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A B S T R A C T

The oxygen on Ag(111) system has been investigated with Auger electron–photoelectron coincidence spec-
troscopy (APECS). The coincidence spectra between O 1s core level photoelectrons and O KLL Auger electrons
have been studied together with Ag3d/AgM4,5NN coincidences. We also describe the electron–electron
coincidence spectrometer setup, CoESCA, consisting of two angle resolved time-of-flight spectrometers at a
synchrotron light source. Contributions from molecular oxygen and chemisorbed oxygen are assigned using
the coincidence data, conclusions are drawn primarily from the O 1s/O KLL data. The data acquisition and
treatment procedure are also outlined. The chemisorbed oxygen species observed are relevant for the catalytic
ethylene oxidation.
1. Introduction

1.1. Background

The oxygen–Ag system has been the subject of considerable inter-
est from the surface physics community. From the point-of-view of
catalysis the certain oxygen sites in the system enable ethylene oxide
production (C2H2 + O2 → C2H4O) (or cause a reaction of by-products
instead, eg. CO2 + H2O) [1–4] or oxidation of methanol into formalde-
hyde [5]. From a surface physics perspective the system has attracted
interest since oxygen interaction at Ag(111), Ag(110), Ag(100) surfaces
exhibit a variation with temperature ranging from physisorption at low
temperatures to various stages of dissociative chemisorption, even at
room temperature.

Oxygen molecules adsorbed on Ag(111) surfaces do so by physisorp-
tion at low temperatures [6]. At liquid helium temperature O2 forms
a 2D spin system, which has been imaged directly with scanning
tunnelling microscopy [7]. Heating cause dissociation or desorption of
adsorbed molecular oxygen between 170–220 K [8]. Atomic oxygen
desorbs from the surface at temperatures around 600 K when atoms
combine to O2 which may desorb. The intricacies of oxygen interaction
with silver including the possibility for diffusion of atomic oxygen into
the bulk at temperature slightly above room temperature has been
reviewed by van Santen and Kuipers [9] and studied by a battery of
methods by Bukhtiyarov and co-workers [8].
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The Ag(111)-oxygen system has been investigated in detail using
scanning tunnelling microscopy and X-ray photoelectron spectroscopy,
which has ultimately given rise to a reinterpretation of the ’’classical’’
p(4 × 4) surface oxide of Ag(111) [10,11] – as reviewed by Schnadt
and co-workers [12].

1.2. Auger electron–photoelectron coincidences

In this article we present results of Auger electron–photoelectron
coincidence spectroscopy (APECS) on the Ag 3d/M4,5NN and O 1s/KLL
ranges recorded on oxygen adsorbed on Ag(111). For the experiment
a new set-up has been used that employ two angle resolved time-of-
flight electron analysers (ArTOFs). Before describing the experimental
details and results we briefly discuss development of APECS, especially
for solids [13–15].

The feasibility of recording Auger- and photoelectrons in coinci-
dence (APECS) was demonstrated already in the late 1970’s, The con-
tribution of Cu 2𝑝1∕2 and 2𝑝3∕2 core–hole states to the Cu LMM Auger
spectrum were observed [16]. Electron–electron coincidence spectro-
scopies have been studied using a variety of experimental set-ups [17–
22].

By recording the Auger electron and the photoelectron channels
in separate instruments within the same time-frame, the data in one
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channel can be filtered using information from the other. This opens
up possibilities to study particulars hidden in spectra recorded in
only one channel: (a) large surface sensitivity can be achieved by
exploring coincidences between the ’’elastic’’ photoelectron peak or
the ’’loss’’/background at higher biding energies and the Auger spec-
trum [23–25]; (b) low energy Auger electron spectra can be filtered
out of the valence photoelectron background [26], e.g. observing the
Ag N3VV Auger spectrum [27]; (c) discriminate between overlapping
lines [20,28].

