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Understanding the physical origin of core-level photoemission line shapes can offer valuable information about
the chemical and physical properties of surfaces. For instance, in a large number of transition metals oxides,
changes in the line shape allow the accurate determination of their oxidation states and cation site symmetry.
Yet, despite this importance, experimental investigations on core-level shifts have been much neglected in recent
years. In order to provide further evidence of the physical relevance, we have, in this contribution, introduced a
new aspect of interior-, terrace- and edge- atom core-level binding energy shifts to describe monolayers of MnO
(001) films grown on an Au(111) substrate. By this means we were able to distinguish the line shape contri-
butions related to different types of atomic sites. We show that their relative intensities and energy shifts are able
to provide information about the relative amount of under coordinated atoms on the surface and, thus give
insights into their catalytic properties. Our findings reveal the importance of a detailed surface science char-
acterization to provide the correct interpretation of distinct photoemission line shapes when considering thin
film samples as well as nanostructures in general.

different analysis developed by Bagus and collaborators [8] showed that
the SCLS could be directly related to the electronic structure of bulk and

1. Introduction

In the present work, we describe a new aspect of the shifts of core-
level binding energies, BEs, that can provide new insights into the
structure of supported oxide overlayers. The fact that the BEs of surface
and bulk atoms of metals are shifted, described as Surface Core Level
Shifts (SCLS), has been known for some time; see, for example, the re-
view by Egelhoff [1]. Remarkably, there has been much less studies of
SCLS for oxides [2,3] despite the possible importance for the chemical
and physical properties of their surfaces [4-6]. The original analysis of
the nature of the SCLS was based on a Born Haber cycle of the energetics
of moving an impurity atom between bulk and surface [4,7]. While this
was useful, it did not provide a direct connection between the SCLS and
the electronic structure differences between bulk and surface. A

surface atoms and further that the shift was largely dependent on the
initial state since the relaxation in response to the core-hole was very
similar for ionized bulk and surface atoms. More recently, the SCLS of
the surfaces of oxides, MgO [2] and CaO [3,9] thin films have been
measured. It was found that the unexpected difference between the SCLS
of the cations and the anions gave significant insight into the surface
properties, and hence into the chemical activity of the surface atoms.
The extension that we have made is to study BE shifts between the
interior, terrace and edge atoms for monolayers of MnO(001) grown on
an Au(111) substrate; whereby we concentrate on the Mn 2p XPS
spectra. Specifically, we examined distinct forms of MnO(001) films,
characterized by thick and thin films as well as islands exhibiting a c(2
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x 2) surface structure. The (1 x 1)-terminated oxide was observed for
thick, bulk type films as well as for few-layer films, while the c(2 x 2)
terminated overlayer mostly occurs in the form of fairly small islands.
Our well-defined films on Au(111) have been thoroughly characterized
by low-energy electron diffraction (LEED), scanning tunneling micro-
scopy (STM), X-ray photoelectron spectroscopy (XPS) and scanning
transmission electron microscopy (STEM). For these films, we could
identify shifts of the BEs related to interior, terrace and edge atoms that
we describe with the acronym CLS for Core Level Shifts and unambig-
uously relate to the specific positions of the different oxide atoms. As for
the SCLS, the CLS leads to a superposition of peaks, or since there is a
considerable multiplet splitting for the Mn 2ps,2 XPS in MnO, to a su-
perposition of multiplet features [10,11]. The CLS, in particular the
relative intensities of the shifted features, is able to provide information
about the relative amount of low-coordinated atoms on the surface and,
hence, to improve our understanding of their possible catalytic prop-
erties. Additionally, we expect that our analysis might be extended to
understand XPS core-level line shapes of other oxide thin films and
nanomaterials.

2. Experimental details

The experiments have been performed in two distinct ultrahigh-
vacuum (UHV) systems with base pressure better than 1 x 10~° mbar.
Manganese oxide films were prepared as described in a recently pub-
lished report from Moller et al. [12]. In short, the films were deposited
by electron-beam evaporation of metallic Mn pellets at 1 x 10~ mbar
O, partial pressure onto a clean Au(111) single crystal. Subsequently,
the deposited films were annealed in either 5 x 10" mbar or 1 x 1077
mbar O, partial pressure as indicated in the text. The oxide film depo-
sition rate of ~ 0.15-0.2 nm/min was determined using a quartz-micro
balance and later, confirmed using transmission electron microscopy
images. The MnO film thicknesses, investigated in the following, were
found to be ~2 nm for MnO (1 x 1) thick films and ~1 nm for MnO (1 x
1) thin films, later identified in the text.

