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Abstract

Manganese oxide thin films present Mn cations that may take different valence states
and structural geometries, exhibiting various properties and applications. Hence, this the-
sis explores the lattice and electronic structure and the chemical reactivity of MnO and
Mn3O, thin films grown onto Au(111) single-crystal. First, the surface lattice structure
was determined by Low-Energy Electron Diffraction (LEED) with the support of mi-
croscopy techniques. Therefore, we observe that both films have grown at [001] direction
and present three domains rotated by 60°. Next, the X-ray Photoelectron Spectroscopy
(XPS) spectra were measured to study the surface electronic structure. For that, we fit
the high-resolution Mn 2p spectra under the multiplet splitting theory, where the col-
laborator Professor Paul Bagus performed the calculations of multiplets. The Mn 2p fit
was analyzed for three distinct MnO films, which were approximated to be thick, thin,
and island films. As a result, we could identify the contributions from bulk, terrace, and
edge atoms. Then, the XPS fit analyses proved to be an important tool for observing the
low-coordinated Mn cations on the surface, which shows an advance in the observation
of the core-level binding energy shift effects (CLS). In addition, adsorptions of carbon
monoxide (CO) and water (D,O) molecules yield insights into the film’s chemical reac-
tivity. For that, it mainly uses the Infrared Reflection Absorption Spectroscopy (IRAS)
technique to observe the interaction of the surface with the molecules. The CO probes the
surface termination of Mn3z0,4(001) and shows that its surface termination is oxygen-rich.
Both films dissociate the water molecule into O, D and O,D, where the w index stands
for oxygen from water and the s index for oxygen from the surface. However, this water
dissociation only occurs in the defects of the oxides. A surface rich in oxygen and the
cations at the octahedral sites are known to be unfavorable to dissociating the water.

Key Words: Surface Science, Manganese Oxide, XPS, and IRAS.
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Resumo

Filmes de 6xido de manganés possuem cations que podem assumir diferentes estados
de valéncia em estruturas diversas, exibindo assim varias propriedades e aplicagoes. Por
isso essa tese explora a rede cristalina e a estrutura electronica assim como a reativi-
dade quimica dos filmes finos de MnO e Mn3Oy crescidos sobre monocristal de Au(111).
Primeiro foi determinado a estrutura de rede através da técnica de difracao de elétrons
de baixa energia (da sigla em inglés LEED) e com auxilio de técnicas de microscopias.
Dessa forma foi determinado que ambos os filmes crescem na dire¢ao cristalografica [001]
e apresentam trés dominios rodados de 60° entre si. Depois espectros de fotoelectrons
de raios-X (da sigla em inglés XPS) foram obtidos para investigar a estrutura eletronica
da superficie. Esse estudo consistiu nas analises dos picos de alta resolucao do Mn 2p
com o emprego da teoria da separacdo em multipleto, onde os calculos tedricos foram
realizados pelo colaborador Prof. Paul Bagus da universidade do norte do texas (da sigla
em inglés UNT). Para trés diferentes filmes de MnO, aproximados para filme espesso,
fino e ilha, pudemos identificar os a&tomos em baixa coordenacao identificados como con-
tribuicao no espectro de atomos internos, terraco e extremidades. Assim foi realizado um
avanco na observacao do efeito de deslocamento da energia de ligacdo em nivel de caroco
(do acronomo em inglés CLS). Além disso, a reatividade quimica da superficie dos filmes
foram observadas com adsor¢ao de moléculas de agua (D20O) e monoxido de carbono (CO).
Para realizar esse estudo a técnica de espectroscopia de absor¢ao e reflexao infravermelha
(da sigla em inglés IRAS) foi empregada, nela é possivel observar a intera¢ao das molécu-
las com a superficie. Os experimentos com as moléculas de CO indicam que a superficie
do Mn304(001) é terminada com os cations de manganés 3+ rica em oxigénio. Os dois
filmes dissociam a dgua nas contribuigdes de oxigénio da dgua com o deuterio (O,D) e
oxigénio da superficie com o deutério (OsD). Porem, a dgua so dissocia nos defeitos da
superficie, superficie rica em oxigénio como a do Mn3O,4 nao ira facilitar a dissociacao das
moléculas de agua.

Palavras-Chaves: Ciéncia de Superficie, Oxido de Manganés, XPS and IRAS.
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Introduction

The surface of bulk material is the plane that interacts with other materials, which can
be another solid surface, gas molecules, or a liquid. At a determined crystalline direction,
the surface atoms can present a reconstruction or relaxation concerning the bulk struc-
ture to minimize the surface free energy [1|. As an example, the Au(111) single-crystal
presents a complex surface structure regarding the bulk atoms, known as herringbone
reconstruction [2]. Such different arrangements of atoms can also occur on a film surface
grown on a substrate, as in the case of MnO(111) film grown onto Rh(111), which presents
a (2x2) reconstruction [3|. However, the same film on Rh(100) substrate does not recon-
struct, presenting a (1x1) structure [4]. Since it is through the surface that interactions
with molecules happen, surface structure investigation is essential for applications such as
catalysis. Catalysis is the process that enhances the rate of a specific reaction by adding
a substance. The substance is a catalyst that does not participate in the products at the
end of the reaction [5]. This process is applied in several fields and is present in our daily
lives. For example, yeast is a catalyst in the reaction that converts sugar into alcohol in
the fermentation process of wine and beer [6,7].

One approach to catalysis investigation is surface science, which generally employs
techniques that operate in ultra-high vacuum (UHV) conditions (pressure below 1077
mbar) [8]. Under this pressure condition, it is possible to perform the surface study at an
atomic scale and controlled environment, which facilitates understanding of the chemical
process between a surface and molecules. Furthermore, the surface science approach is
a model system that can find a good agreement with the same reaction under realistic
conditions [9,10]. As a result, much research focuses on this approach for many sur-
faces which exhibit an interesting chemical reaction, such as metal oxide semiconductors
that present complex structures with distinct metal oxidation states [11,12]|. However,
the surface study of these materials is difficult because, generally, conductive samples
are necessary to perform the experimental techniques [1]. Due to that, the growth of ox-
ide semiconductors on metallic surfaces to charge compensation is typically employed [13].

Manganese oxide (MnO,) exhibits a versatile crystalline structure due to its multiva-
lent cation nature, among various metal oxides [12]. Its chemical activity with distinct
molecules, such as NO, benzene, and toluene, has been explored in the literature for quite
some time [14,15]. Research on water splitting by MnO,, indicates that its interaction
depends on the crystalline structure. The a-MnO, exhibits moderate water splitting,
while the 7~-MnO, does not present activity at all. An important factor observed is the
metal oxidation state, where the Mn3" plays an important role in this reaction [16]. An-
other relevant research is the thin films of MnO grown on Au(111), which indicated that
the film activates the carbon monoxide (CO) through the edges of the oxide islands [17].
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Therefore, film morphology is important for the investigation of chemical reactions. In
short, a film can be approximate to form islands or "wet" the substrate surface. For
instance, MnO films were grown on Pt(111), where thin films wet the surface and islands
are observed for the thick films [18,19]. Manganese oxide film grown onto distinct metallic
substrates can result in different morphology and termination structures. For example,
the MnO grown on Pd(100) |20] is [111]-oriented and on Au(111) |21] is [100]-oriented.
This can be associated, among others, to the lattices mismatches, which can variate from
9.0 % for MnO(110)/Au(110) [22| and for MnO(001)/Ag(001) [23-27] until 21.6 % for
Mn30,4(110)/Cu(111) [28,29].

A few studies are found on manganese oxide grown on gold single-crystal; we only
know the MnO onto Au(110) [22]. The Au(111) substrate can be an interesting material
for the growth of thin films, first because it is known to be very inert, which will avoid
oxidation of substrate surface as happened to the Cu(111) substrate [30]. Second, if the
film follows the substrate orientation, the MnO(111), which is a polar surface, can be
obtained. Moreover, its herringbone reconstruction could influence the film structure due
to the substrate surface structure. Therefore, this study begins with the master thesis,
where we discover how to grow well-oriented manganese oxide thin films onto Au(111)

substrate [31]. In appendix A.1 is presented the master thesis summary, which comprises
the growth of MnO(001) and Mn3O4(001) thin films.

Therefore, this doctoral thesis proposes detailed research on these films’ atomic-level
structure and electronic properties by surface science techniques. Further, aim to explore
its surface chemical properties as a water and carbon monoxide model system. Then,
this thesis is organized with a short manganese oxide literature review in the first chap-
ter; note that more literature review is provided in the introduction of each section in
the result chapter. The second chapter explains the techniques employed, mainly the
spectroscopies as X-Ray Photoelectron Spectroscopy (XPS) and Infrared Reflection Ab-
sorption Spectroscopy (IRAS). Finally, in the third chapter are the results, where the
first result extrapolates the core-level binding energy shifts for different cation sites on
the surface MnO(001) thin films. A surface comprises many sites such as terraces, edges,
vacancies, kinks, steps, and others. Identifying, through the XPS spectra, the amount of
low-coordination cations present on a surface material is an advance in investigations of
thin films and nanomaterials. The following results comprise the chemical reactivity of
the MnO(001) thin film and the Mn3O4(001) film for water and carbon monoxide. It aims
to understand the surface termination of both films and how their surfaces interact with
the gas molecules. This thesis performed the experimental data and its interpretation. It
will be indicated in the text when the data and/or its interpretation were performed by
someone else.
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Chapter 1

Literature Review

1.1 Manganese Oxide Properties

Manganese is a transition metal with the 3d orbital half-filled, which has the elec-
tronic configuration of [Ar|3d°4s?. When bonded to oxygen, two electrons from the 4s
are shared. Where the Mn?" is the cation and O?~ is the anion, which is the first ox-
ide state of manganese, MnO, which has a strong ionic character [32]. Manganese oxide
has a variety of oxidation states such as MnO (Mn?*), MnzO, (Mn?*, Mn3"), Mn,O;
(Mn®*T) and MnO, (Mn*") [12]. Among them, the MnO and Mn3O, are the materials
under investigation in this thesis. Besides their interesting properties, these two films are
relatively easy to obtain in UHV conditions. Figure 1.1 exhibits a manganese oxide phase
diagram, where a determined manganese oxide state is obtained at a range of temperature
and oxygen partial pressure. In the UHV chamber, the oxygen partial pressure achievable
is from 10~ mbar until 107> mbar. This range corresponds to -12 atm until -8 atm in
the log graphic, in which the MnO and Mn3O, is the manganese oxide phase obtained.

T1{*C) —»

700 800 900 1000 1200 1400 1600
1 1 L T T L) T T ¥ )
Mn.0
I 2l 273 ﬂ‘”ﬂ]q: )
-~ 4 .
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— 101 (KM

Figure 1.1: Manganese oxide phase diagram for high temperature, extracted from [33].
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Figure 1.2 shows the ideal unit cell representation for the MnO and Mn3Oy, as a ball-
model performed with VESTA software [34]. The MnO is a face-centered cubic (rock-salt)
with the Mn2* cations at octahedral coordination sites. Its lattice parameter is 4.44 A with
the shorter distance between the cations (Mn-Mn) 3.15 A [12,35]. This material presents
a large bandgap of 3.6 eV with the high-spin antiferromagnetic type-II ordering 36, 37].
The Mn3O, presents a more complex structure than the MnO, whose crystalline structure
is a tetragonal spinel with a Jahn-Teller effect (a distortion). It presents an edge size of
9.44 A, where the top and bottom of the unit cell is a square of 5.76 A distance performed
by Mn*" cations [12,35]. This oxide has a mix of cations, with the Mn?" at tetrahedral
sites and Mn3" at octahedral sites. Its bandgap is 2.5 eV, which is not as large as the
MnO [38].

MnO unit cell Mn,O, unit cell Octahedral

Mn” o
Mn’ °
o

O

Tetrahedral

Figure 1.2: Ideal unit cell representation for the MnO and Mn3Oy,, and the octahedral
and tetrahedral coordination sites, performed with VESTA software [34].

1.2 MnO and Mn3;0O, Thin Films

Among the several deposition techniques used to fabricate well-ordered thin films, the
molecular beam epitaxy (MBE) is one of the methods to obtain a clean surface in UHV
conditions. In the MBE, the material is evaporated from an electrically heated filament
or sublimated from a crucible (please see more about the electron-beam evaporator in
the section 2.5). Then, the manganese metallic was evaporated onto Au(111) substrate
surface in an O, environment by MBE technique. Therefore, the film thickness, oxygen
partial pressure, and temperature are important parameters. In the literature, several
growths of manganese oxide thin films onto metallic substrates by MBE result in the
MnO and Mn3Oy4. The film growth can be performed with the substrate at room temper-
ature, avoiding an alloy between the metals. Which is the case for the MnO obtained at
Au(110) [22], where an Mn-Au alloy is possible even at room temperature [39]. Therefore,
an annealing post-growth is performed to promote film crystallization. The temperature
for the post-annealing is limited to the substrate melting point, where the surface can
suffer damage with a near temperature.

The MnO thin films show a variety of surface, presenting a (2x2) reconstruction when
its grown onto Rh(111) |3|, and (1x1) bulk-like when its grown onto Pt(111) [18,19]. In
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both cases, the MnO film follows the substrate lattice orientation, but this is not neces-
sarily. The MnO(111) grown onto Rh(100) [4] and present two domains rotated by 90°.
In the same substrate, it is possible to obtain a distinct MnO surface, as in the case of
the MnO films grown onto Pd(100). Whereby adjusting the parameters, it is possible

to obtain the well-ordered MnO(100), the polar MnO(111), and the mix of two surface
structures [20].

