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Abstract

Metal oxides are important for current development in nanotechnology. X-ray photo-

electron spectroscopy (XPS) is a widely used technique to study the oxidation states

of metals and a basic understanding of the photoexcitation process is important to

obtain the full information from XPS. We have studied core level excitations of Zn

2p, Fe 2p, and Ce 3d photoelectron emissions from ZnO, α-Fe2O3 and CeO2. Us-

ing an effective energy-differential XPS inelastic-scattering cross section evaluated

within the semi-classical dielectric response model for XPS, we analysed the exper-

imental spectra to determine the corresponding primary excitation spectra, i.e. the

initial excitation processes. We find that simple emission (Zn 2p) as well as complex

multiplet photoemission spectra (Fe 2p and Ce 3d) can be quantitatively analysed
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with our procedure. Moreover for α-Fe2O3, it is possible to use the software package

CTM4XAS (Charge Transfer Multiplet program for X-ray Absorption Spectroscopy)

to calculate its primary excitation spectrum within a quantum mechanical model and

it was found to be in good agreement with the spectrum determined by analysis of the

experiment.

KEYWORDS: XPS, Photoelectron spectroscopy; primary-excitation spectrum,

background correction; ZnO, α-Fe2O3, CeO2, oxide
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1 Introduction

Oxides have always been crucial materials for industrial applications and their im-

portance is still increasing due to the significant development of nanotechnology [1].

Accurate knowledge of their electronic structure and in particular of their oxidation

state is thus essential, in particular for atoms at the surface of materials. These

features are often studied by means of surface-sensitive techniques as X-ray photo-

electron spectroscopy (XPS) [2]. Indeed XPS spectra are very sensitive to changes

in the oxidation state of an element (e.g. shift of the core-level binding energies and

modification of the shape of the characteristic spectrum).

XPS spectra consist of the primary photo-excited core electrons which we denote

here by F (E), including processes such as lifetime broadening, spin-orbit coupling

and multiplet splitting. On top of this there is a background of energy-loss structures

caused by excitations due to the sudden creation of the static core hole and due

to electron transport out of the surface (including bulk and surface effects). The

corresponding energy-loss processes are usually denoted “intrinsic” and “extrinsic”

excitations. A summary and comparison of different models that have been applied

to describe these effects may be found in [3].

A semi-classical dielectric response model was proposed to describe these excita-

tions [4]. In this model, the interaction of the medium with the core hole and the

effect of the surface, as well as the excitations that take place during transport of

the electron are described by the complex dielectric function of the medium. In this

model the photoelectron and the core hole are suddenly created at time zero at the

same location. The photoelectron moves and the interaction of the corresponding
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electric fields from core hole and photoelectron with the electrons of the solid is

calculated. This affects the measured spectrum in a way that can be described by

an effective energy-differential cross section, KXPS
sc , for inelastic electron scattering

which within the limitations of the model includes all these effects. A clear advan-

tage of this dielectric-response description compared e.g. to full quantum-mechanical

calculations [5–7] (see also discussion in [3]), is that it can readily be applied to any

material because the only input in the calculations is the dielectric function. The

latter function may be taken from literature, or it can conveniently be determined

from analysis of a reflected electron energy loss spectrum (REELS) of the solid [8].

Recently, we proposed a method [9, 10] which allows to directly determine F (E)

from a measured experimental XPS spectrum using the effective cross section KXPS
sc .

With this procedure, it has been shown that the primary-excitation spectrum can

be obtained from experiment [11] with much higher accuracy than what was ob-

tained previously. The resulting F (E) will facilitate comparison with theoretical

calculations of the fundamental excitation mechanisms in XPS.

In spite of the simplicity of the semi-classical dielectric response model [4], it was

recently shown that for Cu 2p and Ni 2p it accounts essentially for all excitations

and result in fully symmetric peaks as expected [9, 10]. We also note that for Cu

2p in CuO [9] we recently made a comparison between F (E) obtained with our

procedure and theoretical calculations achieved within the charge transfer multiplet

model implemented in the software CTM4XAS (Charge Transfer Multiplet program

for X-ray Absorption Spectroscopy) [7]. The agreement between the two results was

quite good. These results demonstrate the validity and illustrates that the dielectric

response model of XPS provides a fair description of the processes involved.
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The aim of this paper is to apply the proposed method to determine the Zn 2p, Fe

2p and Ce 3d primary-excitation spectra of ZnO, α-Fe2O3 and CeO2 homogeneous

thick samples, respectively. In the following, we will briefly describe the procedure

followed to obtain the primary-excitation spectra F (E) of the chosen transitions. We

will then discuss results and compare them with already published data.