The STM measurements were performed in a STM-UHV setup con-
tained an Aarhus-150 (SPECS) operated at room-temperature and
standard facilities for sample preparation. STM images were obtained in
the constant current mode using a chemically etched tungsten-tip
employing 1-2 V sample bias. STEM images were obtained using a
probe-corrected (spherical aberration (Cs)) Titan (FEI Company) in-
strument working at 300 kV. The cross-section specimens were prepared
using a dual beam microscope — Helios Nanolab 650 (FEI Company). A
gold protection layer of about 2-5 nm was evaporated in-situ on the
entire film surface, so that the samples could be transported in air,
without further modifications of the MnO(001)/Au(111) interface, to a
dual beam for the STEM sample preparation. The thin slices used for
STEM have been cut perpendicular to the Au(110). These samples were
subsequently plasma cleaned and then transferred to the STEM
instrument.

The XPS UHV setup comprised a Phoibos150 spectrometer (SPECS)
equipped with a monochromatic Al-K, source, an ErLEED system and
standard facilities for sample preparation. XPS spectra were analyzed
using CasaXPS software [13]. All photoemission spectra were taken at
normal emission and sample charging was found to be less than 0.5 eV
and 0.1 eV for thick and thin films, respectively. Binding energies cali-
bration (84 eV Au 4f;,2) and spectral resolution (0.65 eV FWHM) were
determinate based on the fitting analysis of the Au 4f;/» peak of a clean
Au(111) substrate using a Gaussian (10%) — Lorentzian (90%) sum
function (GL(90)) multiplied by a line shape asymmetry parameter
given by T(2.4). Mn 2ps,, core-level region spectral analysis was carried
out after Shirley-type background subtraction by fitting the peak enve-
lope using a Gaussian (70%) — Lorentzian (30%) sum function ascribed
as GL(30). Please see the Supplemental Material (SM) for further
experimental and analysis details.
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Fig. 1. (a) LEED pattern of ~2 nm thick (1 x 1) and (b) of < 1 nm thick c(2 x
2) films at 45 eV together with corresponding LEEDpat simulations. The ex-
pected positions of the film and substrate spots and the three-fold domains
structure of the film (dashed coloured squares) are indicated in the simulation.
The red arrow in (b) indicates concentric ring-spots connected to the c¢(2 x 2)
fingerprint. STEM survey image in (c); (d) high-resolution images of ~2 nm
thick film. STM images (Vs = 2-3 V; I; = 1.0 nA) of (e) ~1 nm thick and (f) < 1
nm thick films. Inset image show the atomic structure of the islands top-surface
with scalebar given by 2 nm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion

The MnO film structure was characterized by LEED. Fig. 1a displays
the typical diffraction patterns obtained for ~2 nm thick (1 x 1) MnO
(001) films using 5 x 10~8 mbar partial pressure of oxygen followed by
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post-annealing at 750 K. The MnO(001) square lattice is observed with a
lattice parameter of 0.3 nm compared to the literature value of 0.315 nm
[14]. The LEEDpat simulation [15], on the right side, identifies the film
structure as well as the formation of several domains with respect to the
substrate pattern. In the simulations, one can note empty circles related
to the expected positions for Au(111) diffraction maxima and filled
circles representing the film pattern. The film is characterized by the
formation of three domains rotated by 60° (indicated by three colored
squares), reflecting the mismatch between the film’s square symmetry
and the hexagonal symmetry of the substrate. The first ring of twelve
spots inside the gold spots of the simulation match very well the LEED
diffraction pattern; the gold spots are not observed since the film is thick
and covers all the substrate surface. Next, we analyze < 1 nm thick MnO
films obtained through annealing at 650 K in 1 x 10”7 mbar oxygen
partial pressure. Fig. 1b shows that the typical MnO(001) LEED pattern,
revealing a clear c(2 x 2) reconstruction. The relatively diffuse
diffraction maxima of the film are related to the formation of a discon-
tinuous layer (i.e., dispersed islands on the surface), as will be discussed
later. In this low thickness regime, the fine adjustment of temperature
and oxygen partial pressure may convert the MnO(001) c(2 x 2) into a
(1 x 1) termination at elevated temperatures and lower oxygen pres-
sure. Further analysis of the MnO films, displayed in Fig. 1b, reveal the
gold spots (with hexagonal symmetry) and two inner rings with twelve
spots, divided into three square pattern due to the threefold domain
structure of the ¢(2 x 2) islands. The corresponding substrate diffraction
pattern is now visible due to the finite film thickness. In Fig. 1b right
side, the corresponding LEED pattern simulation is displayed to facilitate
the identification of the diffraction maxima from the substrate and the c
(2 x 2) MnO(001) films. In both, experimental data and simulation, one
can identify the inner ring connected to the doubled unit cell size of the
reconstructed MnO islands with respect to the initial (1 x 1) pattern. (In
SM Figure S4, LEED patterns obtained for the (1 x 1) and ¢(2 x 2) film
structures are displayed for a wider range of beam energies).