Many research explored the MnO thin film onto Ag(100) substrate [23-27], in partic-
ular, the XPS Mn 2p spectrum has been observed for two different angles, sample surface
perpendicular (0°) and with 80° to the analyser (Figure 1.3). It is observed that the peak
shape changes from the bulk-sensitive (0°) to the surface-sensitive (80°). The authors
do not explore the small change in the Mn 2p line shape, which is found with different
asymmetries in the literature. This thesis will be studying the Mn 2p peak shape with
the Prof. Bagus theory support (please see the section 2.2).

rYYrfprrry

MnO/Ag(100)

M

665 660 655 650 645 640 635
Binding Energy [eV]

Figure 1.3: XPS Mn 2p spectrum for two angles, 0° and 80°, for the MnO thin film grown
onto Ag(100) |adapted from [24]].

Different from MnO, the well-ordered Mn3Oy4 films were grown in a few substrates,
such as Ag(001) [40], Cu(111) [28,29], Pd(100) [41], and Au(111) [21,42]. Beyond the
growth on metallic substrates, it also obtains Mn3O, through the MnO film oxidation [43].

It will be grown onto Au(111) and explored its electronic, lattice structure, and chemical
reactivity (section 3.3).

It presented the general literature review for both oxides. Then, in each section of

the result chapter, the specific literature review will be introduced, showing the research
motivations, results and conclusions.
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Chapter 2

Experimental Procedure

2.1 Low Energy Electron Diffraction (LEED)

Figure 2.1 presents the LEED experiment scheme, where an incident beam is scat-
tered by the sample surface (diffracted beam) and results in a diffraction pattern on the
screen (behind the electron gun). The sample is grounded, and the LEED apparatus has
different lenses to allow the formation of diffraction patterns on the screen. The free mean
path determines the electron path length without loss of energy. For many elements, the
free mean path is at the minimum of a "universal" curve for low-energy electrons (which
is about 10 A) Besides that, the electrons do not have a significant penetration on the
surface, so the LEED is a surface technique. The incident electron beam can be acceler-
ated from 0 to 300 eV; hence it is low-energy [44].

Observed Diffraction Pattern
fluorescent screen

LEED
Spots
diffracted beam
sample
incident bearn/_; g/

Figure 2.1: Left side is the scheme of the LEED experiment (extracted from [44]) and the
right side is the graphical construction of the Ewald sphere (based on [44]).
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Surface Lattice Structure

A crystalline surface is defined by its real and reciprocal lattices. The real lattice is
defined by the position of atoms at real space, which the two dimensional position vector
is

r = ua; +vaj, (2.1)

where (u, v) are integers and (a;, a;) are the base vectors. The reciprocal lattice is defined
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by the real lattice periodicity at momentum space, which the two dimensional reciprocal
lattice vector is

where (h, k) are integers and (b;, b;) are the base vectors. Those two vectors must satisfy

the following properties
a; - bz = 277', a; - bj =0. (23)

Therefore, the equation 2.3 introduces a relation between the lattice parameters of recip-
rocal and real spaces.

When electron-beams interact with the sample surface, multiple scattering shall be
considered and the scattering beam vector is

k’=k+g, (2.4)

where k is the incident beam vector whose module is

= 2;”E. (2.5)

The equation 2.4 is the Bragg law that must be satisfied for the diffracted electron beam
to result in a diffraction pattern on the screen. Therefore, the LEED technique scans
the reciprocal space of a determined crystalline surface. This can be observed graphically
through the Ewald sphere presented in Figure 2.1, on the right side, where the sphere
radius is given by the incident vector. Imaginary lines perpendicular to each surface atom
are drawn and each spot that the circumference crosses is a diffraction maximum. For
an initial electron beam, a few spots are obtained which characterize the first diffraction
order. And for a greater electron beam, a bigger sphere is constructed and more orders
of diffraction are obtained, as the third order is represented in Figure 2.1 [1,44].

The diffraction pattern can be reproduced through a simulation by LEEDpat software,
developed by Hermann and Van Hove [45]. Where the lattice parameters and angles of
real lattice are applied to obtain the correspondent diffraction pattern on the simulation.
Although is not unequivocal this can give insights into the crystalline structure. For ex-
ample, Figure 2.2 shows the Au(111) diffraction pattern by side of the simulation [45,46].

Lattice Simulation LEED Data

2.88 A

Figure 2.2: LEED pattern simulation of a hexagon with 2.88 A of lattice parameter by
side of Au(111) diffraction pattern (46 ¢V) (extracted from [46]).
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2.2 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is a technique among others from Photo-
Electron Spectroscopy (PES). Where a light, in this case, the X-ray, is employed to emit
electrons from material to obtain information about the electronic energy distribution.
Figure 2.3 schematic of the experiment structure, where different lights (X-Ray, Ultra-
Violet, and Synchrotron) extract photoelectrons from the sample that travel through an
energy analyzer until it reaches the electron detector. The X-ray source has the energy to
excite electrons from the core-level energy of many materials. While the analyzer scans
the energies the detector counts the electrons that arrive. Thus, the spectra are composed
of the counts of electrons in the function of their binding energy [47].

Ultra-Violet
source
Synchrotron

light source
AN Energy Analyzer

~

N
Monochromator -

~
X-Ray source N
~ N P
I_ — ~ .

Electron-
detector

Figure 2.3: Scheme of PES experiment for three different sources (X-Ray, Ultra-Violet,
and Synchrotron) that extract the photoelectrons which pass by an energy analyzer until
it reaches the electron detector (extracted from [47]).

The binding energy can be obtained by the photoelectric effect equation, which de-
pends on the light energy (hw), the work function (¢) and the electrons kinetic energy
(Eyin) as a follow:

Ep = lw — ¢ — By, (2.6)

Work function is the energy necessary to remove an electron from the Fermi level to the
vacuum level, this is specific for each material. As the sample is grounded with the equip-
ment the Fermi-level is the same for both, and the equipment work function is previously
known through a calibration sample [47].

Several features can be observed on photoelectron spectra, mostly related to the sec-
ondary and primary electrons. Whereas the former refers to the electrons that lose energy
and contribute to the background, the latter originates the peaks. It also observed the
Auger-Meitner peaks, which come from the decay process of excited atoms to go back
to the initial state. Metals samples often present the plasmon lines, which occur due to
system-hole interaction, the electron-hole pairs can lead to collective oscillations and this
is observed as an asymmetric line on the peak. The response of the system to the positive
potential performed by the core-hole can lead to satellite peaks, these also can result from
the interactions of photoelectron with valence band electrons (known as shake up and
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shake off) [47].

The theoretical interpretation of the spectra can be obtained by the three-step model,
which describes the experimental situation. This model divides the effect of photoemission
into three steps which are: the probability of the photoelectric effect happening; the path
of ejected electrons; and the photoelectron escape without losing energy. The evaluation
of each step is performed under the frozen-orbital approrimation, which assumes that
the orbitals after and before the photoemission process are the same. Thus, in a first
approximation, the peaks on spectra will refer to the orbitals of the determined present

element, 1. e.
Epj >~ —ex (2.7)

often known as a Koopmans’ binding energy [47].
The relation between the energy levels of material and the electron energy distribution
in the spectrum is performed by the equations 2.6 and 2.7. Figure 2.4 exhibits this relation,

where the light energy (fuww) can remove electrons that pass the vacuum level and still has
enough kinetic energy to be collected by the spectrometer [47].

Evin  Spectrum

EF -
/ Yolence Band

hw
E | Sample p— ___-1
T
L Vacuum/level- - - N(E)
EFW__:::_‘_T::_FPEI"_":_ET%GY
hw
Eq Core Level R

» N(E)

Figure 2.4: Relation between the energy levels of a sample and the electron energy distri-
bution observed at spectrum obtained from a light energy of hw (extracted from [47]).

22



Spectra Analysis

The peaks at XPS spectra are labeled as X nL;, where the X is the symbol of the
element from which electrons were ejected, followed by the principal (n), orbital (L), and
total (J) quantum numbers. Principal quantum number assumes the values of 1, 2, 3
and so on; the orbital angular momentum is represented by the letters s, p, d and f with
the values of 0, 1, 2 and 3 respectively; and the total angular momentum is the sum
of spin (1/2, -1/2) with the orbital angular momentum, J = |L 4 S|, for example the
Mn 2ps/5. The spin-orbit coupling leads to a peak split, except for the s orbital (L =
0), and the peaks intensity is proportional to the electrons’ occupation in the orbitals [47].

The frozen-orbital approximation provides information such as the spectrum shape,
peak position, and the presence of satellites. Although, it is necessary to consider the
response of a system with a core hole for further electronic structure analyses. When
the X-ray source illuminates the sample, electrons are ejected from the atom and leave a
hole. The core-hole exists for about 107! s until a decay process happens. Meanwhile,
the Coulomb interaction between the core-hole and the valence-electrons changes the elec-
tronic states to a final state. The XPS spectrum obtained results from these final states,
which can be many for the Mn 2p peak. This peak reveals the spin-orbit splitting that
results in a complex spectrum, which will be explored forward [47,48].

The Mn 2p peak will be fitted following the theory developed and presented by Bagus
et al. (2006) [32]. Figure 2.5 shows the result of calculations for an MnOg cluster embed-
ded in a point-charge environment, where the lattice structure of MnO were considered.
Therefore, the Madelung potential were reproduced what not happen when it is calcu-
lated for the isolated cation (Mn*"). The multiplet contributions arise from the angular
momentum coupling of the open 2p3/, shell with the open valence 3d shell of the Mn?2*
coupled to high spin S [32,49]. Thus, the experimental data fit for the MnO spectra were
performed with the constraints £0.2 eV of energy and +10 % of intensity, as presented
by Table 2.1. However, the calculated values are presented only for the Mn 2p3/, peak.

1.00
Mn 2p,, Mn 2p - MnO, 2p,,
0.80 1 Ercl I[cl
0 9
> 0.60 + 1.41 6.53
=
a 249 378
5[5)040_ 3.18 1.76
!
0.20
0.00 ———

30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 -2
Relative Binding Energy

Figure 2.5: Mn 2p theory of multiplets for an MnOg cluster, table inside with the inten-
sities and position of each multiplet of Mn 2ps3/, peak (adapted from [32]).
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It is a challenge to perform the fit of the whole Mn 2p peak due to the angular
momentum coupling of the 2p; shell with the 3d°(°S) is different from that of the 2p3 s,
and also the satellite peak which is near at this region. However, once the whole peak is
fitted, information about the 2p; /5 can be obtained. Therefore, the 2p;/, region was fitted
with the same number of 2p3/, multiplets but decreased the binding energy. Although
the deconvolution might not be exactly like that, the components should be in accordance
with the theory by the constraints to fit the spectrum, hence, this should be reasonable.

Mn 2p3/, Mn 2py /o
Multiplet E,e (£0.2 eV) T (£10 %) E,e (£0.2 eV)
1 0 1 0
2 1.4 0.7 -14
3 2.5 0.4 -2.5
4 3.2 0.2 -3.2

Table 2.1: Values applied to fit the experimental data of MnO spectra (based on [32]).
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2.3 Thermal Desorption Spectroscopy (TDS)

Thermal Desorption Spectroscopy (TDS), or Temperature-Programmed Desorption
(TPD), is one of the techniques in which a chemical reaction on the surface is monitored,
while the sample temperature increases linearly in time. After covering the sample with
a determined gas-phase molecule, at a constant temperature, desorption spectroscopy is
performed by raising the temperature. When the surface temperature increases with time,
B(t) = dT'/dt, the adsorbed molecules start to leave the surface. The spectrometer mea-
sures the concentration of desorbing species in the function of temperature. Due to the
experimental conditions, the re-adsorption can be disregarded [50,51]. Figure 2.6 presents
the TDS experiment scheme, where the quadrupole mass spectrometer (QMS) stands in
front of the sample surface.
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Figure 2.6: TDS experiment scheme: The temperature of the sample is varied with the
time while the quadrupole mass spectrometer (QMS), which is in front of the surface
sample, measures the concentration of desorbing species (extracted from [51]).

The rate of desorption (r;) is proportional to the surface coverage (6) described by

the Polanyi-Wigner equation,
do
rg=——="Fryq- 6" 2.8
T ar (28)
Where z is the order of desorption, k; is the rate constant that depends on activation

energy (FE) since desorption it is always an active process. Defining the rate constant by
the Arrhenius equation,
E()
kg =1v(0) - - 2.9
i=v6)-e (7). (29)
where the R is the ideal gas constant, T is the temperature, and v(0) is the pre-exponential
factor. The Arrhenius (2.8) and Polanyi-Wigner (2.9) equations combined to give the
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equation that describes the rate of desorption, i.e. change in adsorbate coverage per unit
of time:

rg = —2—? = v(0) - exp (—%) 0" (2.10)

That equation can be rewritten as a function of temperature, which describes the desorp-
tion signal intensity [50]:

g v(0) E(9) .
Td(T) — _ﬁ — m - exp (_ﬁ> . 9=, (2.11)

Figure 2.7 shows the coverage-spectra simulation using 2.11 performed by Badan [52].
These curve trends are a fingerprint for each order of desorption, which will be treated
individually forward.

2° order —

i |
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Figure 2.7: Coverage-spectra simulation for second-, first- and zero-order performed by
Badan (2016). E = 60kJ/mol; v = 10"s™!; coverages of 0.2, 0.4, 0.6, 0.8 and 1.0 ML.
Adapted from [52].

The zero-order, x = 0, presents a desorption rate independent of coverage and increases
exponentially with T,

ra(T) = % - exp (-%) . (2.12)

A family of curves with a common leading edge and maximum desorption is expected,
which shift to high temperature with coverage increase. The spectra of water desorption
from the FeO(111) surface, presented in Figure 2.8(a), exhibit the same curve trend ob-
served in Figure 2.7 [53].
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Figure 2.8: Three TDS data of coverage dependence, where the surfaces were previously
charged with molecules. (Adapted from [53,54]).

