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Chapter 1

Introduction

The understanding of surface properties are crucial for a variety of technological appli-

cations such as semiconductor device manufacturing, fuel cells development and catalysis.

Among those heterogeneous catalysis1 has been and still is a central technology in chem-

ical industry [1]. The agriculture of the world has been supplied with fertilizers rich in

nitrogen due to the Haber-Bosch process, where the nitrogen of the air is converted to

ammonia using an iron-based catalyst. Even though this process was developed in the

beginning of the 20th century, it was modern surface science which provided a microscopic

understanding about 50 years later. The broader public became aware of heterogeneous

catalysis more recently by the fact that catalysts are installed in every gasoline car engine

to convert carbon monoxide and nitric oxides present in the exhaust to carbon dioxide and

nitrogen. Nowadays, heterogeneous catalysts also play a central role in the production

of most chemicals and in emerging �elds such as energy storage and conversion and has

applications in environmental chemistry.

In spite of the importance of heterogeneous catalysts, today's understanding of many

catalytic processes at the microscopic level is often still poor. However, signi�cant progress

has been made in the last decades towards a better understanding and surface science has

proven to be key in this respect. This is certainly highlighted by the 2007 Nobel Price in

chemistry awarded to Gerhard Ertl for his contribution to the understanding of surface

chemistry. The current limitations which render an understanding of a "real" catalyst

1A catalyst is de�ned as a substance that increases the rate of chemical reaction while being regenerated

at the end of the catalytic cycle. A heterogeneous catalyst, in particular, is a substance -typically a solid-

which is in a di�erent phase than the reactants.
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di�cult may be subdivided into two main aspects:

i) Technical catalyst often consist of multi-component mixtures of materials such as

oxides or combined oxide-metal systems. The complexity of the real systems precludes

a thorough investigation of the physical and chemical phenomena that take place on the

surface of commercial catalysts during a reaction. In order to overcome this problem,

model catalysts with well-de�ned chemical and morphological properties were developed

which can be studied with modern surface science techniques. This approach was very

successful in gaining microscopic insight into heterogeneous catalysis, giving rise to the

hope that someday entire processes may be understood [2]. Nevertheless, these systems

cannot perfectly mimic the complexity of the real catalyst surfaces. This discrepancy is

generally known as the materials gap between surface science and real catalysis.

ii) Industrial reactions proceed under conditions, e.g. high pressures, which preclude

the in-situ application of typical particle based surface science techniques, leading to the so

called pressure gap. However, strong e�orts have been made to overcome this limitation.

The development of various photon based techniques such as sum frequency generation or

the development of a "high pressure" photoelectron spectroscopy [3] may be mentioned

as examples here. Scienti�cally the direct transfer of surface processes observed under

ideal UHV conditions to the situation at elevated pressures may be di�cult, e.g. due to

the presence of di�erent surface species stable only at elevated pressure.

The investigation of heterogeneous model catalysts started out in the 1970s using metal

single crystals as the simplest model for a supported metal catalyst [4]. These single crystal

studies have demonstrated the relevance and utility of using simple single crystal surfaces

to mimic more complex catalytic systems [5]. They also have highlighted the need for

more complex model systems to address the nuances of the actual working catalysts that

are not accurately depicted with single crystals [6]. To this end model systems exhibiting

metal clusters supported on single crystalline oxides were developed [7], [8], [9], [10].

Among the strategies to prepare well de�ned, planar oxide surfaces is the cleavage

of oxide single crystals or, alternatively, the growth of ultrathin oxide �lms on metallic

supports. From an experimental point of view, the latter approach circumvents the draw-

back of low electrical and thermal conductivity (complicating the application of electron

spectroscopies, STM and other experimental methods) of often used bulk oxides such as

Al2O3, SiO2 or MgO. The oxide �lm thicknesses range from a monolayer (ML) to a few
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tens ML (<100 �A) and it was shown that even ultrathin oxide �lms can serve as adequate

models to simulate bulk-terminated surfaces [11] although it is important to check for this

validity in each case separately.

