellite 
associated with the 

conduction band emerged 
from GW + C.



Core lineshapes in transparent conducting oxides (TCOs)

TCOs are degenerately-doped wide-gap post transition 
metal oxides with a window of transparency between 

strong absorption due to interband excitation and strong 
reflectivity at the plasma edge in the near infrared.

e.g. Sn-doped In2O3, Sb-doped SnO2. 

In the ionic limit the valence band is composed of O 2p 
states and conduction band of metal 5s states – but there 

is very pronounced covalency which mixes O 2p and metall
ns states.

Carrier concentration typically in the range up to 1021 cm-3.

Low effective mass ratios – typically 0.2-0.4

Occupied conduction bandwidths and plasmon energies 
are typically up to about 1 eV at a maximum.

Plasma edge



High binding energy 
component gets 

stronger as carrier 
density goes down as 

expected for a plasmon
satellite. 

But in the Kotani model 
we expect final state 
screened peak to get 

weaker as carrier 
density goes down i.e
high binding energy 

feature to get stronger.

So both models 
qualitatively in 

agreement with 
experiments on Sn-

doped In2O3.



Plasmon satellites in XPS of degenerately Sb-doped SnO2
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Peak separations for different core lines: Sn 3d5/2 0.65 eV; Sn 4d5/2 0.63 eV; O 1s 0.61 eV.
The differences seem barely significant. The plasmon energy is 0.66 eV as determined by HREELS.

Physical Review B 1999 59 1792-1799; Journal of Electron Spectroscopy and Related Phenomena 2003 128 59-66

Note:
* The Lorentzian line shape    

for the high binding    
energy  component of the 
doped  sample.

* That the FWHM of the 
screened final state peak 
in the doped sample is  
less than for the undoped
sample. This is because 
coupling to phonons is   
screened by the conduction    

electrons.



Plasmon satellites in XPS of degenerately Sb-doped SnO2

Screened-unscreened 3d5/2 peak separation as 
a function of carrier density.

Dashed curve shows surface plasmon energy 
measured by HREELS.

Solid curve shows estimated bulk plasmon
energy.

Screened to unscreened peak intensity 
ratio for Sn 3d5/2 core line. 

The Langreth weak coupling model 
predicts a n1/3 variation shown by solid line 

(i.e. plasmon loss or unscreened feature 
gets stronger the lower the carrier concn.). 

Dashed line shows a n1/2 variation.



Sb-doped SnO2 revisited with GW+C courtesy of Matteo Gatti and Francesco Borgatti

At the time the calculations were carried out Matteo 
could not deal with deep core levels using GW+C.

However it was possible to include the In 4d level in 
the valence electron calculations. This level is deep 
enough not to hybridise extensively with O 2p states, 
although mixing with O 2s and the ordering of O 2s 
and In 4d states in the starting GGA calculations 
caused many headaches.

Also the conduction electrons were introduced as an 
arbitrary homogenous electron gas rather than by 
introducing Sb as a dopant in a supercell calculations.

This seems to preclude a local trap orbital screening 
mechanism at the outset.





How does the line shape vary with carrier density n in 
degenerately doped TCOs?

Model Peak separation Screened/unscreened
intensity ratio

Lineshapes

Plasmon weak 
coupling model

(Langreth)

Increases with 
increasing plasmon 

energy. For parabolic 

bands varies as n1/2

Intensity of high binding energy 
plasmon satellite increases as 

carrier density goes down with 

n-1/3 variation

High binding energy plasmon satellite has 
Lorentzian lineshape broadened by 
conduction electron scattering rate. 

Multiple plasmon overtones expected.

Local screening 
state

model

Increases as Fermi levels 
moves up in conduction 

band.
Power law dependence 

is 𝑛2/3?

Probability of final state 
screening increases with 

increasing n. 

Power law dependence?

High binding energy unscreened final state 
Lorentzian broadened by lifetime of 

unscreened state.
No muliples of loss structure.

GW + C

(Matteo Gatti and 
colleagues)

Increases with 
increasing carrier 

density – non parabolic 
bands could be treated 

within model.

In calculations with two carrier 
densities, the plasmon satellite

(unscreened peak) is weaker 
for the lower carrier density.

This is at odds with the 
experiments!!

Lorentzian broadening due to imaginary part 
of the self energy.

No plasmon overtones.
In agreement with experiments.



Journal of Power Sources 2014 269 451

Ir 4f XPS of IrO2 (on Sb-doped SnO2) interpreted in terms of a surface 
contaminant with Ir in a higher (or lower) oxidation state.

Despite 45 years of work on intrinsic satellite structure in core 
XPS of dilute-electron metals, about 80% of the papers that get 
through to publication in the contemporary literature attempt 
to interpret the spectra in terms of different oxidation states 

associated with surface phases or different chemical 
environments associated with for example cations adjacent to 

oxygen vacancies.



ACS Energy Lett. 2018, 3, 2513

The high binding energy shoulder was attributed to 
Re2O7 surface contamination – despite the overall 

peak shape being a simple superposition of 
intrinsic screened and unscreened final states for 

ReO3 as seen in 1975. 

Wertheim’s XPS of vacuum 
cleaved ReO3 published in 
1975.

Phys. Rev. Lett. 1975 34 738

Electron energy loss spectrum 
of ReO3 showing plasmon loss 
feature close to 2 eV, 
corresponding to the 
separation between screened 
and unscreened peaks in core 
photoemission.

Phys. Rev. B 1978 17 3790



High binding energy peak in In 3d core XPS of Sn-doped In2O3 assigned to 
In adjacent to an O vacancy

Journal of Electronic Materials 2017 46 1405
Cited in a very annoying paper submitted to Appl. Phys. Lett. I got to referee last week
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