The first order, z = 1, represent many molecular desorption events,

E
Equation 2.13 enables analysis at maximum desorption peak, i.e. drqy/dT = 0,
vRT?
E=RT, -1 . 2.14
" ( BE ) 24

The temperature receives an index (7,,) because this is the temperature of the maximum
desorption. Observe that the activation energy does not depend on the coverage, then the
fingerprint on the spectrum is a peak that does not change the T, with the coverage. An-
other important observation is the relation of temperature and activation energy, the T},
shift on the spectrum when the E changes. The simulation for the first-order desorption
(Figure 2.7) draws those observations, and also it is observed that after the maximum
peak, the curve will be asymmetric and decrease fast. Figure 2.8(b) shows the coverage
spectra of Oy desorbed from Au(100) surface, and the first-order desorption trending is
well observed [55].

Second-order desorption, x = 2, corresponds to the recombinative desorption of molecules.
The previous analyses can be repeated here and are obtained with a similar equation,

29VRT%)

F (2.15)

E=RT, -In <
but now the activation energy depends on surface coverage. Taking apart the equation
into two parts,

where the Fy refers to the part of the equation similar to the activation energy of first-
order (2.14), and F, refers to the activation energy of second-order. Rearranging the
terms,
Ey — Ey

" R-In(20)
An increase in coverage will shift the maximum peak to low temperature, as observed by
the simulation (Figure 2.7). The common trailing edges will be a signature of that order
as the symmetric peak shift. The coverage spectra of water desorption from FezO,(111)
surface (Figure 2.8(c)) present the second-order trending [54].

(2.17)
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2.4 Infrared Reflection Absorption Spectroscopy (IRAS)

The Infrared Reflection Absorption Spectroscopy (IRAS) technique has been used for
different systems to investigate molecules adsorbed on the surface [56]. When the infrared
(IR) light irradiates a surface, vibrational modes from the lattice and adsorbed molecules
can be excited. Therefore, the IR light induces transitions between the vibrational lev-
els, which happens under selection rules imposed by the surface and photon absorption
conditions [57,58|.

Vibrations by IR Light Interaction

The motion of a particle at axes of the Cartesian coordinates system, often labeled as
(X, y, z), describes the translational degrees of freedom. The rotation motion of particles
around a fixed point describes the rotation degrees of freedom. In contrast, the move-
ment that changes the distance and angles between the particles of a molecule is related
to the vibrational degrees of freedom. A molecule has 3N degrees of freedom where N
is the number of atoms, and three of the degrees are translational. The other two will
be rotational for a linear molecule, and the remaining 3N-5 will be vibrational. For a
non-linear molecule, three will be rotational, and 3N-6 will be vibrational. The IR light
electric field interacts with the molecule dipole moment, changing the length and angle
of the chemical bond between the particles [57,58].

When a surface absorbs the particles, all freedom motion is vibrational, and the surface
has more 3N vibrational degrees of freedom associated with the adsorbed molecule. An
example represents the adsorption of OH molecule on Si atoms at silica lattice framework
(Figure 2.9). As the OH has two atoms, the surface now has six new vibrational degrees
of freedom, and each vibration is labeled in the Figure [57].

V1 V2 V3
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O/H T-’/H 0+/H
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Figure 2.9: Representation drawing of vibration normal modes of OH group bonded to a
Si atom on a silica lattice framework (adapted from [57]).
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In the TRAS experiment, the electric field of IR light excites the vibration modes of
the surface adsorbed molecules. The adsorption of the IR light promotes a transition from
an initial (E;) to a final (Es) energy level of molecular vibrations, which is quantized as
exhibited by equation 2.18:

hv = Ey — E;. (2.18)

Where the hv is the photon energy, which for the Mid IR is in the range of 25 - 496 meV
(200 - 4000 cm ') [51]. Furthermore, the transition dipole moment (u;); must be unequal
zero, which can be described as the equation 2.19:

[o.¢]
(1) :/ Wy pi(q) Wi dg #0. (2.19)
—00

The index j refers to the Cartesian coordinates, where the transition dipole moment is
not zero for x, y, or z coordination. This index will be implicit from the forward equations
once we consider that it is not zero for one of the Cartesian coordination. The ¥, and
W, are the eigenfunctions of the molecule in its final and initial vibrational state. The ¢
is the displacement coordinate of the molecule vibration; hence the dipole moment is a
function of this coordination. Applying the harmonic oscillator approximation, the dipole
moment can be expanded in Taylor series,

p(q) = p(0) + 1 (0)g + p"(0) 5 + .. (2.20)

N[,

It is not expected to have a large displacement, then it is considered only until the first
order. Therefore, the equation 2.19 is rewrite as:

o0

= 035 +0) [0y qWidg £0, (2.21)
The first term is unequal zero only if the final state is equal to the initial state (07 = 1 for
f =1 and 0 for f # ¢ ), this happen due to the orthogonality property of the eigenfunc-
tions from the harmonic oscillator approximation. The second term yield two selection
rule: (1) The electric dipole moment must be a function of the vibration displacement,
1/ (0) # 0, to result in an IR-active; (2) The final state must be the initial state + 1
when the integral is unequal zero. Therefore, overtones (i. e. i = 0 and f = 2, 3...) are
forbidden hence result in weak intensity on the spectrum. In the spectrum, most bands
are from the fundamental transition (from the ground state to the first excited state).

The interaction of the IR light with the molecule dipole moment will be ruled by the
dielectric behavior of the surface [59]. Figure 2.10 presents the drawn image dipole theory,
which is equivalent to the surface selection rule [57]. Although it was developed for metal
surfaces, it is true for thin films grown on metallic substrates as long as the film thickness
is much smaller than the light wavelength (d < A;g) [58]. The sum dipole moment of
molecule and surface will interact with the IR light electric field. Therefore, the adsorbed
molecules induce a charge movement on the surface that the dipole will be enhanced at
the perpendicular surface direction, and the parallel will vanish. Consequently, the IR
spectrum will not observe vibrations parallel to the surface, only the vibrations with a
perpendicular component |57].

That surface selection rule can be viewed by the interaction of sum dipole moment and
the IR light as observed by Figure 2.11 [58]. The light electric field can be decomposed
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Figure 2.10: The image dipole theory of surface selection rule was drawn (Adapted from
[57]).

into polarized perpendicular to the surface (p) and parallel to the surface (s). For all
incidence angles (¢), the electrical field s-polarized has a uniform phase shift of about
180°, resulting in destructive interference (E! + ET = 0). The p-polarized electric field
vector can be decomposed into two components. The components that lie down on the
surface plane vanish through the same argument of s-vectors, and the other is summed in
the normal direction (red arrow).
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Figure 2.11: Representation of incident and reflected IR light by the surface, the phase
shift in function of incidence angle ¢ and the surface electrical field (Adapted from [58]).

The p-component has a phase shift that depends on the incidence angle (¢), its in-
tensity enhanced at a high incidence angle. Therefore, the experiment is performed at
surface grazing angles and limited to the p-polarized IR light, and the total adsorption
intensity is given by the equation 2.22.

B\’
AR = (ﬁ) sect) (2.22)
p
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Figure 2.12 shows the total adsorption intensity, obtained experimentally through
AR = R° — R, where the R and R® are the reflectance with and without the adsor-
bate, respectively. And the spectra are presented by the absorption function, which is
AR/RC [57].

Reflectivity

Ao Wavelength

Figure 2.12: The total adsorption intensity and the absorption function A obtained from
the spectrum. Extracted from [57].

Figure 2.13 shows the IRAS survey spectrum, range from 2800 cm™! until 1000 cm ™.
The spectrum is from water (D20O) adsorbed on Au(111), where the adsorption peaks are
from the distinct vibration of water.
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Figure 2.13: IRAS survey spectra of water on Au(111) substrate.

Before the sample surface is exposed to the molecules, a background is taken. There-
fore, the surface with all molecules present will be considered a zero point. The down-
wards bands (negative peaks) indicate the formation of new species on the surface. It is
expected to observe the negative bands related to the molecules adsorbed on the surface.
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The species that were present while the background was taken and, with time, just leaving
the surface resulted in the upwards bands (positive peaks). A positive, nearly negative
peak is observed when a species changes on the surface but is still there. Figure 2.13
shows only the positive and negative bands.

Since the detector operates at low temperatures, a water signal will be present in our
data. Therefore, we employed deuterium, which has the same chemical properties as water
and will not affect our results. We are interested in observing the hydroxyl groups formed
on the surface, then the region exhibited will be the Free-OD (2800 - 2600 cm™'). This
region represents the stretch of O-D bind; therefore, this region can present peaks from
water dissociated. The position of the peaks is a fingerprint of the molecule vibration,
which gives access to understanding how the molecules adsorbed on the surface.

Experiment Geometry

In short, the experimental setup comprises an interferometer to perform Fourier Trans-
form IR (FTIR) spectrometer. The spectra obtained show a strongly improved signal-to-
noise ratio, allowing for adsorbate signals’ resolution. The IR beam passes through the
beam splitter, sending part of the light to a fixed mirror and another to a movable mirror.
Therefore, these two beams are directed to the surface, at the grazing incidence, and
directed to the detector. First, the interferogram is detected and processed via Fourier-
Transform, then the IR spectrum is obtained. Figure 2.14 shows an example of the IRAS
setup, and the UHV chamber is in the beam path between the spectrometer and the
detector.
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Figure 2.14: Example of IRAS setup (adapted from [57])
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2.5 UHYV Systems

The XPS and LEED experiments were performed in Brazil (CBPF/ Rio de Janeiro)
at the Laboratory of Surfaces and Nanostructures (LabSurf), coordinated by Prof. Dr.
Alexandre Mello. Figure 2.15 shows the equipment (SPECS) composed of different cham-
bers. Load Lock chamber (base pressure of 1.1077 mbar) to introduce samples. The
preparation chamber (base pressure of 4.107% mbar) to clean the sample and grow the
thin films is equipped with the LEED to observe the crystalline ordering of substrate and
films. Analysis chamber (base pressure of 4.107!% mbar) equipped with the spectrome-
ter (HSA Analyzer and DLD detector) and an X-Ray monochromatic source (Al Ka =
1486.6 eV) to perform the XPS measures. First, the survey spectrum (from 1100 eV until
-5 eV) and after the high resolution of each peak was obtained. Then, the fit analysis
was performed with CasaXPS$ software [60]. LEED data were obtained through the pic-
tures taken from the screen, and the analyses include a match of the diffraction pattern
obtained with simulations performed with LEEDpat software [45].

N
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. Manipulator
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Evaporators

Figure 2.15: Photo of SPECS equipment from the Laboratory of Surfaces and Nanostruc-
tures (CBPF/Rio de Janeiro) (adapted from [31]).

The molecules adsorption experiments investigated by the infrared spectroscopy were
performed in collaboration with two research groups in Germany. Both equipments com-
prise a single UHV chamber (~ 2 x 107'° mbar) where the films were grown and the
molecules were adsorbed as well measured. For the MnO films, the data were obtained
in collaboration with the laboratory of Structure and Reactivity (Figure 2.16a), coordi-
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nated by Dr. Shamil Shaikhutdinov and led by director Prof. Dr. Hans-Joachim Freund
(FHI/Berlin). The instrument is equipped with a Bruker IFS 66v/S IR spectrometer,
quadrupole mass spectrometer (QMS), and the LEED apparatus. The spectra were mea-
sured at grazing angle 8° and resolution of 4 cm™!. The temperature experiments were
performed with a rate of 3 K/s, controlled by direct current heating in conjunction with
LN cooling. For the Mn3O, films, the data were obtained in collaboration with the labo-
ratory of Interface Research and Catalysis (Figure 2.16b), coordinated by Prof. Dr. Jorg
Libuda (FAU /Erlangen). The instrument is equipped with the Bruker VERTEX 80v IR
spectrometer and the liquid nitrogen-cooled mercury cadmium telluride (LN-MCT) de-
tector. The background signal and the data are taken with a scan velocity of 20 kHz and
a resolution of 4 cm™!,

(a) "v“n-——- \ Manipulator (b)

a

Dose le . Detector

Figure 2.16: (a) Picture of the IRAS equipment with others facilities from the laboratory
of Structure and Reactivity (FHI/Berlin) (b) Picture of the IRAS equipment with others
facilities from the laboratory of Interface Research and Catalysis (FAU/Erlangen)

2.5.1 Procedures

The Au(111) single-crystal was prepared by cycles of annealing and sputtering in
the same way at every apparatus, as well as the MnO,, film’s growth (please see more
parameters details in the appendix A.1). The films were grown with an Electron Beam
Evaporator (EBE), LEED pattern pictures matched the films data, and the adsorption
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experiments were performed with a doser system. These procedures will be explained as
follows.

Annealing: It comprises sample heating by a filament until 800 K. A differential po-
tential (about 800 V) is applied between the filament, usually tungsten, and the sample.
When a current (about 2 A) passes through to the filament, electrons accelerate toward
the sample hence heating. The temperature is observed by thermocouples near or in
contact with the substrate.

Sputtering: An ion beam hits the sample surface, and atoms layers are removed through
the collision. The sample is positioned at an angle (about 30°) regarding the sputtering
gun to minimize the damage on the surface. The ion beam is created through a gas, which
enters the field where the cathode’s electrons are accelerated toward an anode. Then, the
electrons can collide with the gas particles, ionize them, and form the ion beam (plasma).
This plasma is focused by a lens system and oriented to the sample surface. Although
any gas can be used to perform sputtering, argon is usually. It is an inert gas of low
cost compared to other inert gases and can be easily removed from the surface once the
sputtering process can insert gas atoms on the surface. The ion beam energy is defined
by the voltage applied to the anode, ranging from 0 to 3 kV.