Further characterization of the film structure was performed by
STEM and STM; due to the insulating nature of the ~2 nm thick MnO
films, their atomic level structure is explored only by STEM. In the panel
Fig. 1c one can observe a cross-sectional STEM image of the (1 x 1) MnO
(001) film grown on the Au(111) substrate. The film-substrate interface
was sliced and their corresponding crystallographic directions are
indicated in the image where the MnO(100) and Au(110) planes are
exhibited. In Fig. 1d, the image contrast of the MnO film portion is
connected to atomic columns related to an equal amount of intercalated
Mn—O atoms in the [100] film direction. The oxide quality can be
directly visualized based on the highly ordered atomic column structure
and sharp film-substrate interface. Indeed, the homogeneous phase
largely corresponds to MnO domains in [100] direction, oriented par-
allel to the Au substrate [112] crystallographic direction. This film
atomic row alignment is in close agreement with our previous study,
where the [100] film crystallographic direction follows a row-matching
behavior and runs parallel to the Au[112] crystallographic direction as
well [12].

An STM image obtained for thin (1 x 1) MnO films is presented in
Fig. le. At this film thickness and preparation conditions, relatively
compact films could be obtained which were generally characterized by
a MnO(001) (1 x 1) LEED pattern. Unfortunately, attempts to obtain
atomic resolved images are not successful possibly related to the film’s
poor conductivity. Nevertheless, a typical film height of either ~0.2 nm
or ~0.4 nm was found based on the images line profile analysis shown in
SM Figure S5, a measure compatible to a few layers thick MnO film.
Fig. 1f shows an STM image of films prepared with a nominal thickness =
1 nm at the conditions of the LEED patterns in Fig. 1b. These films are
typically discontinuous and characterized by crystalline islands
exposing top facets with a (2 x 2) MnO(001) reconstruction. The island
height is characterized by ~0.4 nm and their density on the surface
depends strongly on the annealing conditions (STM line profile analyses
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are displayed in SM Figure S4). In Fig. 1f, clean patches of the substrate
show the unique Au(111) herringbone reconstruction co-exists with the
MnO crystallites on the c(2 x 2) surface. In the inset of Fig. 1f, we show
the islands surface atomic structure characterized by a square symmetry
with ~0.58 nm lattice periodicity. These findings are in agreement with
our previous report on MnO film growth on Au(111) as well as with the
LEED pattern discussed above [12].

Thus, MnO films grown on Au(111) result in either (1 x 1) or c(2 X
2) surface structures depending primarily on film thickness and
oxidizing conditions. In both cases, the surface is characterized by a
square-symmetry with periodicity of either ~0.32 nm for (1 x 1) or
~0.58 nm for ¢(2 x 2). The (1 x 1) films are continuous with about ~2
nm thickness, and characterized by large terraces and bulk-like struc-
tures in the film interior. As the film thickness decreases down to ~1 nm,
relatively discontinuous films are obtained characterized by a large
portion of terrace atoms and relatively few atoms in bulk-like, edge or
kink positions of the layer. In the latter regime, MnO(001) bulk-like
thermodynamic stability is still achieved and no surface reconstruction
is observed [16]. In contrast, a further decreases in film thickness leads
to the formation of a discontinuous film, characterized by crystalline
islands in MnO(001) c(2 x 2) configuration [17-19]. Based on this
detailed information on the MnO film morphology, we will explore their
photoemission spectra in the following.

