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a  b  s  t  r  a  c  t

We  have  prepared  different  sulfur-overlayers  on  Cu(001)  and  Ni(001)  surfaces  which  differ  in their  cov-
erage and  local  environment  of  the  S adatoms.  Via  photon  absorption  we  excited  the  S 2p  level and
studied  the  subsequent  Auger  decay  with  a coincidence  spectrometer.  We  discuss  the variation  of  the
coincidence  rate as  a function  of the  energy  sum  of the  photo-Auger  electron  pair.  This is  linked  to the
binding  energy  of the  double-hole  state.  We  find  that  the  photon  energy  has  no  dramatic  influence  on  the
eywords:
uger transition
PECS
ulfur
ouble-photoemission

spectra.  Differences  are  observed  when  the local  environment  of  sulfur  is changed.  The  observed  spectral
changes  are  mainly  ascribable  to  the  variation  of  the density  of  states  at the  different  surfaces.  On  the
contrary,  the  strength  of  electron–electron  correlation  at the  surface  states  is  hardly  affected  by coverage
or substrate  variation.

© 2016  Elsevier  B.V.  All  rights  reserved.

lectronic structure

. Introduction

Electron emission upon photon absorption is a well-established
ffect used in modern spectroscopy. Besides single electron pho-
oemission the system may  also react via the emission of an
lectron pair [1–7]. The emitted electrons may  stem from valence
tates or core levels. A prominent example is the Auger electron
ecay, following the photoemission from a core level, which is

 very important tool for chemical characterization of surfaces.
his process of electron pair emission upon photon absorption
s termed double photoemission (DPE) and requires for its exist-
nce a non-vanishing electron–electron interaction [8]. This fact
as the driving force for the development of electron pair spec-

roscopy from atomic, molecular and solid targets [9–19,6,20–24].

n extended systems like solids the valence states do not posses

ell-defined energies as in atoms, but span a range of energies
ue to the overlap of wave functions from neighboring sites. The
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properties of solids are intimately related to the details of the elec-
tronic bands and angle-resolved photoemission is an ideal probe
for these states. A DPE experiment will provide information about
the electron correlation within the valence band, for example the
exchange-correlation hole becomes accessible in angular distribu-
tions [6,23].

Once the photon energy becomes sufficiently high to excite a
core level electron above the Fermi level the system may relax via
the emission of an Auger electron. If the core electron is excited
into the vacuum then an electron pair is emitted. In this case we
talk about core-resonant DPE. The emitted electron pairs can be
detected in coincidence and this technique is usually termed Auger
Photoelectron Coincidence Spectroscopy (APECS) [4,25–28].

In principle the Auger decay needs to be described in a sin-
gle step [29], yet it is conventionally approximated by a two-step
model. In this case the emission of the photoelectron and the Auger
electron are considered as two independent processes. This model
and the experimental observation of well-defined energies for the
Auger and the photoelectron excludes a continuous energy shar-
ing between the two final electrons. This prediction is at odds with
studies on Cu(001) MVV  [30] and Ag(001) NVV [31] Auger decay.

This highlights the fact that one has to consider the pair as one
entity generated in a single step event. The one step nature of the
Auger process also results in the photon energy dependence of the
corresponding line shape, as was  observed in Xe 4d decay [32].

dx.doi.org/10.1016/j.elspec.2016.06.002
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
http://crossmark.crossref.org/dialog/?doi=10.1016/j.elspec.2016.06.002&domain=pdf
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The Auger process proceeds such that the decay mainly takes
lace in the vicinity of the atom of the initial ionization. This results

n an elemental sensitivity that allows to probe local electronic
33–37] and magnetic [38–41] structures. The question arises to
hat extent the Auger decay is modified if the local environment

f the excited atom is changed.
To this end, we prepared S-overlayers on Cu(001) and Ni(001)

urfaces which provided the means to vary the coverage and chemi-
al environment. We  considered the process in which the decay of a