The measured coincidence signal has contributions from two dif-
ferent types of coincidences: true and accidental coincidences. A true
coincidence originates from one absorbed photon, creating one electron
pair, which leads to one coincidence event in the detectors.

An accidental coincidence occurs, when two or more photons are
absorbed and two uncorrelated electrons (thus created by different pho-
tons) are detected. The accidental coincidence background is intrinsic
to the measurement and there is no possibility to directly discriminate
against it.

However, it is possible to infer a dataset with only accidental
coincidences by comparing signals in the detectors for pairs of dif-
ferent pulses and count coincidences such as pulse A, detector 1 with
pulse B, detector 2 and, vice versa, comparing pulse B, detector 1 with
pulse A detector 2. This accidental coincidence dataset can then be
subtracted from the total coincidence data-set in order to get the best
estimate for true coincidences. For electron–electron coincidences from
surfaces, subtraction of the accidental background has previously been
demonstrated by Schumann et al. [29].

Coincidence count rates are small (typically around 10−6/pulse at
the used set-up) and the events measured from different pulses are inde-
pendent from each other. Therefore the coincidences can be described
by Poisson statistics. The probability of detecting 𝑘 events from one
pulse for a rate of events per pulse 𝜆 becomes:

𝑃𝜆(𝑘) =
𝜆𝑘

𝑘!
e−𝜆

(𝜆≪1)
≈ 𝜆𝑘

𝑘!
(1)

𝜆 is linearly proportional to the flux, i.e. the number photons per
pulse and it is also linked to other experimental parameters, like the
total detection volume, detection efficiencies and cross-sections for
electron pair creation. A more detailed analysis of the link between
electron count rates and experimental parameters may be found in
Haak et al. [17] or Jensen et al. [30].

The probabilities for measuring a true coincidence (k=1) or an
accidental coincidence (k=2), respectively, read as:

𝑃𝜆(1) ≈ 𝜆,

𝑃𝜆(2) ≈
1
2
𝜆2.

(2)

Accidental coincidences contribution to the signal scales quadrat-
ically with respect to the flux — the true coincidences counts scale
linearly. Therefore, increasing the flux beyond a certain point will not
increase the signal quality anymore, but after that point serve only to
increase the accidentals background and hence the amount of data to
be stored.

Haak et al. utilised a system with two hemispherical electron energy
analysers for APECS [17], something also used in Ref. [31] to study
sulphur and oxygen over-layers on nickel; experiments having two
cylindrical mirror analysers have been used, which increase the trans-
mission of the system [26]. An angular resolving APECS experiment
using seven electron analysers [32] has been used to, for instance,
analyse the Ge 2𝑝3∕2 L3M4,5M4,5 system [33].

The system described in this paper consist of two angle resolved
time-of-flight spectrometers (ArTOF [34–36]) looking at the same
point, as depicted in Fig. 1. Owing to the collection efficiency the
ArTOF spectrometer at a pulsed synchrotron X-ray source it has been
used to record angle resolved photoelectron spectroscopy (ARPES) data
on sensitive samples [37], such as organic single crystals [38]. The
full surface band structure can be recorded owing to the 2D and time
2

Fig. 1. Schematic of the CoESCA measurement setup. The X-rays enter the experiment
from the right, and meets the sample in front of the spectrometers. The wide
angle ArTOF2-EW is the (grey solid) spectrometer whose backside are outward, the
ArTOF−10k protrudes towards right. The manipulator holding the sample is mounted
vertically. A spectrometer’s flight tube is about 1 m.

collection in the data-set, as demonstrated for the topological insulator
Bi2Se3[39].

A setup that preceded the presently employed system recorded
electron–electron coincidences using one ArTOF-spectrometer and one
hemispherical electron energy analyser with multi-channel detection.
Used, for instance, to study O 1s/KLL coincidences for gas phase
O2 [40,41]. Time-of-flight electron analysers of the ArTOF type in-
creases the transmission, compared to hemispherical analysers, with
about two orders of magnitude [37] without sacrificing resolution. This
is important when considering Eq. (2) above.

