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ABSTRACT
Inconsistent peak broadening of doublet peaks in X- ray photoelectron spectroscopy is commonly observed for many transition 
metals, lanthanides and actinides, which may complicate peak fitting—especially for newer practitioners. In this insight note, we 
discuss why this broadening occurs, what governs the degree of broadening and how analysts and spectroscopists can account 
for this in their modelling.

1   |   Introduction

X- ray photoelectron spectroscopy (XPS) has become an invalu-
able tool for the analysis and understanding of a huge range of 
materials and is now fully established as a central technique in 
modern analytical chemistry [1–3]. The increasing popularity 
of XPS as a tool to study solid- state materials has been accom-
panied by an increase in its accessibility to researchers with-
out specialist knowledge of the technique and its background. 
Inevitably, this has led to an increasing number of papers in 
which aspects of XPS data have been misunderstood and inac-
curate conclusions drawn [4], which has been increasing since 
2010 [5].

One fundamental aspect of XPS that sometimes leads to confu-
sion is spin–orbit coupling, which arises from the interactions 
between different spin states (+1/2 and −1/2) with the angular 
momentum of the electronic orbital—resulting in two distinct 
orbital angular momentums (provided that the angular mo-
mentum quantum number is greater than zero) and a doublet 
of peaks.

The two spin–orbit coupling derived peaks in most cases have 
an equivalent peak width [6], for reasons we detail herein. Some 
elements, however, particularly those of the first and second row 
transition metals, exhibit a disparity in their doublet widths—
where the higher binding energy peak appears broader than 
the lower binding energy emission. This phenomenon can be 
attributed to the so- called ‘Coster–Kronig–Auger–Meitner pro-
cesses’ which must be accounted for if the analyst is to accu-
rately model any curve fitting [7].

In this insight, note that we explore the phenomena occurring in 
this process and provide guidance for accounting for this in the 
data modelling of affected doublets.

1.1   |   Line Broadening in XPS

There are a number of factors that affect the recorded peak width 
in XPS, though the fundamental determinant is the core- hole 
lifetime (�), which dictates the ‘natural linewidth’ (Γ) of the pho-
toemission peak [8]. The natural energy spectrum of an emitted 
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photoelectron is best represented by a Lorentzian distribution, 
where I the intensity (I) at energy E is given by the following:

where E0 is the peak centroid and the natural linewidth is given 
by the following:

Other factors can influence the peak width of photoelectron emis-
sions and tend to do so as a Gaussian function. Table 1 outlines the 
typical ways in which peak broadening may be observed.

The factors unrelated to lifetime broadening typically do not 
discriminate between spin states (e.g., instrument factors and 
crystallinity) or do so at a level far below any practical signifi-
cance (e.g., vibrational/conformity broadening of different final 
states may have slightly different Franck–Condon broadening 
envelopes; however, these are subtle enough differences to have 
no practical impact on a resultant photoelectron spectrum. As 
such, these cannot explain the significant difference between 
the peak widths we see for selected doublets—so we must con-
sider core- hole lifetimes only.

1.2   |   Spin–Orbit Coupling

Before we consider the Coster–Kronig process, we will pro-
vide a short background to spin–orbit coupling in order to 
ensure that this resource contains a complete understanding 
of the names process for newer spectroscopists. This is not 
intended to be an exhaustive overview, and for a more de-
tailed work through of spin–orbit coupling, we recommend 
consulting the JVST practical guide series [19, 20] or reading 
one of the many textbooks on the subject [21]. We will assume 
familiarity with the basic electronic quantum numbers of n, 

l, ml and ms. Equation  (3) is an approximation derived from 
Sommerfeld's calculations, while a more complete expression 
can be found elsewhere [22]. According this relationship, the 
separation between the peaks is expected to increase with 
the atomic number [23]. This relationship was later refined 
by Condon and Shortley in a fully quantum mechanical ap-
proach, which modifies the Sommerfield approach with 
specific quantum mechanical terms [24]. We show only the 
original Sommerfield equation here for simplicity.