 2p hole leaves the system with two vacancies in the valence band.
sing coincidence spectroscopy we recorded 2D-energy distribu-

ion by reporting the number of emitted electron pairs as a function
f the kinetic energies of the detected electrons. We  observed a
ack of energy sharing between Auger and photoelectron, which is
haracteristic of a sequential two-step decay. In accord with this
e observed no dramatic influence of the photon energy on the

pectrum line shape. Finally, we compared the measured spectra
o density functional theory (DFT) calculations for the density of
tates on the sulfur sites. This gave us the possibility to have an
nsight in the changes of the electronic properties of the surfaces
ollowing the adsorption. This is an important result since the inter-
ction of sulfur atoms with the low-index surfaces of transition and
oble metals is of major interest. For example, sulfur poisoning rep-
esents one of the main issues in catalysis. The interaction with S
toms can affect both the activity and selectivity of industrial cat-
lysts [42,43]. These effects are ascribable to the changes in the
lectronic structure at the very interface. It is clear that a deeper
nderstanding of sulfur–metal interface properties is essential.

. Experimental details
The experiments were performed with an instrument schemat-
cally depicted in Fig. 1. It consists of two hemispherical energy
nalyzers with the electron-optical axes of the transfer lenses

ig. 1. The schematic view of the coincidence experiment set-up is shown. We label
he two  spectrometer as “left” and “right”, respectively. The two  transfer lenses are
erpendicular to each other and define the scattering plane which lies in the x–y
lane. The propagation direction of the circular polarized light is perpendicular to
he scattering plane and it impinges onto the sample with an incidence angle of 80◦

ith respect to the surface normal n̂. The projection of the surface normal onto the
cattering plane includes an angle of 45◦ with the two transfer lenses.
 and Related Phenomena 211 (2016) 32–40 33

perpendicular to each other [30]. More details about the set-up
has been presented elsewhere [44], here we recall the key aspects.
The transfer lenses define a scattering plane which lies in the x–y
plane. The photon beam propagates along the z-axis which is per-
pendicular to the scattering plane and has a grazing angle of 10◦

with respect to the in-plane [010] direction of the sample, i.e. 80◦

with respect to the surface normal n̂.
The angle between the projection of the surface normal onto the

scattering plane and both transfer lenses is 45◦. We  operated the
spectrometers with a pass energy of 300 eV and 1 mm  slits. This
defines a 2D-energy window of size 27 × 27 eV2 in which electron
pairs are detected in parallel. In contrast to the usual operation we
do not scan the spectrometers’ mean energy, but keep all settings
fixed for a given experiment. The photon energy and the central
energy of the energy window are chosen such as to allow the detec-
tion of the S 2p photoelectron and associated Auger electron. The
energy resolution of each spectrometer was 0.8 eV. Consequently
the total energy resolution for electron pairs was 1.1 eV.

We used a standard coincidence circuit which is explained in
more detail elsewhere [44]. In brief, we employ a four-way coin-
cidence circuit in which the channel plate signals originating from
the two detectors have to be within a time interval of 100 ns while
at the same time the electronics of the resistive anodes indicate
a successful impact position determination. The knowledge of the
impact position on the respective channel plate is required for the
energy determination of the detected electron. The coincidence
intensity has two contributions usually referred to as “true” and
“random” coincidences. In the case of “true” events a single photon
causes the emission of an electron pair, while “random” events are
due to the absorption of two photons. Experimentally it is not pos-
sible to separate between these contributions. However one can
remove the aggregate effect of the “random” coincidences by fol-
lowing standard procedures documented in the literature [25,26].
We described the implementation of these for our instrument
previously [44]. We  will present energy spectra corrected in this
manner. In our studies the single count rates ranged between 3000
and 6000 cps depending on the photon energy. The total coinci-
dence count rate was  3–7 cps with a true to random ratio of 3–4.
All kinetic energies are stated with respect to the vacuum level of
the sample. The experiments were performed at room tempera-
ture and the base pressure was 5 × 10−11 mbar. Circular polarized
light was obtained at the beamline UE56/2-PGM-2 of the BESSY II
storage ring at Helmholtz-Zentrum Berlin [45]. The preparation of
the Cu(001) surface followed standard procedures consisting in Ar+

sputtering and annealing. Besides the substrate we prepared two
other surfaces, namely a Ni(001) surface and a 2