2. Experimental

2.1. Introduction

Measurements were carried out at the Coincidence Electron Spec-
troscopy for Chemical Analysis setup (CoESCA) [42] at the UE52-PGM
soft X-ray undulator beamline [43] at Helmholtz-Zentrum Berlin, Bessy
II. The beamline utilises a plane grating monochromator which was set
to 850 eV photon energy for the experiments. From fitting the Ag 3𝑑
singles spectrum the resolution of the experiment was approximated to
250 meV.

A silver single crystal, Ag(111) (99,999%, MaTecK GmbH), was
cleaned by repeated Ar+ sputtering and annealing cycles until a sharp
LEED pattern of the surface was obtained. The crystal was cooled to
128 K and subsequently dosed with 500 Langmuirs of O2 (99.999%,
Messer AG).

The Ag 3𝑑-MNN measurement yielded 161955 coincidence counts
from single pulses and 243299 accidental coincidence counts from
cross-comparing two consecutive pulses, resulting in 40306 true co-
incident counts and corresponding to an accidental-to-true ratio of
𝜈𝑎∕𝜈𝑡 = 6.0. Measurement time was around 20 h.

The O 1s-KLL measurement yielded 115769 coincidence counts from
single pulses and 135915 accidental coincidence counts from cross-
comparing two consecutive pulses, resulting in 47812 true coincident
counts and corresponding to an accidental-to-true ratio of 𝜈𝑎∕𝜈𝑡 = 2.8.
Measurement time was around 47 h.
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Fig. 2. Maps of the (a) Ag 3𝑑/MNN, and (b) O 1s/KLL coincidence experiments on O2/Ag(111) presented as contours. The core level photoelectron spectra are presented on top,
black lines represent the sum spectra over the entire energy axis. Horizontal and vertical lines in colour on the map indicate ranges of integration for partial sums of Auger and
photoelectron spectra respectively. See text for details.
2.2. APECS with two ArTOF spectrometers

The monochromatic X-rays were pulsed with a repetition rate of
1.25 MHz. The pulses were obtained through pulse picking through
resonant excitation (PPRE) [44] – a running mode of the synchrotron
electron storage ring providing pseudo single bunch operation designed
to fit with the time-of-flight instrumentation.

At the CoESCA station two ArTOFs are set to measure at the same
spot (see Fig. 1). The sample position, the axis along each spectrom-
eter, and the incoming photon beam are in the horizontal plane.
The spectrometers are positioned at an angle of ±54.7◦ with respect
to the photon beam. One of the spectrometers (ArTOF−10k) has an
angular acceptance of ±14◦ and one (ArTOF2-EW) with ±24◦ angular
acceptance. The overlap between the volumes analysed is thus large for
this setup.

The spectrometers records events at detector coordinates 𝑥, 𝑦 and
the time-of-flight of the electron. The data is then converted into
two angles and the kinetic energy 𝐸𝑘𝑖𝑛 of the electron. The incoming
data is fed to a computer via a Time-to-Digital Converter (TDC) card.
The ultimate energy resolution of the spectrometers depends on both
the angle and time-resolving capability of the instrument [34]. The
computer saves each shot, where at least one ArTOF has seen an
electron. Singles1, and measured, accidental and true coincidences are
determined from this list in post processing.

For singles, hits for each spectrometer are counted separately and
binned to form a histogram. For measured coincidences — all events,
where both spectrometers saw a hit are sorted into a 2D histogram.
In order to extract accidental coincidences, the list is parsed for one of
the ArTOFs and for each hit, the list for the other ArTOF is checked one
shot earlier and one shot later — and if the second ArTOF has seen a
hit also, an accidental coincidence is sorted into a 2D-histogram. Since
we are then comparing hits from different photon pulses, we are sure
that such coincidences are accidental.