Electron spin states that (± ½) can couple with the angular mo-
mentum of the orbital (ml) to result in a pair of states of slightly 
higher and slightly lower energy of total angular momentum 
(J), where

The nomenclature of these spin states is derived from the total 
angular momentum; for example, a 2p orbital has an orbital 
angular momentum of 2, and so the two values for J are there-
fore 3/2 and1/2. Finally, the degeneracy of these states can be 
determined through comparing the ratios of 2(J + 1), given the 
expected peak area intensities of the resultant doublets in XPS. 
It should also be noted that when discussing Auger–Meitner pro-
cesses, we tend to use traditional X- ray notation (Table 2) to refer 
to the relevant energy states (Table 1).

1.3   |   Coster–Kronig Processes

In the conventional Auger–Meitner process (Figure 1a), a pho-
toelectron core- hole is created by the initial incoming radiation, 
which results in the atom reconfiguring to a lower energy state 
through the relaxation of an electron from a higher orbital to fill 
the newly created core- hole. In order to relax to a lower energy 

(1 Lorentzian peak distribu-
tion function)
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(
E0

) Γ2

(
E−E0

)2
+ Γ2
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ℏ
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TABLE 1    |    Factors affecting peak broadening in XPS.

Broadening factor Description
Lineshape of 
broadening Ref.

Lifetime broadening Broadening due to natural linewidth (Equation (2)) Lorentzian [8]

Vibrational/Franck–Condon 
broadening

Broadening due to differences in the nuclear 
geometry between initial and final state

Gaussian [9–12]

Phonon broadening Excitation of phonons following core- hole formation Gaussian [13]

Crystallinity Poorly crystalline or amorphous materials 
tend to produce broader peaks

Gaussian [14]

Temperature Broadening due to temperature induced vibration Gaussian [15]

Molecular conformity Different conformers exhibit different nuclear 
dynamics—not distinct enough to produce multiple 

peaks but enough to contribute to overall peak breadth

Gaussian [16]

Instrument factors For example, X- ray source linewidth and 
instrument performance factors

Gaussian [17, 18]
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state, this electron must release energy (in the form of X- rays) 
which in turn may then trigger a second photoelectron emission 
resulting in a double core- hole system [25].

The Coster–Kronig transition (Figure 1b) [7] has a distinct dif-
ference in that the relaxing electron does not originate in a 
higher energy orbital but from the same orbital, emitting an 
Auger–Meitner electron from the valence shell [26]. There also 
exists the possibility to undergo a ‘Super Coster–Kronig’ tran-
sition, whereby the photoelectron core- hole, the relaxing elec-
tron and the final Auger–Meitner emitted electron are all from 
within the same orbital—though these are less commonly ob-
served, since there are fewer orbitals capable of undergoing 
this process [27].

The relevant outcome from this process is that the lifetime of 
the lower energy core- hole will be shorter than its higher state 
counterpart. In the example in Figure 1, this would result in a 
decreased lifetime for the L2 state as it is quickly filled by the 

TABLE 2    |    X- ray notation nomenclature.

Orbital X- ray notation

1s K 1

2s L 1

2p 1/2 L 2

2p 3/2 L 3

3s M 1

3p 1/2 M 2

3p 3/2 M 3

3d 3/2 M 4

3d 5/2 M 5

4f 5/2 N 6

4f 7/2 N 7

FIGURE 1    |    (a) Typical Auger–Meitner electron emission process and (b) Coster–Kronig transition Auger–Meitner electron emission process.
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decaying L3 state after formation—resulting in the release of the 
Coster–Kronig Auger–Meitner electron.

In a simplistic model, ignoring relaxation and screening ef-
fects, in order to emit an Auger–Meitner electron, we must 
have enough energy to overcome the ionisation energy of the 
electron in question. For conventional Auger–Meitner emis-
sions, this is relatively trivial, since the difference between the 
original core- hole and the decaying electron tends to be quite 
large. For example, for a Ni 2p (L2,3) core- hole, the hole is filled 
by a 3d (M4,5) valence electron—with an energy difference of 
around 850 eV. Such high- energy radiation is therefore capable 
of ejecting a large number of photoelectrons—with the predom-
inant emission occurring with a kinetic energy of around 845 eV 
(L3M4,5M4,5) [28], the result of the photoexcitation of valence 
electrons (Figure 2).