Fig. 2 shows the Mn 2p spectra for the thick, thin and island films.
The spectral fingerprint of MnO is generally related to its line shape
characterized by two satellite structures located at ~ 6 eV higher BE
with respect to each main spin-orbit component [20-24]. We note that
the main Mn 2ps/»-line at ~640 eV is distinctly modified by the surface
structure of the MnO films. This becomes particularly evident in the
fine-structure close to the peak maximum (The overall peak line shape,
including the XPS before background subtraction and Au 4p;,2 peak
removal are shown in SM Figure S2). In order to rationalize these fea-
tures, we have followed the general theoretical assumptions presented
by Bagus et al. [11] In this procedure, we have analysed Mn 2p3,, en-
velope using four multiplets, considering that the relative energy (Eye))
and intensity-area (I]) of each multiplet are given approximately by 0,
1.4,2.5and 3.2 eV and 1, 0.7, 0.4 and 0.2, respectively. Additionally, to
consider core-level shifts related to changes in the Mn coordination site
between interior (bulk-like), terrace- and edge-atoms in each film
preparation, we have employed 3 sets of four multiplet components and
one single satellite in the fitting analysis. These sets are identified by
different colours in Fig. 2. The multiplet contributions to the 2p3,2 XPS
region arise from the angular momentum coupling of the open 2ps3,,
shell with the open valence 3d shell of the Mn?* coupled to high spin °S
[10,11]. Indeed, the energy separation of these multiplets and their
relative XPS intensities provide a good fit to the Mn 2p3,5 XPS [11]. On
the other hand, the multiplet contributions to the 2p;/» line shape are
more complex, because of the angular momentum coupling of the 2p; 2
shell with the 3d°(®S) that is different from that of the 2ps3/2 [10,11], and
because of shake up satellites make contributions to the intensity in this
region [25]. For this reason, we have limited our analysis to the 2p3/»
only. It worth mentioning that the satellite component is known to
depend on the Mn cation chemical environment, too. Nevertheless, we
have kept its fitting as a single component constrained into BE energy
interval of 646-649.8 eV, to avoid complicating our analysis of the CLS
of the main Mn 2ps,, peak. The fitting results displayed in the Fig. 2
indicate that indeed the satellite intensity contributes slightly to both
2p3/2 and 2pj /5 regions. Nevertheless in all films investigated here, the
satellite BE, FWHM and relative intensity contribution to the 2p3,5 en-
ergy region was found to be essentially the same. More important, we
emphasize that attempts to describe the 2p3,, line shape using a smaller
set than three spectral contributions from interior, terrace, and edge
atoms have failed. The three contributions considered in our fitting
procedures were found to be necessary, assuming the theoretical
description of the Mn 2ps,, line shape nature presented by Bagus et al.
[11] and considering that each multiplet relative energy (E) and
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Fig. 2. Mn 2p photoemission spectral analysis after background removal
described in the SM for (a) thick; (b) thin; and (c) island-rich films. Black circles
display the experimental data after background subtraction; Pink curves
correspond to the total fitted intensity with contributions from interior atoms
(in blue), terrace atoms (in red), edge atoms (in green) and the Mn?*satellite (in
gray). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

relative intensity-area (I) could vary within +0.1 eV and 10%,
respectively.

Before we discuss the fitting parameters, we consider the origins and
magnitudes of the BE shifts between interior, terrace, and edge atoms.
An important contribution to these BE shifts is the change of the