2 Analysis method

The physical concepts behind the procedure were already described in detail in pre-

vious papers [9–11], and here we only give a brief description of the model.

To quantitatively reproduce XPS spectra, it is necessary to determine the ef-

fective energy-differential inelastic-scattering cross section for XPS, KXPS
sc including

both extrinsic and intrinsic excitations. We emphasize that the intrinsic excitations

include shake-up processes caused by the suddenly created static core hole charge

which gives rise to both plasmon excitations and excitations of electrons from occu-

pied states to unoccupied states. These excitations are accounted for in the present

analysis.

This KXPS
sc cross section is calculated from a dielectric response model [4] imple-

mented in the free QUEELS-XPS software (QUantitative analysis of Electron Energy

Losses at Surfaces for XPS) [12, 13]). The input parameters are the kinetic energy

E, the angle of emission θ with respect to the surface normal of the excited photo-

electron, and the electron energy-loss function (ELF) of the material. We note that

the ELF of a given material can be obtained in different ways (from optical data,

REELS measurements or density functional theory calculations) [11]. For the oxides

considered here, we have used ELFs extracted from REELS spectra, published in
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Ref. [14]. Fig. 1 shows KXPS
sc calculated for photoelectrons of 220, 540 and 370 eV

kinetic energy emitted from ZnO, α-Fe2O3 and CeO2, respectively (these energies

correspond to the particular photoelectron emissions studied here). KXPS
sc is zero for

energies below the band gap energy of the oxide.

Once KXPS
sc is known, the full XPS spectrum for each oxide can be built by

convoluting this cross section with the primary-excitation spectrum, F (E), consid-

ered as an input in the calculations and by adjusting the parameters of F (E) until

good agreement with the experiment is obtained. This was the approach followed in

Refs. [9–11]. This procedure implies the use of convolution software.

In Ref. [15] it was shown that this procedure is equivalent to determining F (E)

directly by deconvoluting the total spectrum with the KXPS
sc inelastic cross section.

This is done with the formula valid for homogeneous media [16,17]:

F (E) = J(E)− λsc

∫ ∞

E

KXPS
sc (E,E ′ − E)J(E ′)dE ′ (1)

where J(E) is the experimental spectrum and λsc the electron inelastic-scattering

mean free path defined as the inverse of KXPS
sc integrated over the energy loss E ′ −

E. Eq. (1) is easily evaluated and is also a special case in the QUASES software

package (Quantitative Analysis of Surfaces by Electron Spectroscopy) [18]. Then

a decomposition of F (E) into separate peaks by fitting to F (E) obtained with eq.

(1) can be carried out. We have applied this approach in the present work, since it

appears to be a faster and more convenient procedure compared to the convolution

procedure because the fitting is done directly on the F (E) spectra rather than on the

experimental data including the multiple inelastic background. Moreover this avoids

having to assume a specific configuration for F (E). As a second step in the analysis,

this F (E) is decomposed by fitting to the sum of several Fi(E) peaks according to

6
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the expression

Fi(E) =
fi(E)∫
fi(E)dE

A0i (2)

where A0i is the peak area. The shape of each peak is a symmetric mixed Gaussian-

Lorentzian function [2]:

fi(E) =
exp [−4(ln 2)Mi(E − E0i)

2/β2
i ]

1 + 4(1−Mi)(E − E0i)2/β2
i

(3)

where E0i, βi, and Mi are respectively the peak center, the full width at half maxi-

mum and the mixing ratio parameter (which takes the value of 1 for a pure Gaussian

function and 0 for a pure Lorentzian function). This mixing parameter can help to

account for the multifunctional nature of empiric lines (response function of electron

analyser, photon broadening, differential surface charging of the sample, vibrational

broadening, etc.) [2]. It is thus considered as a flexible parameter without physical

meaning in our fitting procedure. We note that other functions (see Ref. [19]) have

been proposed to obtain a more efficient fitting but a comparison between them is

outside of the scope of this paper.