√
2 ×

√
2R45◦O-

Cu(001) structure. The Ni(001) surface was  obtained via e-beam
evaporation onto the Cu(001) surface. It is well-established that
this results in a well-ordered Ni(001) surface [46–49]. Likewise,
the preparation of the O-Cu(001) structure is well established in
the literature [50–52]. We  prepared S overlayers on these struc-
tures by H2S dosing, for which we used a doser following a design
proposed in [53]. The saturation structures obtained are in agree-
ment with results in the literature [54,55] as we will discuss in the
next section.

3. Results and discussion

There exist a vast amount of literature on the preparation of sul-
fur overlayers on metal surfaces and their properties in particular
on Cu(001) and Ni(001) surfaces [54,55,60,56–59]. We  prepared S

overlayers onto the surfaces via H2S exposure. In order to establish
the conditions to give the saturation S coverages we performed
ancillary studies in a separate experimental apparatus. This was
equipped with a Low Energy Electron Diffraction optics and Auger
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of S 2p levels [66]. So we identify these as the 2p1/2 and 2p3/2
ig. 2. LEED images obtained for (a) S/Cu(001), (b) S/O/Cu(001) and (c) S/Ni(001).
he saturation coverages correspond to 0.25 ML,  0.47 ML  and 0.5 ML,  respectively.

pectrometer. The parameters deduced in this preparatory work
ere used in the coincidence study. The S/Cu(001) films were pre-
ared by exposing the Cu(001) substrate to H2S gas for 20 L at room
emperature as laid out in the literature [54]. In order to increase
he dosing efficiency, the exposure was carried out using a mechan-
cal doser [53]. This increases the dosing efficiency by a factor ≈12.
he sample was kept about 5 cm away from the doser end during
he exposure. The samples were subsequently annealed at 300 ◦C.
he saturation structure on a Cu(001) surface is of p(2 × 2) symme-
ry [54]. This amounts to a S coverage of 0.25 monolayers (ML). An
xemplary LEED image is presented in Fig. 2(a) which agrees with
he findings in the literature [54,57–59]. Exposing a Cu(001) sur-
ace to 8000 L of oxygen while the temperature is 230 ◦C leads to

 well-known missing row reconstruction 2
√

2 ×
√

2R45◦ [50–52].
e will abbreviate this surface as O/Cu(001) in the following. Upon

2S exposure following the same procedure as for the bare Cu(001)

urface a

∣
∣
∣
∣

5 2
0 5

∣
∣
∣
∣

structure evolves. This is equivalent to a S cover-

ge of 0.47 ML  [55]. It is important to point out that the S atoms
re not only on top of the surface, but also incorporated in the Cu
atrix. This means that the local environment for the two  adsorp-

ion sites is different. It is well-established that high quality Ni films
n a Cu(001) substrate can be grown. We  prepared a 10 ML  thick
i film at room temperature and exposed it to 20 L. This develops

nto a c(2 × 2) structure in agreement with work on bulk Ni(001)

urfaces [60]. During the exposure the Ni film was kept a tempera-
ure of 150 ◦C. In Fig. 2 we display the LEED images for the three S
urfaces investigated in this study.
 and Related Phenomena 211 (2016) 32–40

Before we present the coincidence spectra we want to define
some important energy relations. To be specific we  assume a metal-
lic sample. In a direct DPE experiment probing the valence band two
electrons from the occupied states are emitted, which are charac-
terized by binding energies Eb1 and Eb2. We  use the convention
that these values are referenced to the Fermi level and are posi-
tive. The emitted electrons are detected with kinetic energies Eleft
and Eright. We  quote the kinetic energies with respect to the vac-
uum level of the sample. In the energy balance we have to consider
the work function � of the sample. In this derivation we made the
important assumption that the minimum energy required to get
an electron pair into the vacuum is equal to twice the work func-
tion. This corresponds to neglecting electronic interactions in the
final state. The above approximation is reasonable due to collective
screening of electron–electron and hole–hole interaction. Finally,
energy conservation reads as:

h� − Eb1 − Eb2 = Eleft + Eright + 2� = Esum + 2�. (1)