Surface Science 725 (2022) 122159

electrostatic potential for atoms in different environments. For the
interior, bulk atoms, this is simply the Madelung potential [26]. If we
assume that the (001) surface of the oxide is unrelaxed and unrecon-
structed, then the electrostatic potential is simply the Madelung poten-
tial for the surface of a truncated perfect crystal which can be obtained
with a suitable Ewald Sum. The magnitude of the difference between
surface and bulk Madelung potentials is ~1 eV for cubic crystal struc-
tures with lattice constants of ~ 0.4-0.5 nm; see Refs. [2,3] and refer-
ences therein. For the MnO lattice constant, the difference would be 0.8
eV. The electrostatics is such that the O BEs are reduced for surface O
anions with respect to those of interior O anions and the BEs of surface
cations are larger than the BEs of interior cations [2,3]; although the
magnitude of the BE shift is the same for anions and cations. However,
there are factors that may modify the shift due to the electrostatics. This
will include the fact that the surface cations and anions have a different
distribution of charge than the bulk- and interior-atoms connected to
their surface relaxation and corrugation; as discussed in detail for MgO
[2] and CaO [3]. In the present case of MnO films, the CLS for O BEs has
been examined as well, but were not exceptionally large, as expected
(see SM Figure S2 and discussion therein, why is it expected). Thus, we
will use our fits to determine the BE shifts for low-coordinated Mn
cations.

Now, we focus on the physical meanings of the changes in our fitting
analysis of the Mn 2ps,;. In the present analysis, we have taken
advantage of the varying morphologies of our MnO films to further
explore the CLS phenomenon and to provide relevant insights into the
catalytic activity of oxide surfaces. Hereby, we have considered the
interior-, terrace- and edge-core level shifts in our line shape analysis.
This is in full agreement with the underlying nature of the SCLS which,
for the cations, are dominated by the differences in electrostatic po-
tentials (i.e.: Madelung potentials) experienced by low-coordinated
cations in terrace and edge compared to interior, bulk sites. The
magnitude of the electrostatic potential, which lowers the cations BE,
decreases from its MnO bulk value with 6 nearest oxygen neighbours, to
5 neighbours in the MnO surface and finally to 3-4 neighbours along the
edges of the island structures. These changes in Madelung potential and
its consequences on the SCLS were previously theoretically and experi-
mentally confirmed by Nelin and co-workers for MgO films [2] where
the SCLS for the Mg 2p XPS was predicted by theory to be 0.9 eV. In
Fig. 2, one can compare the 2ps,, core-levels for MnO films obtained for
thick and thin continuous films (in Fig. 2a and 2b) as well as the dis-
continued films (in Fig. 2c) that exhibit core level shifts between inte-
rior- and terrace-atoms of +0.4 eV and between terrace- and edge-atoms
of +0.8 eV. It is worth comparing the Mn 2p3 2 BE shift from interior to
terrace atoms of 0.4 eV to the somewhat larger shifts of 0.60 and 0.65
found for MgO [2] and CaO [3], respectively. The reduction could arise
from a stronger surface reconstruction of the MnO films than for MgO
and CaO or it could arise from uncertainties in the more complex fitting
procedure for MnO with respect to the closed shell oxides. However, the
MnO BE shifts are of the same order of magnitude as in the closed shell
oxides, discussed earlier. In this analysis, we observe a consistent trend
in which the relative multiplet intensities associated with certain atom
positions in the oxide correlate with the structural characteristics of the
MnO films. Evidently, in the thick (1 x 1) film (Fig. 2a), interior and
terrace-atoms components are predominant. As the film thickness de-
creases (Fig. 2b) the contributions from the terrace-atoms increase at the
expenses of the interior-atoms. In the analysis of the c(2 x 2) island
phase, CLS contributions from terrace and edge atoms become pre-
dominant for the line shape features and their intensity behavior can
directly be correlated with the number of low-coordinated sites.

The fitting analysis results are found in Table 1 (see details in SM
Table S1). We note that for each of the different films and for each of the
different types of Mn atoms, edge, terrace, and interior, the fitted E
and I, within one multiplet are nearly the same. For the E,, the dif-
ferences are normally less than 0.05 eV and the variation of the I, is less
than 5%. This strong similarity follows because the origin of the four
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Table 1
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Mn 2p3,, region fitting results: Binding energy (BE) and full-width-half-maximum (FWHM) are given in electron-volts (eV); Relative contribution of a certain multitplet
component to the total area (A) in%; CLS values obtained for interior relative to terrace and interior relative to edge atoms are represented by superscript * and #,
respectively. C, values related to interior, terrace and edge atoms are indicated by superscript I, T and E, respectively.