By contrast, the determining factor of the Coster–Kronig Auger–
Meitner electron for the Ni 2p core- hole will be the doublet sepa-
ration between the L3 and L2 states—since the process in question 
is an Ni L3L2M4,5 Auger–Meitner emission. The doublet separation 
of the Ni 2p L3 and L2 states (Equation (3)) is 17.3 eV, and hence, the 
kinetic energy of the Coster–Kronig Auger–Meitner electron will 

be very low (Figure 3a) and is unlikely to be observed due to the 
high background in this region of the spectrum.

Given this energy gap is the source of the exciting energy for 
the subsequent photoemission process, if we have a scenario 
where the doublet separation is quite small (e.g., molybdenum, 
Figure 3b) then for the cases of localised electron energy states 
(e.g., nonmetals), this energy may be insufficient to overcome 
the binding energy of the final Auger–Meitner electron [29], 
and therefore, this Coster–Kronig process is forbidden [30]. 
In Figure  4a, we report the measured full- width at half max-
imum (FWHM) for a titanium metal and oxide sample (dou-
blet separation energy > ionisation potential for both system) 
and (Figure 4b) a MoTe chalcogenide and MoO3 oxide (doublet 
separation energy > ionisation potential for chalcogenide, dou-
blet separation energy < ionisation potential for oxide), which 
highlights the forbidden process once the ionisation poten-
tially exceeds the doublet separation of the initial core- hole or-
bital. The valence regions of the MoTe and MoO3 are presented 
in Figure  4c, with the summary of the energetics involved in 
Figure 4d. From this figure, we can see that the only case where 
our valence band maximum (VBM) energy > our doublet sepa-
ration, the peak widths are equivalent.

The degree of broadening, dependent on the rate of the Coster–
Kronig transitions, is influenced by the kinetic energy of the 
emitted electron (higher kinetic energies = higher rate) [31], 
number of electrons capable of participating in the Coster–
Kronig process [32] and screening effects [33].

1.4   |   Data Fitting

The degree of broadening for specific orbitals can be found in 
literature [30, 32], and these broadenings can be used within 
modelling functions by adding a fixed value on to the measured 
FWHM of the higher energy (unbroadened) peak—though there 
are often other factors affecting the recorded spectrum such as 
plasmons or satellites [34–37], and as such, it might prove easier 

FIGURE 2    |    Ni metal Auger–Meitner peaks in an XPS survey 
spectrum.

FIGURE 3    |    Electronic levels of (a) Ni and (b) Mo.
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to model standard reference data before incorporating the devel-
oped peak models into your unknown dataset.

2   |   Summary

Doublet peaks in XPS arise due to spin–orbit coupling interactions, 
and in cases where both spin states have the same core- hole life-
time, these peaks should have equivalent peak widths. A number 
of cases, however, result in systems where the different spin states 
have inequivalent core- hole lifetimes due to a so- called Coster–
Kronig Auger–Meitner transition involving a core- hole and decay-
ing electron from the same orbital. We have provided a bullet point 
summary of this process below for simple consideration.

• XPS peak width is related to the lifetime of the core- hole 
that results from photoionisation

• Orbitals with orbital angular momenta higher than zero 
(p, d, f) produce doublet peaks due to interaction with the 
different electron spin states

• E1 at a lower binding energy

• E2 at a higher binding energy

• Secondary decay processes involving both electrons of the 
doublet pair may occur in which E2 is photoexcited, and E1 
relaxes to fill the newly created core- hole

• Since the binding energy of E2 > E1, this process can only 
occur in one direction, E2 does not have enough energy to 
fill an E1 core- hole

• This gives our E2 state an additional decay pathway un-
available to E1, and thus, a shorter lifetime for the resultant 
core- hole

• The shorter lifetime of this higher binding energy electron 
results in a broader linewidth and ultimately the disparity 
in peak widths associated with certain elements such as Ti, 
Ru, and others.

We hope that this insight note has given the readers some con-
text behind the commonly observed broadening phenomenon in 
doublet peaks in XPS.
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