Simple rearrangement leads to:

Esum = h� − Eb1 − Eb2 − 2�. (2)

In the above equations we have introduced the important quantity
of the sum energy of a pair as Esum = Eleft + Eright. This emphasizes the
need to regard the electron pair as one entity. The general obser-
vation from our DPE valence band studies is that a given value of
Esum can be attained for different combinations of Eleft and Eright.
The same has been identified by DPE experiments on noble gas
atoms [61,62]. We  label the upper bound of the sum energy as Emax

sum
which is realized if both electrons originate from the Fermi level.
Therefore we  can write:

Emax
sum = h� − 2�. (3)

If the excitation leads to an emission of a core photoelectron and
subsequent Auger decay the sum energy of this pair is given by:

Ecore
sum = (h� − Ecore

b − �) + EAuger . (4)

The kinetic energy of the Auger electron is labeled with EAuger while
the binding energy of the core level is given by Ecore

b
. In this equation

the work function occurs only once, because the kinetic energy of
the Auger electron is already referenced to the vacuum level of the
sample. It includes relaxation and correlation terms. It is important
to realize that core-resonant and direct DPE final state energies are
in general different even if this involves a CVV Auger transition.
This is because, contrary to direct DPE, the Auger decay is mainly
localized onto the atom of the core-hole ionization. Consequently,
the Auger line can be shifted to lower sum energies by a quantity
that is proportional to the on-site Coulomb correlation energy U,
i.e. the energy required to localize two  single holes on the same
atomic site [63–65].

After these definitions we proceed and display in Fig. 3 the 2D-
energy spectra measured on a S/Cu(001) sample with the photon
energies h� = 301, 313 and 324 eV. These spectra were measured for
two different light helicities. However, since there was no measur-
able dichroic effect we present helicity integrated data. The total
true counts are 1.05 × 105, 2.23 × 105 and 4.45 × 104, respectively.

The 2D-energy distribution of Fig. 3(a) is described by intensity
bands which are either parallel to the x- or y-axis. These intensity
bands are further subdivided into two smaller regions. If we extend
the vertical intensity regions to the x-axis we find intercepts at
Eright = 133.7 and 134.8 eV, respectively. The 1.1 eV energy separa-
tion between these regions corresponds to the spin-orbit splitting
photoelectron lines, respectively. If the electron detected by the
right spectrometer is a photoelectron the electron detected by the
left spectrometer is an Auger electron with EAuger approximately
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Fig. 3. 2D-energy spectra of S/Cu(001) S 2p photoionization and subsequent LVV
Auger decay for different photon energies: (a) h� = 301 eV, (b) h� = 313 eV and (c)
h�  = 324 eV. The solid diagonal line marks the energy position of Emax

sum while the
blue line indicates the energetic position of Emax − 25 eV. (For interpretation of the
r
t
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o
t
w
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t
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sum

eferences to color in this figure legend, the reader is referred to the web version of
his  article.)

45 eV. In a CVV Auger transition the participating two electrons
riginate from any energy position within the valence band. Hence
he width of the Auger electron spectrum is roughly twice the band
idth. The intensity distribution of Fig. 3(a) is expected if the photo

nd Auger electron are sequentially emitted. In particular there is
o intensity band connecting the high intensity regions centered
t (134 eV, 145 eV) and (145 eV, 134 eV), thus the two-step model

olds.