Spectral contributions Thick film Thin film Island film
BE (FWHM) Erel A Ll BE (FWHM) Eral A Ll BE(FWHM) Erel A Lel
Interior-atoms multiplets 639.78 (1.23) 0.00 25.75 1.00 639.68 (1.30) 0.00 3.74 1.00 639.65 (1.30) 0.00 0.69 1.00
641.00 (1.23) 1.22 18.60 0.72 640.93 (1.30) 1.25 2.22 0.71 641.00 (1.30) 1.35 0.41 0.69
642.08 (1.23) 2.30 10.47 0.41 641.95 (1.30) 2.27 1.52 0.40 641.96 (1.30) 2.31 0.28 0.41
642.99 (1.23) 3.21 4.54 0.18 643.05 (1.30) 3.37 0.55 0.15 642.95 (1.30) 3.30 0.14 0.14
Terrace-atoms multiplets 640.16 (1.25) 0.00 10.05 1.00 640.14 (1.25) 0.00 33.24 1.00 640.12 (1.30) 0.00 25.69 1.00
641.41 (1.25) 1.25 6.61 0.66 641.40 (1.25) 1.26 22.02 0.70 641.41 (1.30) 1.29 18.51 0.72
642.48 (1.25) 2.32 3.17 0.32 642.45 (1.25) 2.31 12.05 0.39 642.47 (1.30) 2.35 10.50 0.41
643.30 (1.25) 3.14 1.65 0.16 643.30 (1.25) 3.16 6.09 0.21 643.24 (1.30) 3.12 4.55 0.18
Edge-atoms multiplets 640.98 (1.25) 0.00 8.13 1.00 640.96 (1.30) 0.00 7.34 1.00 641.00 (1.30) 0.00 17.13 1.00
642.16 (1.25) 1.18 5.37 0.67 642.15 (1.30) 1.19 5.67 0.68 642.21 (1.30) 1.21 11.74 0.68
643.56 (1.25) 2.58 3.58 0.45 643.60 (1.30) 2.64 3.60 0.45 643.51 (1.30) 2.51 6.21 0.36
644.26 (1.25) 3.28 2.07 0.25 644.31 (1.30) 3.35 1.94 0.25 644.30 (1.30) 3.30 4.14 0.24

CLS & Crel 0.4* and 1.2% & 59.4% 21.57 & 19.1F

0.4* and 1.2% & 8.0', 73.4T and 18.5%

0.4* and 1.2% & 1.5', 59.2T and 39.2%

multiplet components is dominated by the angular momentum coupling
of the localized open 2ps,» shell with the localized 3d® shell which in the
initial state is coupled to 6. Of course, there will be variations in the Eye
and I ) because the 3d shell has a covalent mixing with the O 2p and a
ligand field splitting which modifies the atomic character [27]. There
may also be variations because of uncertainties in the fitting procedure.
To assess the reliability of our fits, we give theoretical relative intensities
obtained for the four multiplet peaks of bulk MnO (1.00, 0.72, 0.42 and
0.20), remarkably close to the values in Table 1 [11]. We have also
introduced in Table 1 the percentage (Ce) of interior-, terrace- and
edge-atoms to the total intensity of 2ps3/» line, not considering the sat-
ellite contribution since it is almost constant for all film preparations.
The calculated values for the ~2 nm thick MnO films reveal relative
spectral contributions for interior-, terrace- and edge atoms of 59.4%,
21.5% and 19.1%, respectively. Remarkably, this finding agrees with
our CLS analysis since it matches with the expected spectral weight of
each component, as revealed from the structural characteristics of the
~2 nm thick films. For instance, the thick MnO film displayed in the
Fig. 1c (~ 7-8 monolayers thick) is characterized by at least 2 mono-
layers of terrace-atoms located either at the film/substrate or film/-
vacuum interface, whereas the remaining ~5 layers are formed by the
interior-atoms, which indeed contribute around 60% to the total spec-
tral response.

4. Conclusions

In conclusion, we have performed a detailed Mn 2p3/» line shape
analysis on well-defined MnO (001) thin films in which robust evidence
for the defining role of the BE shifts of different atomic coordinations,
namely interior-, terrace-, and edge- Mn cations is presented. Our find-
ings reveal the importance of a detailed surface science characterization
to provide the correct interpretation of distinct photoemission line
shapes when considering thin film samples as well as nanostructures in
general.
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