The true coincidences are then calculated by subtracting the acci-
dental coincidence map from the measured map [30,42].

The electron analysers of the CoESCA instrument where set to ac-
quire spectra in the kinetic energy regions of Ag MNN Auger electrons

1 i.e. a spectrum in one channel, such as a core level spectrum which is
nfiltered with regards to the other channel.
3

(ArTOF−10k), and Ag 3𝑑 core level photoelectrons (ArTOF2-EW) or,
respectively, to the energy regions for O KLL Auger electrons and O 1s
photoelectrons. Energy calibration was performed by recording the
Fermi-level of a clean Ag crystal and setting that energy to 0 eV binding
energy.

In the kinetic energy ranges used in the this experiment we were
operating the ArTOF 2 EW analyser at its design limit. Therefore, the
transmission function along the energy window was not constant. We
account for this in post-processing by correcting the spectral intensities
with a linear transmission function as outlined in Leitner et al. [42].
The ArTOF 10k detector, used for measuring the Auger spectra, was
operated well within its specifications, with a constant transmission
function.

3. Results & discussion

The coincidence datasets are shown as contours in Fig. 2. On top of
and, to the right of, each map the intensity integrated over the entire
region, and in selected slices are shown. On top these are photoelectron
spectra (integrated over kinetic energy axis) and to the right Auger
electron spectra (integrated over the binding energy axis). The black
trace is the sum of the entire window along one axis, and the coloured
horizontal and vertical lines indicate the region of integration that
corresponds to a companion integrated spectrum (presented in the same
colour) in the 1D plots.

3.1. Silver APECS

The Ag APECS results are presented in Fig. 2a, the M4NN and M5NN
Auger features can be discerned already in the map owing to the well
separated spin–orbit components of the Ag 3𝑑 photoelectron spectrum
(6.0 eV spin–orbit energy split in metallic Ag [45]).

The ratio between the areas of the Ag 3𝑑 components is not what is
expected from a 5∕2−3∕2 multiplet. A least squares fit to the spectrum
finds a spin–orbit split of 5.99 eV (found for metallic silver and oxide
compounds [45,46]) and result in a ratio of 1.31 between the areas
of the components. The deviation from the expected statistical ratio of
1.5 can be explained by the fact that we have parts of the Auger signal
outside of our detection region, therefore coincidences from those will
not be included as such owing to the finite detection window.
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Fig. 3. O 1s photoelectron spectra corresponding to sub-sets of the coincidence map created by integrating parts of the kinetic energy axis (panel a: 500–510 eV kinetic energy,
b: 508–512 eV and c: 510–520 eV). The least squares fit result are included as a solid (red) line. In panel (a) two components account for the spectrum and in (b) and (c) three
components were used. The ratio between the main component and the other component(s) are 14 in panel (a) and 5 and 3 in panels (b) and (c) respectively. See text for detailed
interpretation.
t

The Ag 3𝑑 energy level has a large cross section, well separated
components, and with a relatively narrow natural line width [46]. This
allows for filtering out details in the Auger channel belonging to either
spin–orbit component. These are the Auger spectra in orange and blue
respectively. For instance, we can see that the M4NN channel (orange)
has a broadening towards lower kinetic energies, and thus overlap with
the M5NN (green) channel.

The APECS spectrum of Ag 3𝑑/MNN has been thoroughly stud-
ied [20,21,47,48], there is also a theoretical description [49]. Com-
paring our filtered MNN spectra with those of [21] the main spectral
features are similar. However, the shoulder at higher kinetic energy
in the M4NN (marked with *) is more pronounced in our data due to
higher resolution in the measurement. The similarity with the clean
silver data from Arena et al. [21] suggest that the interaction between
the O2 and the Ag(111) substrate is weak — as has been observed
previously [50]. If the silver surface would be oxidised the spectral
features of the Auger lines would be broadened and the shoulder would
be less pronounced [45,51].