We have added black diagonal lines in Fig. 3 which are the posi-
ion of the line Emax

sum as defined in Eq. (3). This marks the energetic
osition in which two valence electrons from EF are emitted. It is
 and Related Phenomena 211 (2016) 32–40 35

obvious that no intensity is observed above this line as required
by energy conservation. In addition there is no visible energy shar-
ing between the electron pairs in the vicinity of Emax

sum . We  conclude
that direct DPE process from the valence states yields no detectable
intensity. What we observe is a photon energy dependence of the
direct DPE cross-section. It is well-known that the photoemission
intensity will decrease upon increasing the photon energy [67]. A
similar trend is expected to hold for DPE, too [8]. Experimentally we
have observed that the DPE intensity from Cu surfaces decreases by
at least an order of magnitude if h� is changed from 35 eV to 125 eV.
Therefore, it is not unexpected to see a further loss in the transition
probability for h� = 301 eV.

In Fig. 3(a) we  note an intensity peak for Eleft = Eright ≈ 135 eV. At
first sight this appears as a coincidence of two  photoelectrons. This
is energetically not possible with a single photon. What is observed
is a coincidence of an inelastically scattered Auger electron and a
photoelectron. These events, in which the two  electrons have the
same kinetic energy, can be observed in two  different ways. In one
case the photoelectron is detected by the left spectrometer and the
scattered Auger electron by the right one. In the other case, the
role of the two spectrometers is exchanged, with the right electron
being a photoelectron and the left one being an Auger electron. This
double counting disappears when one computes the sum energy
spectra, as demonstrated below.

For h� = 301 eV the most probable Auger electron energy is
roughly 11 eV higher than the photoelectron energy. We  studied
the Auger decay also for two  additional photon energies. In the one
case we  tuned h� such that Auger and photoelectron have over-
lapping energies, while in the other case the Auger electron has
11 eV lower kinetic energy. This is achieved by choosing h� = 313
and 324 eV and the resulting 2D-energy distributions are shown in
Fig. 3(b) and (c), respectively. For h� = 313 eV the kinetic energies
of the Auger and photoelectron overlap at Eleft = Eright ≈ 146 eV as
evidenced by the intensity peak in Fig. 3(b). Also in this case the
intensity is distributed in narrow energy bands parallel to the x-
and y-axis. While the spectra for h� = 301 eV and 313 eV could be
obtained for the same spectrometer setting this was not possible for
h� = 324 eV, because the photoelectron is outside the energy win-
dow. In order to capture the energies of interest the mean energy
of both spectrometer was  shifted by 7 eV towards higher values.
Again we  observe that the intensity is confined to narrow energy
regions parallel to the x- and y-axis.

In a next step we  compute sum energy spectra. We  firstly per-
formed separate analysis for coincidences associated to the decay
of 2p1/2 and 2p3/2 photoelectron. In all the considered cases we
found out that the Esum spectra associated to the two different
transitions (L2VV and L3VV) display identical line shapes. Thus,
we will present in the following a comprehensive analysis with
spectra associated to the whole corresponding 2D-energy distribu-
tions. The comparison of Esum spectra obtained for different photon
energies is facilitated by plotting the intensity as a function of
Emax

sum − Esum. Emission of pairs which involve states at the Fermi
level occur at Emax

sum − Esum = 0. This procedure is the equivalent of
setting the binding energy zero at EF in photoemission. This finally
leads to the spectra presented in Fig. 4. For easier comparison of
the line shape we  have scaled the spectra so that the maximum
intensity is unity. For all three spectra the onset of pair emission
occurs for Emax

sum − Esum ≈ 0 eV, the spectra also resemble a triangu-
lar shape except for the high binding energy where it starts to level
out at around Emax

sum − Esum ≈ 15 eV. Up to this point the spectra are
essentially identical, only the tailing beyond Emax

sum − Esum ≈ 15 eV
is different. This is however not an intrinsic effect, but a con-

sequence of the energetic position of the spectral features with
respect to the selected energy window of the spectrometer. For
this we recall Fig. 3 and focus on the position of the blue diagonal
line. In each of the three 2D-energy distributions this line marks
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the main features in the Auger distribution arise from final states
olor  in this figure legend, the reader is referred to the web  version of this article.)