EBE: Manganese metallic is evaporated in a chamber filled with a partial oxygen pres-
sure, and post-annealing is performed to promote film crystallization. The evaporator
has a filament positioned ahead of the manganese material, accelerating electrons to the
metal (emission current of about 13 mA). Due to the vacuum conditions, the metal has
a relatively low vapor pressure and easily evaporates to the sample surface. Eventually,
a fraction of the manganese particles will be ionized by the electrons, and then a flux
current that reaches the sample can be measured (about 150 nA). The Au(111) substrate
is kept at room temperature during the film growth.

Gas Dose: The water (D20) and carbon monoxide (CO) molecules were inserted from
a gas reservoir into the chamber via an electromagnetic valve, where pulses exponentially
increase exposure per pulse. The exposure gas were measured in Langmuir, where 107°
mbar - 1 s is equal 1 L (Langmuir). Subsequently, IR spectra were acquired (200 scans;
acquisition time, 57 s). The gas valves were remote-controlled using a LabView interface
(National Instruments). For temperature-programmed IRAS (TP-IRAS), the sample was
heated from 110 to 700 K with a heating rate of 2 or 5 K/min (controlled via LabView
interface), simultaneously taking the IR spectra (57 s/spectrum, 60 s delay).

2.5.2 Au(111) Substrate

Figure 2.17a exhibits the Au(111) diffraction pattern by LEED picture. The spots that
perform a hexagon symmetry are composed of center spots surrounded by satellite spots,
as indicated by black arrows. While the center spots are from the plane (111) of face-
centered cubic structure, FCC(111), the satellites are from herringbone reconstruction
[46]. The observation of this LEED picture is only possible if the surface is clean and
plain enough to highlight those structures. On the right side (Figure 2.17b), the FCC(111)
representation shows the expected hexagon symmetry with the surface lattice parameter
of 2.88 A. Please observe that the two surface parameters are equal, and the angle between
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them is 60°. Therefore, equation 2.23 makes it possible to determine the film’s surface
lattice parameter by the substrate LEED image:
as X dg

ap= =g (2.23)

where a, and a; are the lattice parameter of gold (2.88 A) and film, d, and d; are the
circle diameter on LEED screen of gold and film respectively |31].

LEED: (a) Au(111) (b)
Center representation:
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Figure 2.17: (a) Diffraction pattern by LEED picture and (b) real lattice representation
of Au(111). Spectra (Al K, source) of Au(111) for (c) survey (d) 4f and (e) 4p, /> peaks.
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Figure 2.17c-e presents spectra of Au(111) clean surface for the survey and the two
high resolution 4f and 4p,/, peaks. The survey spectrum shows all the core-levels peaks
from Au and MnQO,; above 800 eV are the decay peaks and below 50 eV is the valence
band. It is observed that some peaks are at the same binding energy region. Since the
Au 4f is the most intense peak of Au, it is very hard to observe the Mn 3s. Although
the Au 4p,/, is at the same binding energy as Mn 2p, it is possible to extract this peak
contribution. Therefore, the Au 4f and 4ps/» peaks were fitted to obtain the data res-
olution and to remove the substrate contribution. Both with the Voigt function, which
better reproduces the spectrum shape, LA(1.4, 1.5, 10) for 4p,/, and LA(1.5,1.6,70) for
4f [61,62]. The spectra resolution obtained was 0.75 eV (Full Width at Half Maximum -

The electron inelastic mean free path of both peaks, Au 4p;/, and Au 4psz/,, were
calculated and resulted in 1.7 nm and 1.9 nm, respectively. Therefore, it is possible to
rescale the Au 4p,/; intensity by the intensity of Au 4pss, since the MnO film thickness
investigated (1-2 nm) would not significantly affect their relative intensity [63|. Figure
2.18 shows the spectra before and after background subtraction (black spectrum). The
choice of the Shirley-type background relies on the few layers’ nature of our sample, in
which photo-electron effective attenuation length for the comparison of a particular bind-
ing energy range should generally not affect the trends observed. Figure 2.18 shows the
procedure to remove the Au 4p,/, peak contribution. Three different MnO spectra are
presented: First, the Shirley background is removed, and post, the substrate peak is re-
moved. Note that the Mn 2ps3/,, peak loses its intensity but does not change its shape,
while the Mn 2p, /5 does not present modifications with this process. Therefore, the Au
4py /2 peak can be subtracted from the spectra or can be inserted fixed into the spectrum,
and this choice should not change the spectra shape.

(1x1) Thick film (1x1) Thin film ¢(2x2) Island film|
(a) A
o Raw Data ]

e Shirley-background ;
_—
wn
Rt
o
=
3
=
1]
3 mmm After background removal
b w After Au 4p,, removal
o= Fitted Au 4p, »
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Figure 2.18: Procedure to remove the Au 4p;/, peak contribution inside of Mn 2p.
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Chapter 3

Results

3.1 Core-level BE Shifts in MnO(001) Thin Films

3.1.1 Introduction

The Madelung potential, which is electrostatic energy, is the main contribution to the
binding energy (BE) on ionic crystals. For a covalent solid with a stronger ionic charac-
ter, such as the MnO, the Madelung energy will affect the BE as well. The magnitude
of the Madelung potential decreases with the decrease of the atoms’ coordination site.
For example, its magnitude for the bulk (with ideally 6-nearest neighbors) is higher than
the terrace surface (with ideally 5-nearest neighbors) and edges (with 4-nearest neigh-
bors). Therefore, bulk, terrace, and edges will present components with different BE on
the spectrum. As the Madelung potential raises the BE of anion and lowers the BE of
cation, the anion and the cation components will shift respectively to lower and higher
BE on the spectrum. This effect is known as Surface Core Level Shift (SCLS) due to the
Madelung potential magnitude for atoms at different coordination sites [64]. The SCLS
has been known for some time [65]. However, the SCLS was found in literature only for
ionic oxide crystals, such as the CaO [66] and the MgO [67] materials. For both oxides,
the SCLS of the cations and the anions gave significant insight into the surface properties.

In this section, we extended the SCLS to study BE shifts between the interior, terrace,
and edge atoms for monolayers of MnO(001) thin films. Specifically, it will be made for
three distinct forms of MnO(001) films named (1x1)-thick film, (1x1)-thin film, and
islands exhibiting a ¢(2x2) surface structure (more about these films, please see appendix
A.1). For these films, shifts of the BEs related to interior, terrace, and edge atoms
were identified, described as Core Level Shifts (CLS), and unambiguously related to the
specific positions of the different oxide atoms. In addition, it is necessary to know how
to perform the Mn 2p peak fit. Therefore, this thesis will take the challenge to fit the
whole peak following the multiplet splitting theory (presented in the section 2.2). To our
best knowledge, this is the first attempt to fit the entire Mn 2p spectrum. It is also the
first time to explain the line shape of this spectrum and the application of CLS theory
to a covalent material. Furthermore, the CLS can provide information about the relative
amount of low-coordinated atoms on the surface hence improving our understanding of
their potential catalytic properties for further investigations.
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3.1.2 Results and Discussion

The first film to be analised here has a thickness of 0.5 nm, grown with oxygen partial
pressure of 5.107% mbar and heated at 800 K. Figure 3.1a shows a LEED picture (at
75 €V), where two circles of twelve spots each are observed, and between them are the
Au(111) spots. Due to the low thickness, it is expected to see the gold diffraction pattern
on LEED. The lattice parameter measured by equation 2.23 was 0.3 nm. On the right
side of the figure (a) have a simulation of this diffraction pattern, in which the empty
circles represent the substrate spots, and the filled circles represent the film spots. It
used a square symmetry with a surface lattice parameter of 3.15 A and allowed domains
to perform the simulation (illustrated by three-color squares). Since the simulation and
the LEED image match very well, this film structure is determined as (1x1)MnO(001)
with three domains rotated by 60°. It was considered other possible structures, and none
reproduced the diffraction pattern observed. Figure 3.1b shows the scanning tunneling
microscopy (STM) image for a film grown in situ in the same conditions in another UHV
chamber (STM images by Rubem Caetano). Unfortunately, the MnO has a large bandgap
that makes it harder to observe the high-resolution film structure. However, the film wets
the substrate surface, forming a thin film on the Au(111) substrate. Note that this is not
the only condition to grow (1x1)MnO(001) crystalline, but it is the best condition for that.

Figure 3.1: (a) LEED image by the side of LEEDpat simulation (b) and the corresponding
STM image of the film (1x1) MnO(001). The corresponding (¢) LEED image, simulation
and (d) STM image of ¢(2x2) MnO(001) film. STM images by Rubem Caetano (CBPF).

The second film also has a thickness of 0.5 nm, but it was grown with higher oxygen
pressure (1.1077 mbar) and heated until 650 K. A different diffraction pattern is observed
for this film (Figure 3.1c). Now, the LEED image is presented at lower energy than
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the previous (at 45 eV) and shows two closed circles around the Au(111) spots. The
diffraction pattern evolution for the substrate and all films presented are exhibited in
Figure 3.3, forward. The lattice parameter measured for the inner circle was 0.6 nm,
twice the (1x1)MnO(001) lattice. In the simulation, on the right side of Figure (c), it
was circled the spots visible on the LEED image. It is observed that the first circle has
an intensity lesser than the second. The reason is that the second circle is a contribution
of three spots while the first is composed of single spots (see in the simulation). The
simulation was performed with a square symmetry and lattice parameter of 6.30 A, also
allowing domains. Therefore, this indicates that the surface observed comes from the
¢(2x2)MnO(001) reconstruction. We made STM images for a film grown under the same
conditions to collaborate with this assessment. Different from the previous film, this film
structure exhibits islands. A high-resolution STM image (top corner) shows the distance
of the atoms, and it was 0.58 nm, which is near the value obtained for the LEED. It is
markedly different from the previous film, and this one shows not only a surface recon-
struction but also high islands. If the growth conditions change, such as an increase in the
temperature or decrease in the oxygen pressure, it will lead the film to convert into (1x1).

When the thickness increases, the formation of ¢(2x2) reconstruction is not possi-
ble. The (1x1) surface has a limit of thickness, which is < 2 nm, above that thickness,
the film converts to Mn3O,4. Figure 3.2a shows a scanning transmission electron micro-
scope (STEM) image of a (1x1) structure (image by Maria Ramos), where the Au(110),
MnO(100) and the cape protection are observed respectively. This cape consists of gold
metallic particles that are inserted to transport the film in air conditions.

Capping layer STEM (a)E

Au(110)
Substrate

Figure 3.2: (a) STEM image of the thick (1.77 nm) film of (1x1) MnO(100). (b) High-
resolution image of film structure (¢) and the corresponding LEED. STEM image by
Maria Ramos (INMETRO).

In agreement with LEED and STM images, is observed a continuous film composed
of a square lattice with atomic distances similar to the expected MnO(100) bulk (Figure
3.2b). Due to MnO insulating character, the image contrast does not allow the observa-
tion of the interface. The film thickness can be observed which is about 4 ML of MnO
structure (1.77 nm). In the last image (Figure 3.2c¢), the film diffraction pattern confirms
the (1x1)MnO(001) surface without the substrate spots. This LEED image has better
quality than the other two because it has much more MnO film. Figure 3.3 exhibits the
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LEED pictures for three energies (45 €V, 60 eV and 75 eV) to shows the diffraction pattern
evolution for the clean Au(111) substrate and for the surfaces (1x1)-Thick, (1x1)-Thin
and c(2x2)-Island from the MnO(001) thin films.

Au(111)

(1x1)-Thick

(1x1)-Thin

c(2x2)

S ST ST

45 eV 60 eV 75 eV

Figure 3.3: Series of LEED pictures for the Au(111) substrate and the surfaces (1x1)-
Thick, (1x1)-Thin and ¢(2x2) from the MnO(001) thin film.
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We characterized the atomic-level structure of the three MnO(001) thin films, and
Figure 3.4 summarizes this data. Therefore, we aim to understand how these three dis-
tinct surfaces change the Mn 2p spectra line shape.

Thick Film (~ 2 nm)

. STM
Capping layer STEM

MnO

Au(110)
Substrate —p|

pO: =5x%10"* mbar — 800 K
(1x1)MnO

3.15A

Au ~ MnO

Figure 3.4: MnO(001) atomic-level structure of thick, thin, and island thin films observed
with LEED, STEM, and STM techniques.

The Mn 2p spectrum for the MnO material is very typical, and the deconvolution
theory is well established in literature [32]. On the other hand, it is always observed in
the literature that the spectra shapes are slightly different, mainly the peak shape [68-71].
Markedly, the spectra of (1x1)-Thin and c¢(2x2)-Island are very different; these two spec-
tra are compared in Figure 3.5. These two present the respective satellites from Mn?"
cations (distanced about 6 eV of each main peak), and the positions of the peak are
expected for MnO (640.5 £ 0.5 eV for the Mn 2ps3/5) [72]. However, the line shape has
differences, where the (1x1)-Thin most intense peak is at 640.2 eV and a second intense
peak at 641.2 eV while for ¢(2x2)-Island the most intense peak is at 641.2 €V and has a
shoulder at 640.2 eV. Note that the main peaks of ¢(2x2)-Island seems larger than the
(1x1)-Thin. Figure 3.6 shows these two spectra fitted with the multiplet splitting theory
(please see the section 2.2).
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Figure 3.5: Two Mn 2p spectra, the black dash line is the (1x1)-Thin structure and the
green continuous line is the ¢(2x2)-Island reconstruction.
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Figure 3.6: Mn 2p multiplet deconvolution for two different surface structure of MnO: (a)
(1x1)-Thin and (b) ¢(2x2)-Island.
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In principle, the fit can identify two groups: one is related to the terrace-atoms (ideally
5 nearest oxygen atoms) and the other to the edge-atoms (ideally 4 or less nearest oxygen
atoms). On the first spectrum, (a), it is visible that the terrace components (red lines)
are more intense than the edge components (gray areas). The terrace composes 70 % of
the peak intensity, excluding the satellites. This difference in intensity is reduced in the
(b) spectrum, where the terrace and edge have about 50 % each (see the values in Table
3.1). Therefore, the second film has much more edge-sites than the first, and two reasons
should be considered: the surface reconstruction and the growth model. However, those
two reasons may not be completely disconnected, where the ¢(2x2) reconstruction could
lead to growth in an island model. Since the components are associated with the variety
of cation coordination sites on the surface, it is better to associate this with the growth
mode because an island film of (1x1) surface will have more edge sites than the thin film.