In the approach considered here, there are no adjustable parameters for the de-

termination of the primary excitation spectrum F (E) since everything is calculated

from the dielectric function which has been independently determined from analysis

of a REELS spectrum of the materials studied. The fitting is done directly to this

F (E) spectrum and does not involve any fitting of the background.

It is striking that despite of this, the model accounts for the Doniach-Sunjić

asymmetry [20] since the determined peaks are fully symmetric (see also previous

papers where the method was used for metals [9, 11]). We note that the fitting

procedure proposed in Ref. [19] is intended to be used to account for the asymmetry of
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the peaks (e.g. Doniach-Sunjić [20] lineshapes) which are essentially due to intrinsic

excitations. However these effects are fully accounted for by the dielectric response

model used in this work and the peak asymmetry fitting is not needed (see below).

It should also be noted that the present method does not necessarily provide

more accurate peak areas for quantitative composition analysis because for this the

intrinsic excitations should in principle be included. The present method however

removes (within the limitations of the model) all intrinsic and extrinsic excitations.

This opens for a much clearer quantitative interpretation of the remaining structures.

3 Results and discussion

All details about the sample preparation and the experimental set-up are given in

Ref. [14]. We just note here that the samples were irradiated with Mg Kα X-rays

incident at an angle of 54o with respect to the surface normal and that the electrons

are collected normal to the surface (except for CeO2 for which the angle is 45o) with

about 1 eV energy resolution. Figs. 2 (a), (b) and (c) show analysis by eq. (1) of

Zn 2p photoemission spectra from ZnO, Fe 2p from α-Fe2O3 and Ce 3d from CeO2,

respectively, using the corresponding KXPS
sc cross sections. Also shown are the fits

to F (E) with fitting parameters listed in Table I (we have used M = 0.2, 0.7, 0.05

for ZnO, α-Fe2O3 and CeO2, respectively).

To illustrate the impact of our approach, Fig. 3 shows the primary spectra of

the three samples obtained after subtraction of the inelastic background determined

within three different procedures: the Shirley method [21], the Tougaard method

using the two parameters universal cross section [22] or the present model using the

effective inelastic-scattering cross section for XPS, KXPS
sc , taking into account both

8
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extrinsic and intrinsic material-specific excitations. From these results, it is clear

that the relative intensity of the different features within the primary spectrum is

influenced by the choice of the inelastic background-subtraction procedure. We em-

phasize moreover that, even though the Shirley model often gives reasonably good

looking results when it is used to isolate peaks, it is questionable to apply it for a

complex photoemitted structure (such as Ce 3d from CeO2) because it is impossible

to know what is precisely removed by the Shirley method [23]. Indeed, this method

does not rely on a physical model. On the other hand, the F (E) primary spectrum

obtained with Tougaard’s universal cross section is always higher than the one calcu-

lated with KXPS
sc because, although it is based on a physical model for the extrinsic

bulk losses, it intentionally does not remove the intrinsic losses [22].

We emphasize that the fitting is done only in the energy range of the corre-

sponding low-binding-energy spin-orbit subshell, i.e. 2p3/2 spin–orbit components

for ZnO and α-Fe2O3 and 3d5/2 spin–orbit components for CeO2. The energy dif-

ference between each spin-orbit contribution is fixed and their relative intensities is

fixed by the ratio of their respective degeneracies (2j+1) (0.5 and 0.67 for p and

d subshells [24], respectively). This approach is extensively used, in software pack-

ages like casaXPS [25] for instance. We note that other values have been published

by Scofield [26] but the ratio differs from this by less than 5%, which is equal to

the general uncertainty estimated in Ref. [26]. This justifies our choice. Thus, the

high-binding-energy subshell spin–orbit contributions are considered as replicas of

the corresponding low-binding-energy subshells. We only consider that the peaks

of the replica may have a slightly larger width. This behaviour is also assumed

in Ref. [27, 28] for instance. In spite of the fact that the fitting was done in this
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restricted energy range, very good agreement between the theoretical and the exper-

imental spectra is observed over the full energy range.

We also note that the Mg Kα3 and Mg Kα4 lines are included in the fitting

procedure for all XPS spectra. They are characterized by energy separations of 8.4

eV and 10.2 eV, and intensities of 8.0% and 4.1% for Kα3 and Kα4, respectively. In

this case the total Kα intensity is 100%. These lines are not shown in the following

figures.