max
sum − Esum = 25 eV. For h� = 301 eV this line is close to the left bot-
om corner, hence the length of the line is short. If we  compare
his with h� = 313 eV, we find the line further away from the bot-
om left hand corner and longer. The net effect is that the intensity
evels at Emax

sum − Esum = 25 eV are higher for h� = 313 eV in compar-
son to h� = 301 eV. This explains that the different intensities at
he low binding energy tail are due to the limited energy range of
he spectrometers. In all the 2D-energy spectra of Fig. 3 the whole
uger electron distribution is recorded by the spectrometers. Thus,

he excess emission observed in the curves obtained at h� = 313 eV
red) and h� = 324 eV (blue) can be associated to electron pairs in
hich the S 2p photoelectron has been inelastically scattered.

Another important aspect of plotting Esum spectra lies is the fact
hat the intensity peak at (135 eV, 135 eV) in Fig. 3(a) does not show
p. This demonstrates that the feature observed in the 2D-energy
pectrum is due to the overlapping of the vertical and horizontal
ntensity lines.

In the last part we prepared additional S overlayer structures.
rowing first a Ni film onto the Cu(001) substrate and then com-
encing with the H2S exposure leads to a c(2 × 2) structure of the

verlayer. Sulfur overlayers on metal surfaces have been exten-
ively studied in the past. There is consensus that for S/Cu(001)
nd S/Ni(001) the S atom is adsorbed at the hollow site [56–59].
he vertical distance of the S-layer to the underlying metal layer is
or both systems in the range 1.29–1.32 Å. This means that in these
wo structures the S atom possesses a four-fold coordination where
he bond length is 2.26 and 2.34 Å, respectively.

Experimental results on a S/O/Cu(001) sample suggest a struc-
ure in which half of the S atoms are incorporated within the first
u layer [55]. These S atoms have 8 nearest neighbors compared to
he S atoms on top which are 4 fold coordinated.

In Fig. 5 we compare the 2D-energy spectra obtained for
he three S structures, the photon energy was 301 eV. The total
rue counts for the three spectra are 1.05 × 105, 4.16 × 104 and
.13 × 104. It is apparent that these images display essentially the
ame features. The intensity is confined into rectangular regions
arallel to the x- or y-axis. The solid diagonal line included in
hese distributions marks the energetic position of Emax

sum . Clearly,
here is no discernible contribution of direct DPE from valence

tates. The spin-orbit splitting of the 2p-line is clearly visible for
he S/Ni(001) structure although less sharp than for S/Cu(001).
or the S/O/Cu(001) surface one can not identify the individual
Fig. 5. 2D-energy spectra of different samples taken with h� = 301 eV photons, (a)
S/Cu(001), (b) S/O/Cu(001) and (c) S/Ni/Cu(001). The solid diagonal line marks the
energy position of Emax

sum .

contribution of the 2p1/2 and 2p3/2. We  ascribe this to the two
non-equivalent sites the sulfur atoms occupy in the S/O/Cu(001).

The next step consists in computing the Esum spectra which are
presented in Fig. 7(a) with the actual energy scale being Emax

sum − Esum.
In order to compare the spectra we  normalized the intensity to
unity for the maximum. In a recent paper we  made use of first prin-
ciple calculations to work out the surface density of states (DOS) of
Cu(001)-p(2 × 2)S and we ascribed the main feature of the APECS
spectrum to the possible two-hole final states. We  pointed out that
in which two  vacancies are left in the bonding and non-bonding
sulfur surface states [68]. We make use of the same methodology
(see [68] for details) and extend the study to the other systems
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Fig. 7. (a) Esum spectra computed from the 2D-energy distribution presented in
Fig. 5. The photon energy was 301 eV. For better comparison we normalized the
spectra such that the maximum intensity is unity. (b) Cini-Sawatzky (CS) model,
for  U = 0.3 eV, applied to the DOS of the three considered systems. S/Cu(001) (green
continuous line), S/Ni(001) (dashed red line) and S/O/Cu(001) (dashed-dotted blue
/O/Cu(001) has been calculated separately for adatoms (b) and interstitial atoms
c).  The dashed line marks the energy position of the Fermi level.