The spectrum of (1x1)-Thick film can also be analyzed, and now a new site should be
considered, intern-atoms (ideally 6 nearest oxygen atoms). Previously, the bulk-like were
not, considered because the two films were the surface majority (~ 0.5 nm of thickness).
Even if there were some intern-atoms, this would be negligible. However, the intern-atoms
will not be negligible for the (1x1)-Thick film due to its considerable thickness (~ 2 nm).
Figure 3.7a shows the spectrum of Mn 2p from the thick film, fitted with three groups of
multiplets, which represent the intern-atoms (blue and dashed line), terrace-atoms (red
and solid line), and edge-atoms (gray filled area). The intern components compose the
majority of the peak intensity (about 50 %), followed by the terrace (about 30 %) and
edge (about 20%) components. It is not common sense to have twelve components inside
a peak; however, it is necessary to fit the peak like that because this has a physical mean-
ing. Following the theory [32], the positions do not change, and the group of components
fits the spectrum well.
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Figure 3.7: Mn 2p multiplet deconvolution for (a) (1x1) thick film and (b) O 1s peak
deconvolution for the three films.
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The same analyses can be done for the oxygen 1s, which should shift to the low bind-
ing energy. Figure 3.7b shows the fitting for the three O 1s spectra after subtracting the
respective background (Shirley type). The binding energy expected for MnO material is
529.6 eV, which is indicated on the spectra as a black dashed component [73,74]. Another
very expressive component is at 530.0 eV (pink component), and the island film presents
a small peak at 530.25 eV. Those components cannot be from the CLS effect, and it is not
even expected to observe the CLS effect for the O 1s spectra [66,67|. This effect comes
from the charge movement of the O 2p orbital, which leads to an increase of binding
energy that cancels the SCLS on ionic materials [66,67]. However, the MnO is not an
ionic material, although it has a high ionic character [32]. The deformities in the orbitals
are higher in the covalent material than in the ionic material. Hence, this charge move-
ment will not just reduce the Madelung potential, as in ionic materials, but will create
an effect that shifts the peak to the high binding energy. This effect is called closed-shell
screen, which is responsible for the shifts to high binding energy on the O 1s spectra [32].
Therefore, the components inside were labeled as bulk (529.6 eV), terrace (530.0 eV), and
edge (530.25 eV) due to the closed-shell screen for oxygen in different sites in the material.

Although controversy is observed, the terrace component is higher in the thicker film
than the bulk component. While the CLS effect is related to the sites with more or fewer
neighbor-atoms, the closed-shell screen is related to the movement of the electrons; hence
not only the top-most layer will be counted as a terrace. Since the charge of the top-most
layer is freer to move, the next layers will suffer a gradient in direction to the inside
material. Also, the interface atoms will present a charge movement different from the
bulk-like. Therefore the component intensity from the bulk-like should be lesser than the
component of terrace-like.

Table 3.1 exhibits the fit experimental values of 2p3/, and 2p;,, peaks. Three groups
of four multiplets are presented, which represent the intern-, terrace- and edge atoms. It
shows for each multiplet its binding energy (BE) position, relative energy (E,;), area (A),
and relative intensity (I..;). Where for each group, the multiplets have its E,; calculated
relative to the BE position of the first multiplet, at 0 eV. Area (A) was calculated, ex-
cluding the contributions of the satellite. The I,.; were calculated for each group relative
to the first multiplet, which is 1. The multiplets of 2p3/» peak were more restrictive as de-
scribed at table 2.1, through the restrictions was fitted the 2p,/, peak. The experimental
results are similar to the expected theory for this peak, where two or three more intense
multiplets fit the peak. In particular, the fourth multiplet has reduced intensity relative
to the others. Since the ratio between the 2p;/, by 2p3/s, for each group results in about
0.5, which is expected for p orbital, this should be a good deconvolution peak for the
whole Mn 2p. The total intensity for intern-, terrace- and edge atoms is in accordance
with the analysis performed with microscopies.

Table 3.2 shows the values of O 1s peak fit. The three components were inserted into
the peak, but the peak at 530.2 eV does not present any intensity for the (1x1) thick
and thin. The peak at 529.6 eV presents nearly zero intensity for the ¢(2x2)-Island and
(1x1)-Thin films.
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Mn 2ps (1x1)-Thick (1x1)-Thin c(2x2)-Island
Position Eral A La | Position  Eiq A La | Position E A Lia
639.83 0 13.67 1
641.06  1.23 9.91 0.72
Intern 642.18  2.35 5.66 041
643.23  3.40 285 0.21
640.20 0 9.13 1| 640.12 0 21.40 1| 640.17 0 15.51 1
641.49 1.29 6.34 0.69| 64144 132 14.88 0.70{ 64149 132 11.08 0.71
Terrace 642.58 2.38 3.64 040| 64249 237 8.15 0.38| 64245 228 6.25 0.40
643.49 3.29 1.89 0.21| 643.49 3.37 4.03 0.19| 643.49 3.32 295 0.19
641.08 0 5.53 1| 640.87 0 7.29 1| 641.06 0 12.50 1
Edge 64220 1.12 3.85 0.70| 642.13 1.26 5.13 0.70| 642.33 1.27 8.57 0.69
643.57 2.49 2.18 0.39| 643.47 2.60 2.76 0.38| 643.46 2.40 464 0.37
644.36  3.28 1.12  0.21| 644.27 3.40 1.64 0.23| 644.27 3.21 2.74  0.22
Intensities: | T =49.1%;Tr=317%; 1 =19.2 % I =73.8%;Is = 26.2 % 1:=56%; 1 =44 %
Mn 2pi (1x1)-Thick (1x1)-Thin c(2x2)-Island
Position  E A L | Position  Eiq A Lie | Position  E A Ll
652.92 0 8.37 1
651.62 -1.30 7.89 0.94
Intern 650.98 -1.94 0.63 0.07
650.54 -2.38 0.11 0.01
653.76 0 6.16 1| 653.41 0 11.64 1| 653.54 0 8.46 1
652.36 -1.40 3.39 0.55| 652.10 -1.31 8.68 0.75| 652.22 -1.32 712 0.84
Terrace 651.00 -2.76 0.72 0.12| 651.36 -2.05 4.08 0.35| 651.30 -2.22 3.87 0.46
650.56 -3.20 0.45 0.07| 650.18 -3.23 0.96 0.08] 650.53 -3.01 0.77 0.09
655.20 0 4.54 1| 655.26 0 4.80 1| 655.28 0 5.30 1
Edge 653.86 -1.34 1.38 0.30| 653.87 -1.39 246 0.51| 653.88 -1.40 5.09 0.96
652.73 -2.47 0.51 0.11| 65249 -2.77 1.50 0.31| 652.80 -2.48 3.81 0.72
651.80 -3.40 0.09 0.02f 651.86 -3.40 0.61 0.13| 652.08 -3.20 1.35 0.25
P12/Pan [1=0.53;T=0.51;E=0.51 T=0.52;E=0.56 T=0.56;E=0.55
Table 3.1: Fit experimental values of 2p3/, and 2p;/, peaks. For each film is presented
the total area of intern, terrace and edge components.
O 1s (1x1)-Thick (1x1)-Thin  ¢(2x2)-Island
Position A Lrel A Lrel A Lrel
Intern 529.6 | 238.2 0.75 | 151.3 0.03 | 29.2 0
Terrace | 530.0 | 3184 1 4312.1 1 4040.8 1
Edge 530.2 2757.7 0.68

Table 3.2: Fit experimental values of O 1s spectra for the thick, thin, and island films.
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In Table 3.1, the BE position does not change significantly, so the three spectra can
fit with the average BE position. Therefore, it is necessary to insert the three groups of
components, intern-, terrace-, and edge-atoms, for the three films. Then, for simplicity,
it will be fitted only the Mn 2ps/, peak region (Figure 3.8). It also removed the Au 4p;,
contribution for better visualization of the multiplets. Although the average intensity can
be found, it is obtained a better fit with the 10 % constraint to adjust.

+ Data Thick Film

- --- Intern-atoms
—— Terrace-atoms
Edge-atoms
Satellite
—— Fitting

Thin Film Island Film

Intensity (arb.units)
Intensity (arb.units)
Intensity (arb.units)

A

665 660 655 650 645 640 635 665 660 655 650 645 640 635 665 660 655 650 645 640 635
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3.8: Mn 2p multiplet fit for the three films with the average BE position.

Table 3.3 shows the average of BE position, relative energy, and relative intensity
(with £ 10 %). The total contribution of each group, intern-, terrace-, and edge-atoms
multiplet can be observed vertically for each film.

FWHM (1.3 eV) Thick Thin Island
BE (eV) | E.(eV) | L(%) | A(%) | A(%) | A(%)

639.70 0 1| 2207 3.84 239
Inferi 640.98 1.28 071 1696 2.63 157

nterior-
atoms 642.00 23 0.41 9.62 1.64 0.95
Multiplets 643.00 33 0.16 3.89 0.59 036
CLS =0 eV (639.7 eV) 525 8.7 53
640.14 0 1] 1425 3333 23.09
64141 121 0.69 847| 2151 15.44

Terrace-
atoms 642.47 233 0.37 467 11.54 9.26
Multiplets 643.28 3,14 0.18 243 5.97 397
CLS = 0.44 eV 29.8 723 51.7
640.98 0 1 734 7.70 17.86
642.17 1,19 0.68 5.02 5.48 13.37

Edge-

atoms 643.50 2.58 0.42 330 3.62 6.82
Multiplets 644.30 3.8 0.25 1.99 2.15 492
CLS=1.28 eV 17.70 19.0 43.0

Table 3.3: Fit experimental values of 2p3/5 peak with the average of BE positions, relative
energy and relative intensity (£ 10 %). The area, A, for each multiplet is present, at the
end is presented the sum and the core-level shift is presented.
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3.1.3 Conclusions

Three distinct MnO(001) films, grown on Au(111) single-crystal, were analyzed due
to their different surface structure and morphology. These films were labeled as (1x1)-
Thick, (1x1)-Thin and ¢(2x2)-Island. The crystalline structure of films was analyzed by
LEED and microscopy techniques (STM and STEM). Then, it took advantage of these
three distinct films to investigate their XPS spectrum line shape. The fit theory for Mn
2p3/2 peak is well established in the literature, but the 2p,/» presents a more complex line
shape [32]. Therefore, constraints were applied to the multiplets to perform the fit on
the Mn 2p spectrum, and the theory’s result was compared with the expected spectrum.
Thus, the presence of relatively high quantities of cations at low coordination could be
observed through the XPS spectra. Where the ¢(2x2)-Island film has more atoms at edge
sites relative to the (1x1)-Thin film, it was possible to check this by Mn 2p fit peak. The
(1x1) thick film is also relative to the thin, where the thick film presented new multiplets
relative to the intern-Mn cations.

In summary, a precise fit of the Mn 2p peak evidenced the core-level binding en-
ergy shift (CLS) for different atomic coordination, namely intern-, terrace-, and edge-Mn
cations. For the c¢(2x2)-Island spectrum, the edge- and terrace-components rise in equal
intensity, while the (1x1)-Thin spectrum has the terrace components more intense than
the edge components, about 75 % and 25 % respectively. The (1x1)-Thick spectrum
exhibits the intensities about 50 %, 30 % and 20 % for intern-, terrace-, and edge-Mn
cations respectively. To better illustrate, Figure 3.9 shows the microscopies images with
the corresponding Mn 2p fitted where the intern-, terrace-, and edge-atoms are highlighted
and indicated. Therefore, it is visible that the thick film, which contains mostly the inter-
atoms (exhibited by STEM image), also presents the intern-components more intensely
than the terrace- and edge- components. The same is observed for the MnO(001) thin
and island films. The fit of the whole Mn 2p peak guaranteed that the ratio of 2p; 5 /2ps
was about 0.5 and also showed a good agreement with the expected relative intensity by
the multiplet theory. This thesis shows that the CLS effect can explain the difference in
the XPS Mn 2p line shape, and it was possible to perform the multiplet splitting fit of
the whole Mn 2p spectrum. The peak fit shows that the BE position values for the Mn
2p are near a value. Therefore a peak fit was performed with the same average BE po-
sition for the three films, including the inter-atoms components for each spectrum. This
show that the three Mn 2p spectra can be fitted with the same values of BE and intensity.