3.1 ZnO

Fig. 4 shows the total F (E) of the Zn 2p transition obtained from experiment.

To interpret the spectrum, we have fitted peaks as a second step. The various

peaks corresponding to the fit are separately shown in the same figure (labelling

corresponds to Table I). For each peak introduced in F (E), only peaks labelled 1 and

2 (corresponding to the Zn 2p3/2 spectrum) have been fitted since their counterpart

(1′ and 2′) for the 2p1/2 contribution are replica of these (we only allow for a slightly

larger width).

The Zn 2p spectrum from ZnO is quite simple to interpret. The Zn 2p3/2 and Zn

2p1/2 main levels (1 and 1′) are separated by 23.1 eV as reported in Refs. [29, 30].

However, to obtain a good fit, we have to include an additional small peak (one for

each spin-orbit contribution, 2 and 2′, also separated by 23.1 eV, shifted by 13.8 eV

from the 2p3/2 and 2p1/2 peaks and also with an intensity ratio of 0.5).

Even though we have not found a description or interpretation of these additional

peaks in the literature, their intensity being very small (about 5% of that of the main

2p3/2 contribution, see Table I), their presence can be observed in data provided in
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Refs. [29,30]. Although the structure is weak, our procedure allows for a quantitative

characterization of these peaks. With this, it is striking that the model, without

any adjustable parameters, accounts quantitatively for all intrinsic and extrinsic

excitations.

3.2 α-Fe2O3

F (E) determined from the experiment and the separate peaks obtained from the

consecutive fitting procedure are shown in Fig. 5, with the fitting parameters in

Table I. For each peak introduced in F (E) for the 2p3/2 structure, we have introduced

its counterpart for the 2p1/2 contribution that is characterized by an energy shift of

exactly 13.45 eV and an intensity ratio of 0.5.

Several studies have been published on the quite complex Fe 2p spectrum from

Fe2O3 [31–37]. It was shown in Ref. [33, 34, 37] that the broad feature at 543.2

eV kinetic energy (or 710.4 eV binding energy) is not a single asymmetric peak

but consists of a summation of several symmetric peaks. We arrived at the same

conclusion and a good agreement is obtained by considering one additional peak

(peak # 2) shifted by 1.7 eV. We note that a fit made with more peaks would be

possible. For instance, four peaks were considered in Refs. [34,35] but the features in

these two works are completely different. Moreover, in these works an additional peak

was added in the fitting to take surface effects into account. In our procedure, no such

peak has to be considered, because surface effects are included in our background

correction procedure. Finally, in this work, we have made the choice to consider in

our fitting procedure the smallest possible number of peaks giving a good agreement

with experiment, namely two peaks.
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The exact origin of this complex satellite structure, including peak # 3 at 8.4 eV

which is considered as a signature of the nature of the oxide, is still the source of

active debate [31,33–35]. We note that in Ref. [34] peak # 3 was shown to originate

from the 2p53d5 final state of the Fe ion in which there is no charge transfer from

the ligand. The present analysis accounts in principle for shake-up effects and it is

hoped that the present quantitative determination of the experimental photoemission

spectrum will enable a quantitative comparison with model calculations and thereby

lead to a better understanding of the physical processes involved.

Similar to what we have previously done for Cu 2p in CuO [9], we use here the

software package CTM4XAS [7] to calculate F (E) and compare it to F (E) obtained

with our procedure. CTM4XAS is intended, among other things, to calculate pho-

toemission spectra for transition metal systems, including two configurations, 3dn

and 3dn+1L. For XPS especially, the software is capable of calculating 1s, 2s, 3s, 2p

and 3p spectra. Thus, this allows calculations for only α-Fe2O3 (Fe 2p photoemis-

sion) and not for the other materials considered in the present work. As the goal

of this work is not to determine the best parameters to be used in CTM4XAS but

to compare results previously obtained by other groups with our primary excitation

spectrum, we have considered only CTM4XAS parameters already published in the

literature, namely parameters proposed in Ref. [33] (with a Lorentzian broadening

of 1.4 eV and a Gaussian broadening of 1.2 eV). The result of this comparison is

provided in Fig. 6. The agreement between the two results is qualitatively good.

Note that an almost perfect agreement could be obtained if we allowed to vary the

input parameters in the CTM4XAS calculation.