The kinetic energy position of the Ag MNN Auger spectrum agrees
with Ferraria et al. [45], but differs from Arena et al. [21]. We have
calibrated the kinetic energy scale using the Fermi-level of Ag(111) and
the discrepancy may arise from the choice of work-function, here it
does not affect the conclusions.

3.2. Oxygen APECS

The main intensity of the oxygen APECS map in Fig. 2b can be seen
between 530–532 eV binding energy and 510–515 eV kinetic energy.
The highest intensity is at 512 eV kinetic and 531 eV binding energy
(marked with the arrow), this point is separated from a broader feature
at higher binding energy (in the range of the cyan line). These two
regions have been integrated over the partial binding energy ranges
indicated, and yields the partial Auger spectra seen to the right. The
two regions are chosen similarly to that of the gas-phase O2 APECS
by Arion et al. [40], in that instance it is the O 1s gerade and ungerade
components. In our data this corresponds to regions previously identi-
fied as two components in the O 1s spectrum of adsorbed oxygen on
silver by Schnadt et al. [12]. The kinetic energy axis is cut so that
the majority of the intensity from the brown Auger spectrum is in one
slice and the rest in another, these are the orange and blue lines and
integrated photoelectron spectra respectively. A small overlap region
included for discussion, in green, is also integrated as an intermediate
between the two regions. These XPS spectra reveals more structure and
they were fitted using a least squares method. The results of fits using
three symmetric Voigt line-shapes and a linear background function are
presented in Fig. 3.

As mentioned above, free molecular oxygen has been investigated
with electron–electron coincidences using ArTOF and a hemispheri-
cal electron energy analyser [40,41]. Qualitatively the photoelectron–
Auger electron coincidences of that study are similar to our oxygen data
4

Table 1
Oxygen moieties and their respective O 1s binding energies from the fits in Fig. 3. See
ext for details.
O 1s B.E. [eV] Oxygen moiety

532.0±0.1 Adsorbed molecular O2 [54]

530.7±0.04 Subsurface atomic oxygen in
interstitial sites [55]

530.4±0.15 Oxygen ad-atoms [50]

529.8±0.1 Surface oxide [56,57]529.5±0.1

in Fig. 2b, albeit shifted and broadened. In Fig. 2 the O KLL Auger
spectra that corresponds to partial summations towards higher and
lower binding energies are different. The region at 510 eV kinetic en-
ergy and below in (the brown spectrum) has considerably less intensity
than the cyan equivalent (integrated between 528 and 531 eV binding
energy). The other Auger partial spectrum (cyan) carry intensity in that
region and has the same intensity distribution as the gas phase APECS
spectrum [40]. The Auger spectrum from the brown region is primarily
from a core-ionisation on the subsurface oxygen species which have a
distinctly different relaxation pathway compared to the Auger spectrum
dominated by the adsorbed molecular oxygen (cyan spectrum). The
assignment of the oxygen species is discussed below.

Partial oxygen core level spectra have been created through summa-
tions over 510–520 eV and 500–510 eV kinetic energy. The former has
a feature between 531 and 529 eV as seen in Fig. 2 that seems absent
in the other spectrum. Least squares fits to those O 1s spectra are pre-
sented in Fig. 3. The fits were carried out using the lmfit package [52]
in Python. The spectra were fitted with three Voigt functions using a
life-time broadening of 140 meV (from O 1s photoelectron spectrum of
O2 in the gas-phase [53]). The error bars are the standard deviation for
the different partial spectra are calculated from the background from
528 eV binding energy and below.

To account for the intensity distribution in the spectra it turns out
that a component in the 531 and 529 eV region persist in all spectra
— otherwise dominated by a large component at 532 eV (having 4
eV FWHM). A third component account for the low binding energy
shoulder in Fig. 3b and c. The ratio between the main component and
the other component(s) are 13 and 3 respectively in the partial spectra
from non-overlapping regions. The second and third components have
FWHMs around 1 eV.