The oxygen 1s spectra were also analyzed, and it was expected by the CLS theory
that the components shift to the lower binding energy. However, a slight shift is observed
for high binding energy. Although the MnO has a strong ionic character, it is a covalent
material, and the charge movement on this material is high enough to overcome the CLS
effect. Thus, the shift is changed for high binding energy due to the core-shell screen,
which describes this charge movement [32]. The Mn 2p and O 1s spectra agree regarding
the amount of edge-, terrace- and intern-sites in each film presented. Since the films pre-
sented different quantities of edge and terrace sites on the surface, their surfaces should
also present distinct chemical reactivity. Therefore, this study showed the relevance of
characterizing the quantities of different sites on the surface of thin films with a rigorous
analysis of the XPS spectrum. It should be possible to perform the same analyses on
other metal oxides films and nanomaterials.
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Figure 3.9: Mn 2p multiplet fit for thick, thin and island films with the corresponding

microscopies images.
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3.2 Chemical Reactivity of MnO(001) Thin Films

3.2.1 Introduction

Water and carbon monoxide (CO) interaction with metal oxide surfaces plays an im-
portant role in many fields, such as corrosion, water splitting, catalysis, and others |75,76].
Therefore, studies of water molecules’ interaction with different oxides through the "sur-
face science" approach are found in the literature [77]. For example, the oxides show
distinct water adsorption behavior, such as the TiO9(110) [78] and ZnO(1010) [79, 80]
that dissociates the water molecules through the defects, while Cup,O(111) [81] does not
dissociate the water molecules. It is also possible to adsorb water dissociated and not
dissociated, as in the case of Co304(111) [82,83]. Studies with the density functional
theory indicate that the water adsorption on MnO films is found to be dissociative [84].
In contrast, the CO adsorption has been employed as a probe molecule to understand the
active sites on different oxide surfaces, such as the Fe3O4(111) [85,86], Co3O4(111) [87],
and MgO thin films [88,89]. Furthermore, the MnO thin films grown onto Au(111) [17],
Pt(111) [90], and Rh(100) [91] and probed by CO molecule show that depending on
the surface structure, the film activates the carbon monoxide. It is known that the CO
molecule intends to bind with the cation in perpendicular geometry, like Mn-C-O, which
results in high-intensity peaks. When this molecule is bound to an angle with the surface
normal, its intensity decrease then a map of the surface can be made [85-89].

For these reasons, we have examined the water (D20O) and carbon monoxide (CO)
interaction with MnO(001) films in order to understand their chemical reactivity. Where
its molecular or dissociative nature, as well as the hydroxylation process, were examined.
Whereas the MnO(001) surface dissociates the water through defects, and once hydroxy-
lated, its water adsorption behavior changes to not dissociate the water. Then, the surface
can only dissociate water after the sample temperature overpasses 550 K. Therefore, the
experiments show a corrosion effect of water driven by rising temperature related to the
film’s crystalline structure. The CO research directs to the active sites of oxide structure,
for which carbon monoxide adsorption also was revealed. We show that the CO adsorbs
on the same sites as the D,O, which helped to identify water in molecular and dissoci-

ated forms. Furthermore, CO and D,O can be co-adsorbed to support our experimental
findings on D,O/MnO and CO/MnO.

3.2.2 Results and Discussion
D>0O Molecule

We start our measurements with water (D,O) adsorption behavior onto the Au(111)
clean substrate. The adsorption behavior is investigated by coverage-dependent infrared
spectra (Figure 3.10a). Continuous D,O doses cover the surface, and at each dose, a peak
at 2728 cm™! increases its intensity until it is saturated. To understand the origin of
this peak is necessary to know the mechanisms of water adsorption by Au(111) surface.
In the literature, theoretical research concludes that the formation of water monomer on
Au(111) is preferably at atop site with near-parallel orientation [92-95]. Furthermore,
experimental investigations on FCC(111) surfaces show that the water monomers usually
are absorbed in the atop sites [96-98|. Particularly on the Au(111) surface, studies of
ice on its surface with scanning tunneling microscopy (STM) demonstrate that the for-
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mation of monomers is favored. The D,O molecules adsorb weakly on the elbows of the
herringbone reconstruction [99-101|. Therefore, we assign this peak to an O-D stretching
of DoO monomers adsorbed on atop metal atoms, weakly bounded, and had a dangling
O-D vibration (O,D) [102,103]. Besides that, as the monomers of free-OD stretching
are on the surface, the peak intensity will reach the maximum when the whole surface
is covered. After the peak reach the maximum, which occurs after the dose of 0.7 L,
the signal-to-noise ratio of low wavenumber worst with doses increment. It happens due
to the bound-OD stretch having a large band localized nearly about 2550 cm~!, which
is related to water bonds that increase with doses, without saturation, and indicate the
formation of amorphous solid water (ASW) [76].

(a) D,O/Au(111) (b) D,O/MnO(001)/Au(111)
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Figure 3.10: Coverage-dependence spectra of DO on (a) Au(111) surface and (b)
MnO(001) thin film.

D50 dosing was performed until 1 L exposure to avoid the significant formation of
ASW on the film surface. Figure 3.10b exhibits the DoO on MnO(001) thin film, where
the spectra are presented with a vertical shift displacement to facilitate the analyses. Two
peaks are visible at low coverage, at 2700 cm™! and 2730 cm™!. Therefore, a Gaussian
fit was performed using a full width at half maximum (FWHM) component given by 5.6
cm~!. Therefore, the 2730 cm ™! peak corresponds to two contributions, one at 2734 cm ™!
and the other at 2728 cm™'. The latter contribution is at the same wavenumber of D5O
on Au(111), then this peak is attributed to the exposed substrate. Since the formation of
MnO film is obtained only at a low thickness, the film can uncover the substrate surface.
Then the contribution at 2728 cm™! is related to the substrate (Au-O,,D), and the other
two (at 2734 cm™! and 2700 cm™') are connected to manganese oxide film. The presence
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of two vibration modes contributions in this region indicates that the film dissociates the
water molecule. Then, the 2700 cm™* peak can be attributed to the v(O;D), and the
2734 cm~! peak to v(O,D), wherein the O, is the oxygen from the surface and O, is
the oxygen from water [83,104,105|. Both 2730 cm™! and 2700 cm™! peaks grow nearly
equally in intensity at low coverage, but the 2730 cm ™! gets more intense. Once the first
doses fill surface defects later, the following doses will fill the whole surface until it is fully
covered. Thus one can attribute the peak at 2700 cm™! to be related to water adsorption
at defective sites. While the 2730 cm~! peak would be water adsorbed on the surface ter-
race, which should be intenser compared to the vibration mode related to the defects sites.

The v(O;D) and the v(0,,D) show respectively a redshift and a blueshift as compared
to the gas-phase frequency [106]. Due to the sample temperature (90 K), our reference
is the frozen DyO clusters at 2725 cm™!, then the v(O,D) has a large redshift that can
indicate a bound stronger than the v(O,,D) [106,107|. The water desorption analysis can
perform the comparison between bounds, which one is the stronger. Figure 3.11a exhibits
a spectra series that start with the spectrum of 0.3 L (D2O) on MnO(001), and the two
following spectra were taken after a flash temperature until 150 K and post until 175 K.
After that, the 2730 cm ™! peak fades, and the 2700 cm ™! remains. It reinforces that the
2700 cm™! is related to v(O,D) and is stronger bounded than 2734 cm ™', which is the
v(O,D) species at the terrace surface sites. After raising the temperature to 200 K, the
spectrum presents no peaks. Therefore, all the water molecules have evaporated from the
surface. The temperature was raised until 230 K when again it was dosed. At this time,
only the signal of v(O,,D) appears in the spectrum. This same adsorption behavior is
observed when repeating the experiment for temperatures of 350 K, 450 K, and 550 K.
Interestingly, independent of the dosing being small or large, the prominent peak at 2700
cm~! was not observed. After the surface temperature reached 650 K, a little intensity
at 2700 cm~! again was observed. This peak has its intensity enhanced after the surface
temperature reaches 850 K. Nevertheless, the adsorption behavior is restored after sample
annealing at a high temperature (800 K) in an environment of partial oxygen pressure (5
x 1078 mbar), as observed by the last spectrum (red line).

Figure 3.11b exhibits an illustrated model proposed of what is happening. When
the water desorbs from the surface, the vacancies change, that water dissociation is not
possible anymore. Then it is suggested that the O,D bond is not broken but leaves the
surface, changing the electronic configuration of the vacancy with a new anion. Therefore,
when again it is water dosed, the vacancies sites do not offer the proper chemical environ-
ment to promote the water dissociation. The surface can lose atoms and expose the next
layer at high temperatures (over 550 K) in UHV conditions. That layer will have vacan-
cies that can dissociate the water again, and the v(O,D) will be visible on the spectra.
The annealing performed in partial oxygen pressure (about 5 x 1078 mbar) recovers the
absent oxygen atoms. Therefore, the 2734 cm™! corresponds to the frequency of water
intact molecule, labeled as v(O,,D), since the surface can not dissociate but absorb D20
monomers.

In the simplified ball model display in the Figure 3.11b, the blue and gray balls with
arbitrary orientation represent the water dissociated (v(O,D) and v(OsD)) and not-
dissociated (v(O,D)). A hydrogen atom can occupy a cation vacancy (as an example),
while the remaining O,,D can be on the surface in a bound with manganese or surface
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Figure 3.11: (a) IRAS spectra showing the temperature effect after DoO dose on the
MnO(001) thin film. (b) Illustration of interpretation with ball-model. (c¢) TDS mea-
surement for three initial doses on the MnO(001)/Au(111) surface, and one dose on the
Au(111) clean surface.

oxygen (Og). After the sample is heated and dosed with water again, the vacancies of
the latest layer will not be able to dissociate from the water. However, once the sur-
face heats at a high temperature, which allows the loss of atoms, the below layer will
have vacancies to enable the water to dissociate again. This model shows that the water
performs corrosion in the film. Therefore, it identified three different species: The O,D
dangling bound from the water not dissociated, pointed on the spectra at 2734 cm™!; the
O,D from the water dissociated at 2700 cm™'; and the remaining O,,D from the water
dissociated, not observed on the spectra. It is expected to have a peak for the v(O,, D) of
dissociated water but is also not observed on spectra for DO on the Coz0,4 surface [83].
A possible explanation can be from the molecule orientation, where this species is more
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parallel oriented to the surface and will present a weak intensity on the spectrum that is
hardly identified [58,108].

Figure 3.11c exhibit the TDS data for three DyO exposure on MnO(001) surface,
which are 1 L (black spectrum), 0.3 L (orange spectrum), and 0.1 L (blue spectrum).
The reference peak presented (red dashed line) was performed through data of high DO
exposure on Au(111) divided by a factor. The Au(111) surface has a desorption peak
at 165 K, while the film presents a little peek at 160 K, an intense peak at 209 K,
and a shoulder on the tail at 236 K. The desorption peak around 165 K matches the
ASW temperature desorption [54|. The signal of bounds that forms the ASW on IRAS
(dimmers, trimmers, ...) is more intense than the monomers bonded to the surface [76].
However, in the TDS data, this is a small peak. The reason is that the adsorptive factor
depends on the orientation of the molecules for the TRAS, and this does not directly
indicate the specific quantities [108]. The desorption peak starts after 200 K, at low
coverage, and decreases to about 240 K (center peak at 225 K). The shoulder (at 1 L
spectrum) and the spectra desorption trending, these common trailing edges, come from
the second-order kinetics due to recombination desorption of dissociated water [109]. The
desorption of Au(111) surface presents the first-order of desorption, which indicates a low
surface interaction with the water. While the MnO surface presents the trending related
to reactions on the surface, indicating that the oxide has a stronger interaction with water.
The desorption peak, near 210 K, indicates how much the sample temperature needs to

reach to break the binds, and new species can be formed, which are removed only after
236 K.

CO Molecule

Further adsorption experiment were performed using the CO molecule to probe the
MnO(001) film surface. Figure 3.12a presents the CO coverage-dependence spectra, where
one peak is blue-shifted (2174 em™! - 2182 cm™!) to the CO gas phase (2143 em™!), and
the other is red-shifted (2120 em™! - 2112 em™') [110]. While the blueshift in CO stretch
frequency is characteristic of CO adsorbed on the oxide surface, the redshift is charac-
teristic of CO adsorbed on the metal surface [85,87,88]. Theoretical studies were per-
formed for different systems to understand those shifts [111-113]. Studies attribute to the
charge transfer donation and back donation between orbitals of CO molecule and the sur-
face [113]. The electron donation is reasonable since the metal surface can be interpreted
as a sea of electrons. Therefore, electron donation made from the Au(111) surface to the
CO molecule weakens the CO bond and leads to a peak redshift. The peak at 2120 cm ™!
is characteristic of CO adsorption on Au(111), then it will be labeled as voo(Au) and is
23 cm ™! redshifted due to electron donation [114,115]. Nevertheless, it will hardly be the
same for the MnO(001) due to its stronger insulator character. The interaction between
the surface electric field with the CO dipole moment (field-dipole interaction) and the
Pauli repulsion, which appears when the CO molecule stretches (wall effect), explains the
oxide surface [111,112]. It was the case for research performed on materials with rock-salt
structures such as MgO and transition metal oxides such as Co3O4 and Fe;O,4 [85,87,88].
Therefore, it attributed to the peak at 2174 cm™!, the CO molecule adsorbed in perpen-
dicular geometry at Mn?* cations, making the (Mn*")-CO bond (labeled as voo(Mn))
and 31 cm™! blueshifted due to the wall effect.

While the voo(Au) signal red-shift from 2120 cm™! to 2112 em™! after 0.3 L CO
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Figure 3.12: (a) CO Dosing from 0.05 L until 1.4 L. (b) Temperature rise from 100 K
until 200 K.

dose, the vco(Mn) signal blue-shift to 2182 cm™! after 0.7 L dose. Both peaks have
their intensity saturated after the complete shift. These shifts are due to the changes
in the chemical environment when the surface is covered. On the Au(111) surface, it is
attributed to the increase of CO molecule interactions, which start a competition for the
charge coming from the metal surface. Interestingly, the shift for the oxide film occurs
at a high frequency, which is unexpected because a shift to low frequency with the CO
molecule interaction on oxide surfaces that own the rock-salt structure is observed [113].
This behavior can be attributed to the stronger MnO insulator character, which is ex-
pected to reach 3.5 eV bandgap. Therefore, it will be difficult for the CO receives a charge
transfer from this film, so when all the surface was CO-covered, the dipole-dipole coupling
made the peak blue shift again.