Moreover, Bravo-Sanchez et al. [37] recently studied the Fe 2p spectrum from
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Fe2O3. They did however not apply eq. (1) but the active background method

[38] to determine F (E) from the measured spectrum. Although the peaks in F (E)

are similar to those found here, the relative intensities of the peaks are different.

They actually also applied the QUEELS-XPS software [12] (the same as used here)

to calculate the effective cross section and applied this to determine the multiple

scattering contributions to the spectrum by convolution with F (E). However, since

their F (E) is different from that determined here (they obtained it from their active

background method instead of using eq. (1)), they do not obtain a good match with

the experimental spectrum (see Fig. 1 in their paper).

3.3 CeO2

Fig. 7 shows the total F (E) for Ce 3d as well as the decomposition into four sepa-

rate peaks by the consecutive fitting. Stoichiometric CeO2 is characterized by a Ce4+

electronic configuration while deviation from the ideal stoichiometry leads to the re-

duction of Ce4+ ions to Ce3+. It was shown [39, 40] that the analysis of Ce 3d by

XPS is well suited to distinguish between these two states. However, the complexity

of the Ce 3d photoemission spectrum of CeO2 makes its interpretation difficult, and

in particular the possible inaccuracies due to the background-subtraction procedure

has further complicated the analysis in the past. In this work, we analyse pure stoi-

chiometric CeO2 [41] and show that our procedure allows straightforward modelling

and interpretation of the spectrum.

Usually the Ce 3d structure of Ce4+ species in CeO2 is subdivided into 6 peaks

labelled v, v′′, v′′′, u, u′′ and u′′′ [39], v and u referring to the 3d5/2 and 3d3/2 spin–orbit

components, respectively. The doublet v/u corresponds to the final state Ce3d94f 2-
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O2p4, while v′′/u′′ are assigned to Ce3d94f 1-O2p5 and v′′′/u′′′ to Ce3d94f 0-O2p6,

respectively [42]. However, in [43] a fitting with 3 symmetric peaks was used and

this did not allow to obtain adequate agreement with the experimental spectrum.

Skála et al. [43] proposed two methods to deal with this problem: the use of an

asymmetric tail for v and u, or the modelling of v and u by 2 symmetric peaks. They

showed that the asymmetric-tail model did not give a good fit (and has moreover

no theoretical justification for this) and suggested the use of two additional peaks.

This is supported by our analysis where we separate the peaks v and u into 2 peaks

(peaks # 1, 2, 1′ and 2′). This interpretation is supported by theoretical calculations

using Dirac-Fock and configuration-interaction wavefunctions performed in Ref. [44]

showing that various peaks of significant intensity compose each subshell. Finally,

peaks v′′, v′′′, u′′ and u′′′ correspond to peaks labelled 3, 4, 3′ and 4′ in Table I.

We note, moreover, that we keep a constant energy difference (18.6 eV) between

the Ce 3d5/2 (vindex) and Ce 3d3/2 (uindex) peaks and fix the intensity ratio to 0.67

between the two spin–orbit components.

4 Conclusions

In this paper we determine the primary-excitation spectra F (E) of Zn 2p from ZnO,

Fe 2p from α-Fe2O3, and Ce 3d from CeO2 using thick homogeneous samples. This is

done by direct evaluation of F (E) with eq. (1) using the effective energy-differential

XPS inelastic-scattering cross section KXPS
sc evaluated within the semi-classical di-

electric response model for XPS. It includes effects of the photoelectron transport

and of the core hole as well as the interference between them. It is emphasized that

F (E) is determined without any adjustable parameters. The only input in the calcu-
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lations is the dielectric function of the material which was determined independently

from analysis of a REELS spectrum of each material.

The present method quantitatively accounts for (within the limitations of the

model) all excitations caused by the moving photo-electron (including both bulk and

surface excitations) as well as the shake–up processes caused by the suddenly created

static core hole charge which gives rise to both plasmon excitations and excitations

of electrons from occupied states to unoccupied states. So all these excitations are

removed in the present analysis and this opens for a much clearer quantitative inter-

pretation of the remaining structures

We find that simple (as for Zn 2p emission from ZnO) as well as complex multiplet

photoemission F (E) structures (as for α-Fe2O3 and CeO2) can be quantitatively

analysed with our procedure, confirming in particular the splitting of the 3d3/2 and