The energy positions of the components are given in Table 1. The
main component in all spectra is at 532.0± 0.1 eV binding energy. This
is the binding energy that physisorbed molecular oxygen is expected
to have [54]. Considering that we does our Ag crystal at cryogenic
temperatures it is not unexpected that this component dominate the

oxygen core level spectrum.
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The low binding energy shoulder in Fig. 3a is at a binding energy of
530.4 ± 0.15 eV whereas the component giving the second most intense
peak in panels b and c are at 530.7 ± 0.04 eV. The latter is assigned to
oxygen atoms beneath or inside the Ag surface in interstitial sites [55].
The 530.4 ± 0.15 eV component has been assigned to oxygen ad-atoms
rom dissociated oxygen molecules [50].

Rajumon et al. [54] have investigated the O 1s core level photoelec-
tron spectrum of O2 adsorbed on low index surfaces of Ag single crystals
varying the temperature between 100 K and 300 K. They observe two
peaks for 500 L of O2 at 530 and 532 eV up to room temperature. The
ower binding energy feature remain upon heating to 300 K whereas
he surface molecular oxygen diminish [54].

In the silver–oxygen system the oxygen photoelectron spectrum
xhibit negative shifts with increasing association with the silver sub-
trate. The progression of chemical shifts in Table 1 follow this trend.
he surface oxide that we assign between 529.8 and 529.5 eV are
lightly higher in binding energy than that reported by Kaspar et al.
57]. The stoichiometric oxides AgO and Ag2O have binding energies at
28.4 and 529.2 eV respectively [58]. With chemisorbed atomic oxygen
t 530.4 eV and subsurface oxygen at 530.7 eV we tentatively assign
he lowest binding energy shoulder we observe to non-stoichiometric
gxOy formed on the surface. It should be noted that the probability
f formation of an oxide is low at these experimental temperatures.
owever, we do observe components in the O 1s partial sum spectrum

hat have energies close to that would be expected of an oxide. Fur-
her investigation into the origin of these components is required to
efinitely assign these features.

Looking at the full sum O 1s core-level spectrum in Fig. 2b it is not
bvious that this structure is built up from the four components that
e have identified through the partial sums using the Auger spectra as

ilter (as further discussed in the supplementary information). We have
lso shown that an overlapping region can be extracted to facilitate the
east squares interpretation of the data.

. Summary & conclusion

APECS, and considerations for electron–electron coincidence in-
trumentation has briefly been highlighted. The CoESCA experiment
nd the data acquisition and treatment procedure have been outlined
detailed in Leitner et al. [42]).

We have presented the first APECS results using the CoESCA sta-
ion at Helmholtz-Zentrum Berlin on O2 molecular absorption on a
ooled Ag(111) single crystal. Both contributions from molecular oxy-
en and what is attributed to chemisorbed oxygen are assigned. We
ave demonstrated the capability of using the partial core level photo-
lectron spectra to assign various chemical species in a complex system
uch as Ag-O. For applications this is attractive since the same species
ay be catalytically active and inactive depending on the chemical en-

ironment, e.g. oxygen is relevant for catalytic ethylene oxidation but
ome adsorption sites are inactive in that reaction. For high pressure
xygen dosing on Ag(111) at room temperature, the oxygen species
bserved at around 530 eV are attributed to species catalytically active
hat reside on the surface [8,59].

In conclusion, APECS spectroscopy has developed from an origin
sing two hemispherical analysers in the end of the 1970s to the utili-
ation of parallel multidimensional acquisition in time-of-flight electron
nergy analysers. This development is in principle made possible with
he advent of enough computer power to handle and analyse the
ata-flow within a reasonable time-frame.

The increase in transmission can be used to gain higher discrimina-
ion since the basic rules of the game stipulate that counting rates need
o be kept low. Since the details resolvable become more fine grained,
sing this piece of instrumentation for APECS good things may indeed
5

ome to those who wait.
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