In our water adsorption experiments, about 1 L. exposure covers the surface, and at
this condition, layers of CO molecules will accumulate. Those numbers of when the shifts
occur, 0.3 L for the substrate surface and 0.7 L for the film, can indicate that the exposed
substrate surface is about 30 %. At low doses, the peak at 2120 cm™! is higher than the
2174 cm~! because the holes fill first. At 0.7 L, both peaks have about the same intensity
because after filling the holes, CO layers will increase over the filled holes. Since the
MnO film overgrew in large part of the substrate surface, the voo(Mn) peak will have
an intensity higher than the voo(Au) signal after covering the whole surface. The change
in the relation of intensity peaks happens after the 2174 cm™! peak completely shifts to
2182 cm™!, in agreement with our understanding. Please note that the CO bounds to
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the Mn?* atoms, hence, the CO peak on the MnO surface will be higher than the water
dissociated.

After the 1.4 L of CO dosing, the sample temperature was increased step by step
(Figure 3.12b). When it reaches 110 K, the 2182 ¢cm™! peak decreases its intensity and
presents a shoulder at 2189 cm™!. This peak completely shifts to 2189 cm™! after 120 K,
and its intensity reduces by 87 % and fades after 130 K. This blue shift of voo(Mn) is
assigned to the field-dipole interaction, which changes with the temperature. The peak
at 2112 cm™! do not change before 120 K. At this temperature, the peak shift back to
2120 cm™! and only fades after the temperature reaches 200 K. The metal surface act
differently from the oxide. The blue shift can be attributed to the evaporation of some
CO hence reducing the competition for the charge transfer.
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Figure 3.13: TDS data for two CO exposure on MnO(001) surface.

The TDS data (Figure 3.13) present the CO spectra for two doses, 0.3 L (black curve)
and 0.6 L (blue curve), and the COy spectrum for the 0.3 L of CO dose (red curve). The
CO presents three sharp peaks centered at 106 K, 143 K, and 185 K. Two CO spectra
present a trending too high-temperature characteristic of zero-order desorption from bulk
water [53]. The first peak is composed of the evaporation of the CO molecules bounded
to MnO film, voo(Mn), that, after reaching the maximum, still presents a tail that came
from the evaporation after the blue-shift. Note that the infrared spectra refer to a high
dose, 1.4 L, while the TDS refers to the desorption of two low doses, 0.6 L. and 0.3 L.
The first peak has the maximum peak, dependent on CO doses. At 0.3 L, the voo(Mn)
observed is at 2174 cm™!, and the 0.6 L is near the shift to 2182 cm™'. The relatively
intense CO, peak, at 108 K, indicates that the oxide surface activates the CO, as already
observed by Li et al. (2021) [17], which assigned this conversion to the edge sites. Further
temperature (200 K) show that the intensities of CO decrease and CO, increase, which
is possible to relate to CO, molecules in the UHV chamber which increase with the
temperature. The second and third peaks are composed of the evaporation of the CO
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molecules bonded to the Au substrate, voo(Au). The CO layers on the Au(111) surface
start to evaporate after 120 K but only fades completely after 200 K. The first peak,
at 143 K, can be attributed to the CO adsorbed on the middle of the Au(111) exposed
and the second peak, at 185 K, can be from the CO adsorbed on edges with the MnO
film [114]. That attribution is due to the expectation that the CO molecules on the edges
with metal oxide surfer with a repulsion higher than the CO molecules on the middle Au
surface.

CO and D,O Co-Adsorption

Figure 3.14a shows the coverage spectra of DoO on CO/MnO. The MnO surface was
covered with a 0.05 L CO-dose. We expected that the CO molecules occupy the man-
ganese cation hence preventing the water dissociation. As is observed with the D,O doses,
only the v(O,D) is visible on the spectra. When the surface heats to 850 K, all DO
and CO molecules evaporate, then the surface can dissociate the water again. The last
spectrum is the 0.25 L D,O dose on the surface, and as well it is observed the v(O;D) that
indicates the water dissociation. In agreement with the assignment of the peaks, the 2732
em~! and the 2700 em™! are from water intact molecule (O,D) and water dissociated,
respectively. Figure 3.14b shows the coverage spectra of CO on the DyO/MnO surface.
The surface was covered with a 0.15 L DyO-dose, the CO peak associated with man-
ganese oxide, voo(Mn), presents a very low intensity compared to the voo(Au). Hence,
the DO /MnO surface does not favor CO adsorption as a previous MnO surface. The CO
will prefer to bind with the metallic substrate to obtain the charge donation.

(a) D,O on CO/MnO (b) CO on D,O/MnO
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Figure 3.14: Co-adsorption of (a)D,O on CO/MnO. (b) CO on DyO/MnO.
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3.2.3 Conclusions

Experiments with DoO and CO molecules were performed on films of MnO(001) grown
on Au(111) substrate. The MnO surface dissociates the water through vacancies, showing
that the film interacts more with water than the Au(111) surface, but this is still a little
interaction. The dissociated peak is attributed to the bound of the oxygen surface with
the hydrogen of water broken molecule (O;D). In contrast, the not-dissociated peak was
attributed to a water monomer with a dangling bound (O, D) on the surface. The OsD
species is strong, and after 200 K, that species leave the surface with anions vacancy. This
hydroxylated MnO has a water adsorption behavior different from the pristine surface, i.
e. cannot dissociate the water molecules. The CO adsorption experiments show that the
oxide film can convert part of the CO molecule into CO,. Tt also shows that the CO bound
to the middle of the substrate surface differs from the CO bounded nearly MnO film. Once
the CO peak is very high, the MnO surface can be identified as terminated with Mn-O
atoms in alternity. The adsorption of DO on the CO/MnO surface shows that the water
does not dissociate on a surface rich in oxygen atoms. Once the CO bands present high
intensity, they bind to the cation like Mn-C-O, making the termination rich in oxygen
atoms. Since all the cations are occupied with a CO bond, the water molecules are not
dissociated. Furthermore, the adsorption of CO on the DO /MnO surface shows that the
CO molecules adsorb by the exposed metal surface than the oxide partially filled by water.
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3.3 Probing Surface Structure of Mn3;0,4(001) Film with
CO and D,O Adsorptions

3.3.1 Introduction

This section explores the structure of Mn3O,4 thin films and their chemical reactiv-
ity with water (D,O) and carbon monoxide (CO) molecules. The Mn3O, is a spinel
composed of a cation mix at tetrahedral (Mn?") and octahedral (Mn3*) coordination.
Therefore, it is relevant to investigate its structure to understand its water and carbon
monoxide adsorption behavior as a catalyst model. Then, Mn3O, thin films were grown
on Au(111) |21,42] substrate to probe its surface adsorption behavior with CO and DyO
molecules. XPS Mn 2p spectrum confirms its oxidation state, and its structure is analyzed
using a combined techniques. Whereas the LEED measurements provides the first insights
into the film structure, and further information is obtained through images of the STEM
technique. Finally, the CO adsorption experiment can support the film structure inter-
pretation. In literature, this molecule is commonly applied to probe the surface structure
of oxide films [86] since its weak interaction energies and various modes of interaction can
provide information about the nature of surface coordination sites [116].

3.3.2 Results and Discussion

Figure 3.15 show the Mn 2p peak of Mn3O,4, which is a complex spectrum due to the
presence of two cations. In general, the 2ps/, peak is composed of an asymmetry with a
binding energy at 641.7 eV, a satellite peak at 663 eV and the spin-orbit spiting of 11.8
eV. A forward step will be attempted in this thesis to fit the whole Mn 2p peak.
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Figure 3.15: XPS fitting of Mn 2p spectrum and the calculations for the Mn?" and the
Mn?* cations (Calculations performed by Prof. Dr. Paul Bagus).

Theoretical calculations for the Mn?* and the Mn3* cations were performed by Prof.
Dr. Paul Bagus from the University of North Texas (UNT), and it will be used to fit the
Mn 2p spectrum. In the calculations were considered the manganese-oxygen distance and
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its coordination, this can change the multiplets inside the peak [32]. Although the Mn?*
cation changes the coordination, and the Mn-O distance is 0.33 A shorter, its compo-
nents are similar to those obtained for the MnO material. In the experimental data, red
components represent these multiplets. The multiplet contributions for the Mn3* cations
are two with relative energy near 2 eV, and blue components represent these multiplets.
Combining the components from the Mn?T and Mn?" results in the peak asymmetry.
Such asymmetry is not present on the Mny,O3 spectrum, which is composed only with
Mn** cations [117]. The fit ensures that the ratio of Mn?*/Mn** and the 2p;/5/2ps )
be 0.5. Both satellites contributions are fixed positions and intensities, indicated as gray
contributions.

Figure 3.16 shows a LEED pattern of Mn3O, film by the side of the diffraction pattern
simulation [45]. The LEED picture (at 40 eV) exhibits three circles of twelve spots inter-
preted as a square lattice with three domains rotated, as indicated by the three colored
squares. A lattice parameter of 5.76 A with three domains rotated by 60° was applied
to perform the simulation, which matches the diffraction pattern observed. Although the
(001) plane of MnsO, has two possible symmetries, a square (5.76 A) and a rectangle
(5.76 A x 2.88 A), the sum of both symmetries results in this same diffraction pattern, it
used the square to perform the LEED simulation for simplicity. Therefore, the film grown
was Mn30,4(001), and other directions were considered and discarded as a possibility [31].
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Figure 3.16: Diffraction pattern (at 40 eV) of Mn3O4(001)/Au(111) by the side of the
diffraction pattern simulation.

Further structure characterization is performed by STEM images presented in Figure
3.17, the images were obtained by Maria Ramos collaborator from INMETRO and the
interpretation were performed by this thesis. Both images show respectively the Au(110),
Mn30Oy film, and the cape of metallic gold particles. Two distinct domains could be identi-
fied, the first structure shows spots very intense that perform a hexagon symmetry, inside
that hexagon has ten spots with a minor intensity. This symmetry was already observed
for a Mn3Oy thin film grown on Cu(111) substrate [29]. In the second domain, the intense
spots are spaced in rows and separated by continuous lines. Below the STEM images,
the Mn30O, ideal structure is presented to explain those two domains. On the Mn3Oy cell,
some columns contain relatively more atoms than others, those columns were selected
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(yellow cross). Since those columns have more atoms, they should contribute with higher
intensity to the STEM image. The plane (100), without rotation, has columns with more
relative atoms that perform a hexagon symmetry with ten atoms inside. In the STEM
image, the spots are highlighted with the related colors of the plane to show that the
image matches the Mn304(100).
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Figure 3.17: STEM images of two domains from the same Mn3O, film. The first domain is
the Mn3O4(100) without rotation and the second is the plane rotated by 60°, as presented
by the ball-models below the two STEM images. STEM images obtained by Maria Ramos
(INMETRO), and interpreted by this thesis.

From the interface until the top surface was not observed a reconstruction of the film,
which can be seen as the truncated bulk material. It is hard to determine the film start-
layer with the interface, which can be the square (Mn?T layer) or the rectangle (Mn3*
layer). However, the rectangle is preferable through the DFT calculations [41] and due
to the lattice mismatch, a, = 2.88 A and (a x b)ymsr = (5.76 A x 2.88 A) [21]. A
rotation of the (100) plane by 60° will lead to a structure of rows with intense columns
well-spaced each other, in the middle of those rows are layers of atoms spread which leads
to continuous lines on the image. The position and the distances match very well with
the model, again it is hard to be assertive about the interface and film termination. The
image matches with the Mn3zO4(100)R60° hence the second domain is the (100) plane
rotated by 60°. Both domains agree with LEED data, which indicates that the film is
growing on top of Au(111) at [001] direction with three domains rotated. Where the film
domains are aligned with the <110> equivalent directions of Au(111) lattice.
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Probing the surface with CO molecule

Figure 3.18a presents the CO coverage-dependent spectra for the region from 2200
cm ™! until 2000 cm ™!, where a positive (2109 cm™') and a negative (2140 cm™!) peak are
observed. A new peak at 2102 cm ™! appears on the spectra with the CO exposures. The
CO dosing ranged from 0.003 L to 49 L. while keeping the sample below 110 K. During
the sample cooling, molecules of CO residual inside the chamber can move to the sample
surface. While obtaining the background, for 10 min, the start point will contain these
molecules, which are mobile and can leave the surface over time. Therefore, the positive
peak indicates that some CO residuals were on the surface during the background but
were not there when the CO doses started. Note that the positive peak (2109 cm™!) is
near the new peak (2102 cm™~1), and its intensity decreases with the increase of 2102 cm™!
peak. Therefore, the real wavenumber position of the new peak may be a little higher
than the observed one, and both peaks may represent the same adsorption sites. While
the negative peak of CO (2140 cm™) has a position near the CO gas phase (2143 cm™!),
which indicates that these CO molecules are free on the oxide surface.
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Figure 3.18: (a) IRAS spectra (2200 cm™ — 2000 cm™!) of CO coverage from 0.003 L
until 49 L and (b) TP-IRAS color plot from 112 K until 200 K with step of 2 K.