o explain the main differences among their sum energy spectra.
ur first principles calculations were performed within the density

unctional theory framework. We  used the SIESTA package which
mploys localized numerical atomic orbitals as basis set to solve the
ingle-particle Kohn-Sham equations with periodic boundary con-
itions [69]. For the exchange and correlation potential we  used the
erdew-Burke-Ernzerhof parametrization of the generalized gradi-
nt approximation (GGA) [70]. The interaction between ionic cores
nd valence electrons was described by norm-conserving Troullier-
artins pseudopotentials [71]. We  used double-� polarized (DZP)

asis sets for S and O while for Cu and Ni we  enlarged the radii
f the basis sets following the prescription described in [72]. An
nergy cutoff of 350 Ry has been sufficient for the real-space mesh.
he first Brillouin zone was sampled with a grid equivalent to a
0 × 10 × 1 Monkhorst-Pack grid [73] for the 1 × 1 surface unit cell.
he systems were modeled by assuming a hollow absorption site
or the S/Cu(001) and S/Ni(001) systems, while for S/O/Cu(001) we
ollowed the model suggested in [55]. A seven layers thick slab
ith a lattice constant fixed to the theoretical equilibrium value has

een considered. The geometric optimization of the two  topmost
urface layers together with the adsorbates was realized using the
onjugated-gradient method until the residual forces were smaller
han 0.01 eV/Å. Fig. 6 shows the calculated single-particle DOS for
he three different systems we considered. The vertical scale is the
ame for all the plots. The S/Ni/Cu(001) interface has been modeled
y S/Ni(001) because a 10 ML  thick Ni film essentially decouples the
lectronic properties from the Cu substrate. The DOS of Cu is char-
cterized by a region of large values in the binding energy range
.5–5 eV, which is due to the 3d states occupied by 10 electrons. A sp
and in the range EF and 9 eV below is occupied by a single electron,
hich causes an almost constant DOS but at lower values than for

he 3d states. The adsorption of S in a p(2 × 2) structure on Cu(001),
ig. 6(a), leads to the formation of antibonding (A ) and bonding
1
A6) state above and below the 3d DOS of the bare Cu(001) surface.

 similar structure is observed for the adatoms on the O/Cu(001)
urface (panel b). On the contrary for the interstitial atoms (panel
line). (For interpretation of the references to color in this figure legend, the reader
is  referred to the web  version of this article.)

c) we  observe a weight transfer from the bonding level around 5 eV
to more bound states at ∼6 eV. A similar effect is observed when S
atoms are adsorbed on Ni(001) in a c(2 × 2) configuration (panel d).
Note that in this case the spin-summed DOS is reported. The main
difference driven by the substrate variation lies in the fact that the
antibonding state is pushed above the Fermi level. In a simplified
picture this effect originates from a charge transfer from S to Ni
where the S 3p electrons are hosted in the empty Ni 3d levels.

The line shape of the Esum spectrum contains the effects of
the correlation of the two holes left in the valence band which is
directly linked to the correlation between the two  emitted elec-
trons. The simplest approach to describe the line shape is to use a
self convolution of the DOS which neglects the electron–electron
correlation [74]. However, a more detailed description of the two-
particle line shape must take into account electronic correlations.
This can be done by applying the Cini-Sawatzky (CS) model to
the single-particle DOS [63,64]. Using the CS model we have
recently determined a hole–hole correlation energy U = 0.3 ± 0.1 eV
for Cu(001)-p(2 × 2)S surface states [68]. We  used this value for
the three investigated systems. A Shirley-type background was
added to the calculations to account for inelastic losses of the elec-
tron pairs. The calculated curves were convoluted with a Gaussian
profile of 1.1 eV full width at half maximum to account for the
energy resolution of our setup. The computed spectra are shown
in Fig. 7(b). The comparison between measured and calculated line
shapes shows a very good agreement and the differences among
the three experimental spectra are fully reproduced. It is then clear
that a variation of the local environment around the sulfur adatoms
hardly affects the strength of electronic correlations in the surface
states.
The sum energy spectra of the two  different sulfur recons-
tructions on copper show the same line shape for two-particle
binding energies below 10 eV. Differences are observed in the high
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inding energy side where the S/O/Cu(001) reconstruction (blue
oints) shows excess intensity with respect to S/Cu(001) (green
oints). In this reconstruction six S atoms are adsorbed on top of
he surface and six are incorporated in the Cu matrix. The DOS pro-
ected on the S adatoms, Fig. 6(b), closely resembles the one for the
(2 × 2) reconstruction with the A1 and A6 levels slightly shifted to