3d5/2 spin–orbit components in the Ce 3d photoemission.
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Tables

Compound Line i RE (eV) KE (eV) A0 β (eV)

ZnO
2p3/2

1 0.0 227.52 1.00 2.3

2 13.8 213.72 0.05 6.0

2p1/2
1′ 23.1 204.42 0.5 2.4

2′ 36.9 190.62 0.025 6.5

α-Fe2O3

2p3/2

1 0.0 543.20 1.00 2.65

2 1.70 541.50 2.50 5.1

3 8.40 534.80 2.82 8.5

4 19.10 524.10 1.20 9.0

2p1/2

1′ 13.45 529.75 0.50 3.0

2′ 15.15 528.05 1.25 5.1

3′ 21.85 521.35 1.41 10.5

4′ 32.55 510.65 0.60 9.0

CeO2

3d5/2

1 (v) 0.0 370.0 1.00 2.1

2 (v) 2.3 367.7 0.67 4.0

3 (v′′) 6.5 363.5 2.10 6.5

4 (v′′′) 15.9 354.1 1.55 2.8

3d3/2

1′ (u) 18.6 351.4 0.67 2.1

2′ (u) 20.9 349.1 0.45 4.0

3′ (u′′) 25.1 344.9 1.41 6.5

4′ (u′′′) 34.5 335.5 1.03 2.8

Table I: Parameters of F (E) in eqs. (2) and (3) for Zn 2p from ZnO, Fe 2p from
α-Fe2O3 and Ce 3d from CeO2. RE denotes the energy relative to peak 1 and KE
the kinetic energy. As written in the text, the energy and intensity of the peaks
of high-binding-energy spin-orbit subshells are not independent parameters but are
given by physical constraints and are thus not varied in the fitting procedure; these
are written in italic.

22

This article is protected by copyright. All rights reserved.



Figures

0 10 20 30 40 50 60 70 80 90 100
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0 2 4 6 8 10
0.000

0.002

0.004

0.006

0.008

0.010

0.012

KX
P

S
sc

 (e
V-1

Å-1
)

Energy loss (eV)

K
X

P
S

sc
 (e

V
-1
Å-1

)

Energy loss (eV)

 ZnO
 

 CeO
2

 Fe
2
O

3

Figure 1: Energy-differential inelastic-scattering cross section for XPS, KXPS
sc of ZnO

(with E = 220 eV), α-Fe2O3 (E = 540 eV) and CeO2 (E = 370 eV) calculated with
QUEELS-XPS for normal emission. The inset shows an expansion in the low energy
loss region.
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Figure 2: Analysis by eq. (1) (dashed line) of (a) Zn 2p photoemission spectrum from
ZnO, (b) Fe 2p from α-Fe2O3 and (c) Ce 3d from CeO2. Also shown (solid line) are
the F (E) obtained from the fitting using eqs. (2-3) as well as the raw experimental
data and the subtracted background. The inset in (a) shows an expansion of the
peaks.
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Figure 3: F (E) for (a) Zn 2p from ZnO, (b) Fe 2p from α-Fe2O3 and (c) Ce 3d
from CeO2 obtained after a background-subtraction procedure based on the use of
the KXPS

sc cross section (dashed line), of Tougaard’s universal cross section (dotted
line), and of the Shirley model (dash-dot). The raw experimental data is shown as
a thin continuous line.
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Figure 4: Various peaks contributing to the total F (E) function for ZnO. Peaks are
referenced as in Table I (peaks 1-2 correspond to Zn 2p3/2 emission and peaks 1′-2′

to Zn 2p1/2 emission). The sum of all peaks (labelled Total) is also shown.
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Figure 5: Various peaks contributing to the total F (E) function for α-Fe2O3 with
labelling from Table I (peaks 1-4 correspond to Fe 2p3/2 emission and peaks 1′-4′ to
Fe 2p1/2 emission). The sum of all peaks (labelled Total) is also shown.
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Figure 6: F (E) primary spectra for Fe 2p emission (α-Fe2O3 target) obtained from
our procedure and CTM4XAS.
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Figure 7: Various peaks contributing to the total F (E) function for CeO2 (see Table
I). Peaks 1-4 correspond to Ce 3d5/2 emission and peaks 1′-4′ to Ce 3d3/2 emission.
The sum of all peaks (labelled Total) is also shown.
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