Surprisingly, the CO adsorption on Mn3O, appears to be rather weak. This behavior
contrast to similar spinel mixed cation material such as the Co3O4 and Fe3O, [86, 87].
For example, the Co30,4 shows a very stronger interaction with CO molecules adsorbed
on the Co?* cations. Notable, the FesO4 shows distinct interactions with both cations
(Fe** and Fe®"). Therefore, a surface terminated with the cations (Mn%** or Mn3")
should have a stronger intensity once the CO binding in a perpendicular geometry with
the cations [86,87]. When the CO has bound, its wavenumber position shifts due to the
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interaction with the cation from the surface. Thus, it is likely that the Mn3O, film sur-
face termination oxygen rich, which does not favor CO adsorption [90]. Accordingly, the
Mn30,4(001) terminated with stripes of Mn3* cations that have the whole oxygen atoms
of the octahedral sites [21]. Therefore, the peak at 2140 cm™! is CO gas mobile on the
Mn30,4(001) surface.

Figure 3.18b shows the color plot of TP-IRAS obtained from 112 K until 600 K, with
steps of 2 K. However, all the molecules had evaporated from the surface after 200 K.
Therefore, the color plot displays only until this temperature. On the figure scale, the
closer to red indicates evaporation of species, and the closer to blue indicates adsorbed
species. The peak at 2140 cm™! leaves the surface after a slight temperature increase up
to 125 K. It agrees with the interpretation that it is a mobile molecule on the surface.
Once a small temperature rise is enough to remove these molecules. The low intensity
observed at 2109 cm ™! indicates CO adsorption during the exposures. About 170 K new
species have evaporated, and the wavenumber position is at 2106 cm™!. It indicates that
the peaks at 2109 cm™! and at 2102 cm ™! represent the same CO adsorption site.
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Figure 3.19: TP-IRAS spectra (2200 cm™! ~ 2000 ¢cm™!) from 160 K until 185 K of the
oxide surface with CO partial pressure of 5 x 10~® mbar.

For analyses of this CO adsorption site, around the 2100 cm ™! region, a different exper-
iment is presented in Figure 3.19. The TP-IRAS spectra were acquired while the chamber
was filled with a CO partial pressure of 5 x 10~® mbar and had a start point at 160 K. The
peak appeared at 2105 cm™!, and CO molecules did not adsorb above the 175 K sample
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temperature. While the peak at 2140 cm™! is free on the surface, the peak at 2105 cm™*

adsorbs on the oxygen holes at Mn®" cations, which results in a stronger bond (about 38
cm~! shifted to the CO gas phase). This red-shift is characteristic of electron donation
from the 3d orbital to the bound of C-O hence weakening this bound [113]. Therefore,
it attributed this peak (2105 cm™') to the bound with the Mn®** cations because these
cations are in octahedral coordination. The CO adsorbed on Fe3O, film presents a red-
shifted peak, near the 2100 cm™!, for the cations at octahedral sites on the oxide [86].
While it attributes a blue-shift peak to the CO bound to the cations at tetrahedral sites.
For the iron oxide blue shift to 2207 cm ™! and about 2174 cm™* for the cobalt oxide [86,87].

(a) D,O Dosing at 200 K (b) Temperature rising
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Figure 3.20: (a) D2O coverage-dependent spectra (2800 cm™! - 1800 ¢cm™!) from 0.05 L
until 10 L of exposure. (b) TP-IRAS (2750 cm™' - 2650 cm™!) keeping a partial water
pressure of 2 x 107® mbar, from 165 K until 250 K with 5 K of steps.

Probing the surface with D,O molecule

Figure 3.20a shows the water coverage-dependent TRAS spectra for the region from
2800 cm ™! until 1800 cm™!, where the sample was kept at 200 K to facilitate the observa-
tion of hydroxyl groups and avoid ice formation on the surface. The spectra shows a small
peak at 2700 cm™!, and this peak does not have its intensity increased with the doses,
even when the large band centered at 2400 cm ™! starts appearing on the spectra. This
2400 cm™! spectrum region is known to be related to the formation of ASW [76]. Ad-
sorption experiments also were performed with the sample at temperatures of 300 K and
110 K. At room temperature (300 K), the water does not adsorb, and at low temperature
(110 K), the large peak at 2730 cm™! hid the small peak at 2700 cm™!. Interesting, this
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two peaks indicates that the surface dissociates the water by the defects sites. It occurs
due to the presence of a limited amount of Mn3* cations sites on the surface with missing
oxygen atoms. These sites one expected to be particularly preferred since oxygen-rich
termination surfaces are known to be unfavorable water dissociation, as observed on the

Cuy0 thin film [81].

Figure 3.20b shows the TP-TRAS spectra by raising the sample temperature from 165
K to 500 K, with steps of 5 K, keeping inside a partial water pressure of 2 x 10~% mbar.
However, the figure is shown until 250 K once the water has left the surface. Two peaks
appear on the spectrum, where the first vanished before 175 K, and the second at 220 K.
The 2730 cm ™! peak is assigned to be the intact water molecule weakly bounded on the
surface, which will not remain on the surface after 175 K. Thus the 2700 cm~! peak is
attributed to the water dissociated on the oxygen vacancies. The hydroxyl group leaves
the adsorption sites at 200 K in the MnO(001) film, which indicates that this water bind
is stronger on the Mn?* cations of Mn30,(001) surface as compared to the Mn?* species
on MnO(001) surface.

3.3.3 Conclusions

Mn3Oy thin films were grown on Au(111) substrate, and its structure was probed
by carbon monoxide (CO) and water (D2O) molecules. This film is grown in the [001]
direction with three domains rotated by 60°, and it is like the Mn3O4 bulk truncated
without any reconstruction. The molecules adsorption experiments show a weak interac-
tion indicating that the surface is oxygen-rich terminated. Where the rectangle (5.76 A
x 2.88 A) performed by the Mn?* cations is the preferable termination due to the lattice
mismatch, STM images [21] and DFT calculations [41]. The peak shift of CO adsorbed
on the defects indicates that the bind is with a cation at octahedral coordination (Mn®*).
Therefore, the MnzO4(001) is terminated with Mn3* and oxygen-rich, where the oxygen
vacancies provide the water dissociation, until 220 K. This temperature is 20 K higher
than the Mn?" cations at octahedral sites in the MnO thin films (see section 3.2).

65



Conclusions

Well-ordered thin films of manganese oxide were grown on Au(111) substrate, where
analyses of the electronic and lattice structures were presented. The MnO and the Mn3O,
were the films obtained, and both grow at [001] direction with domains rotated by 60° on
the substrate surface. The MnO has the (1x1) structure regarding bulk structure, but
for a determined temperature (650 K) and partial oxygen pressure (5 x 1077 mbar), it
presents the ¢(2x2) reconstruction. While (1x1) is approximated to a thin film that wets
the substrate, the ¢(2x2) is approximated to the island. The Mn3Oy films present a (1x1)
structure like a bulk truncated. It was performed a peak fit of XPS Mn 2p following the
multiplet theory, and both materials present a complex spectrum composed of satellites,
asymmetry peak, and Au 4p;/, peak. The substrate contribution was calculated and re-
moved for each spectrum, and the satellites were fixed. Therefore, the whole Mn 2p peak
was fitted, and the multiplets components intensities were observed. Lastly, experiments
with water (D,O) and carbon monoxide (CO) were performed on the films. Both films
show similar adsorption behavior, although they are distinct oxides.

First, advanced research was performed with the MnO thin films, and the fit of Mn 2p
spectra evidences the low coordination cations on the film structure. The films could be
fitted with three groups of multiplets presenting the intern, the terrace, and the edges com-
ponents. Where each group of components comes from cations at different coordination,
the intern-atoms have 6-nearest oxygen in the octahedral coordination, the terrace-atoms
have ideally 5, and the edge-atoms have 4 or even less. Therefore, three distinct films
were analyzed, which were labeled as thick (about 2 nm), thin (about 0.5 nm), and an
island (about 0.5 nm). As expected, the thick film presents intense intern components,
followed by the terrace and edge components. While the thin films, due to the low thick-
ness, will present low-intense intern components. Hence, the intern components in the
fit of thin and island films were despised. The thin film presents the terrace components
as more intense than the edge components, while the island has the terrace- and edge
components with about equal intensity. Therefore, the island film is expected to present
more edge atoms than the thin film. These analyses presented show how a detailed XPS
analysis can provide valuable information about the electronic structure of thin films and
nanomaterials.

Experiments with D,O show that the water is dissociated through the defects on the
MnO surface, which modify the oxide surface. After the first water interaction, the surface
changes its adsorption behavior, and the water is not dissociated. Although it is not the
same as previous water adsorption, water dissociation is possible after the surface reaches
650 K. The adsorption behavior of clean film is recovered post-annealing (at 850 K) in
partial oxygen pressure. These experiments show that the water performs corrosion on the
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MnO surface, where the vacancies allow the water dissociation. However, once the water is
removed from the surface, an oxygen vacancy is created, modifying the surface’s electronic
structure. The high temperature (over 600 K) can evaporate the defected layer, exhibiting
the below layer that can dissociate the water again. It is a corroded surface, which can be
ordered again with temperature and oxygen conditions in the post-annealing. The carbon
monoxide presents a bind with the Mn?" cations (at about 2174 ¢cm™!), which is blue-
shifted due to the wall effect produced by its large band gap (3.5 eV). Identified adsorption
sites at MnO terraces, edges, and interfaces with the substrate surface were identified.
The interaction of CO with oxide is lesser than on the metal surface. The co-adsorption
of CO and D,0O show that the sites that adsorb CO are the same that dissociate the water.

The surface structure and the chemical reactivity of Mn3Oy4 thin films were analyzed.
This film presents a complex Mn 2p peak spectrum due to the mix of cations (Mn?" and
Mn3T). Therefore, the fit is composed of the components of both cations, which explain
the asymmetric peak. The film termination is the Mn®" cations with the octahedral
coordination completed, making this film oxygen-rich on the surface. The CO adsorbs
on the oxygen vacancies, performing a bind with the cation (at about 2105 cm™1). Tt is
red-shifted due to the electron donation from the 3d orbital provided by the cation. This
bind is stronger than the CO performed with the MnO film. It is not a surprise that this
surface also dissociates the water only through the vacancies, but a corrosion effect is not
observed, and its water-bind is stronger than the MnO surface.

Future Prospects: This thesis investigated the atomic-level structure and the chemical
reactivity of manganese oxide thin films, particularly the MnO and the Mn3O,. Therefore,
it is possible to perform catalytic experiments on this oxides surfaces, considering their
termination. Furthermore, once we can observe the changes in the XPS line shape due
to the concentration of low-coordination atoms on the surface, it would be interesting
to observe the change in the line shape after the molecules bind to the surface atoms.
It is not expected to have much chemical reactivity of MnO. However, the same can
not be said about the Mn3O,. It is a material with a mix of cations, the Mn?* and
the Mn3* at tetrahedral and octahedral sites, respectively. Therefore, some preliminary
photo-catalyzed experiments showed the Mn3O,4 as promising material. Furthermore,
the nano-particles inserted on the surface to elucidate the electronic activities with the
materials’ adsorption are interesting in surface science.
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Appendix A

Appendix

A.1 Master Thesis Summary

The Au(111) single-crystal was cleaned with cycles of sputtering and annealing as
follow:

Cycle Procedure Time Energy /
Temperature
1 Sputtering 40 min 3 keV
Annealing 20 min 400 K
2 Sputtering 30 min 2 keV
Annealing 25 min 500 K
3 Sputtering 20 min 1 keV
Annealing 30 min 650 K
4 Sputtering 10 min 800 eV
Annealing 40 min 700 K

Table A.1: Parameters to perform the Sputtering and Annealing procedures to clean the
Au(111) single-crystal.

After the Au(111) result at the diffraction pattern, where it is possible to observe the
satellites from the herringbone structure, the oxide film was grown. The substrate was
at room temperature during the growth, and the manganese pallets were evaporated on
top of the substrate under partial oxygen pressure. A post-annealing was performed to
promote film crystallization. Many manganese oxide thin films were grown onto Au(111)
substrate, and the results were summarized in the Table A.2. In short, the range of oxy-
gen pressure and thickness for the growth of well-ordered MnO(001) and Mn304(001) was
determined.
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Thickness until pOy =5 x 1078 mbar | up to pOy =5 x 10~7 mbar
Ultra-thin (1x1) (1x1)Mn304(001) or
(from 0.5 nm until 2 nm) MnO(001) ¢(2x2)MnO(001)
Thin (1x1) or c(2x2) (1x1)
(up to 2 nm) Mn30,4(001) Mn30O,4(001)

Table A.2: Manganese oxide films dependence of film thickness and partial oxygen pres-
sure.

Observe that the (1x1) and ¢(2x2) is with relation to the MnO(001) and Mn30O,(001)
bulk structure. The film thickness was determined by Transmission Electron Microscopy
(TEM). First, the film was grown onto Au(111), then protected with a capping layer, and
then taken to the TEM equipment. Figure A.1 shows a STEM image of Mn/Mn304(001) /Au(111)
interface, where it determined the rate of 1.5 A/min. The thickness calibration was con-
firmed with Atomic Force Microscopy (AFM). A film of manganese metallic where grown
onto a Si surface partially covered by a mask. It indicates a deposition rate of 1.7 A/ min.
In this case, it is not considered the post-annealing and the size of the film unit cell.

Figure A.1: The film thickness was determined by TEM image (performed by Prof. Dr.
André Luiz Pinto). Interface of Mn on Mn3O,4(001) film of 5 nm onto Au(111).

Si

Film
(a) Si Sample (b) AFM Image - 20 um (c) Cross-section
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Figure A.2: Thickness calibration by Atomic Force Microscopy (AFM) image (image
obtained by the master thesis). (a) Picture of Si sample (b) AFM Image - 20 ym and (c)
cross-section.
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