ower binding energy. The interstitial atoms, Fig. 6 c), show instead
 reduction of the A1 and A6 intensity and the appearance of other
tates centered around 6 eV. Since the Auger decay is mainly local-
zed on the atom of the initial ionization it makes sense to calculate
he two particle line shape separately for adatoms and intersti-
ial atoms. The total spectrum is then given by the sum of these
wo contributions as illustrated by the dashed-dotted blue line in
ig. 7(b). The differences observed in the high energy side of the
um energy spectra are essentially related to these interstitial sites
hat are responsible for the appearance of an extra feature at ∼12 eV
nd consequently for the broadening of the main two particle peak.

On the contrary the S/Ni(001) (red) curve presents an inten-
ity reduction in the low two-particle binding energy side (Emax

sum −
sum ≤ 8 eV). This is due to a reduced density of states around the
ermi energy for this system. According to energy conservation (Eq.
1)), this portion of the spectrum is indeed ascribable to final states
n which at least one of the two vacancies is close to EF. This is a
triking evidence of how the presence of an adsorbate species may
otally change the surface electronic structure of a system. For the
are nickel surface we know that a high DOS is expected near EF
ue to the partially filled 3d bands [75]. This is very different for
opper where the 3d bands start 2 eV below the Fermi level. The
dsorption of sulfur atoms and the formation of an hybrid valence
and totally reverses the above scenario.

In the past years several ultraviolet photoemission (UPS) and
on neutralization spectroscopy (INS) experiments have been per-
ormed on Ni(001)-c(2 × 2)S. In all of these studies the bonding
tates were clearly observed [75–80]. Some of them showed an
xtra peak 2 eV below the Fermi level. The origin of this peak was
nclear. Some authors associated it to a non-bonding S level [75,79]
hile some other considered it to contain emission from Ni d-band

77,78]. According to our experimental evidence it is now clear that
o S state is expected within that binding energy region.

. Conclusions

We  performed electron–electron coincidence experiments of
arious sulfur-overlayers on metal surfaces. The focus was on the
uger decay following the excitation of the S 2p level. We find

hat the energy distributions follow the predictions of a two-step
pproximation of the decay. In this case the Auger electron line
hape is identical to the line shape of the sum energy (Esum) spectra.

e observed that the line shape does not depend on the pho-
on energy. Comparing three different sulfur-overlayer structures
evealed that variation of the coordination or chemical nature of
he S nearest neighbors leads to small but appreciable differences
n the Esum spectra. These can be understood in terms of elec-
ronic structure variations at the different interfaces. We  observed

 clear change in the density of states around the Fermi energy
hen we moved from a copper to a nickel substrate. In partic-
lar the sulfur induced anti-bonding state, completely filled for
/Cu, is empty for S/Ni. This is observed as a reduced intensity in
he low two-particle binding energy region of the S/Ni coincidence
pectrum.

The effects of larger sulfur coverage are observed in the high

inding energy side of the surface valence band. These correspond
o the appearance of additional bonding states around 6 eV bind-
ng energy and to the consequent broadening of the two-particle
pectra.

[
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It is worth noticing that a change of the environment around the
sulfur atom does not lead to an appreciable variation of the strength
of electron–electron interaction in the surface states.
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