MgO is an ideal system [12] for experimental studies in surface science since (a) it is

highly ionic, (b) it has a simple rock-salt-type crystal structure (Fig. 1.1), which renders

it relatively easy to characterize, and (c) it can be prepared as a thin �lm on di�erent

substrates. Stoichiometry, structure and morphology have been investigated for MgO

�lms grown on Ag(001) e.g. [17], [49], [16], Fe(001) [20], [22] and Mo(001) [36], [48]. In

addition, Mo(100) surfaces are used as supports, which o�er the possibility to treat the

�lms at high temperatures, but exhibit the larger lattice mismatch with the MgO as com-

pared to Ag(100) (5.5 % vs. 2.9 %) [36]. High temperature deposition or post-growth

annealing, which is not applicable for Ag substrates, is usually performed to improve

the �lm morphology and reduce its defectiveness. Initial studies on thin MgO �lms on

Mo(001) studies [36] by the means of LEED, Auger electron spectroscopy (AES), tempera-

ture programmed desorption (TPD) and high-resolution electron energy-loss spectroscopy

(HREELS) have shown that in spite of a 5.5% lattice mismatch between MgO(100) and

Mo(100), an ordered MgO �lm can be formed on the substrate with its (100) face par-

allel to the (100) face of Mo (Fig. 1.2), where the MgO[001] direction is actually rotated

by 45◦ with respect with that of Mo[001]. More recently a combined LEED and STM

investigation [19] has shown that there is a coincidence pattern with the Mo support in

the low coverage regime, a dislocation network at medium thickness which relaxes with

increasing �lm thickness to give a rather �at and defect-poor MgO surface for thicker

layers. This is in line with CO adsorption and LEED experiments which concluded in

�lms with extended terraces and only a small amount of defects for �lms of typically 10-30

ML thickness [18], [47].

Very often the chemical and physical properties of solid materials are not controlled

by the ideal terraces, but by structural defects (Fig. 1.3). Apart from extended defects

such as steps or dislocation lines, point defects such as impurity atoms or ion vacancies

are an important class of defects. On oxide surfaces oxygen vacancies are a prominent

example of the latter class [21]. These sites can be created by thermal and chemical

treatments, or irradiation with particles [37]. Historically, these centers were often called
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Figure 1.1: Magnesium oxide structure

Figure 1.2: Magnesium oxide (100) on molybdenum (100) substrate. Adopted from [36].
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color centers or F-centers2 (from Farbe, the German word for color) due to the fact

that their presence add color to a crystal. The e�ect is due to the formation of defect

states in the band gap of the wide band gap insulators which can be excited by visible

or near UV light. Thus, it become clear that defects play an important role for the

optical, electronic and transport properties of the material as well as the chemistry of

its surface. A detailed understanding of point defects and their control at the atomistic

level is therefore important to understand the chemistry and physics of oxide surfaces. On

oxides F-centers can exist in three electronic states, depending on the charge present in the

vacancy [39]. Diamagnetic oxygen vacancies can be either neutral, F0, or doubly charged

F2+, with two or no electrons trapped in the cavity, respectively. The removal of an O−

ion results in F+ with one electron, trapped in the cavity. F+ centers can be observed

and characterized by electron paramagnetic resonance (EPR) spectroscopy. In case of a

simple cubic lattice of a highly ionic oxide the charge state is su�cient to describe isolated

anion vacancies in the bulk. On the surface the situation is more complex, because the

surface analogous -usually designated with the subscript s- may exist not only on perfect

terrace sites but also at structural defects present on every surface such as steps, corners,

or kinks. Energetically the latter are strongly preferred as compared to the ideal terrace

sites and calculation suggest that di�usion from the terrace to low coordinated sites has

to be expected [23]. Chemically, Fs centers on oxide surfaces are expected to be able to

donate or abstract electrons to adsorbed molecules or deposited metal clusters [26], [40],

which is considered an important mechanism to change the catalytic properties of metal

deposits or adsorbates. Even though the importance of surfaces containing Fs centers

is generally accepted, experimental characterizations of these centers and a subsequent

analysis of their in�uence on adsorbed species is rather scarce. Only recently it was

shown that Au clusters nucleated at to color centers on MgO(100) �lms become indeed

negatively charged [76]. To get a deeper insight into the mechanism of the interaction of

metal aggregates with such defects a systematic studies with di�erent metals are required.

Hereto, this thesis reports on an experimental study of copper deposited on a single

crystalline MgO(100) previously used for the characterization of Au particles to highlight

similarities and di�erences for the two systems.

2It should be noted here that nowadays the term F center should be used to designate anion vacancies

which is not consistently found in the literature.
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Figure 1.3: Simple defects, which are often found in a low-index crystal face. 1. A perfect

�at face itself � a terrace; 2. a screw dislocation; 4. an impurity adatom; 5. a monatomic

step at the surface � an edge; 6. a vacancy in the edge; 7. a step in the edge � a kink;

8. an adatom situated upon the edge; 9. a vacancy in the terrace; 10. an adatom at the

terrace; 11. the vacancy at the terrace, where electron is trapped.
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Chapter 2

Review of techniques

2.1 Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR),

is a powerful technique for examining the environment of unpaired electrons. EPR is the

process of resonant absorption of radiation by unpaired electrons in the presence of a

strong magnetic �eld.

Electrons possess a property called spin. The corresponding magnetic moment is pro-

portional and collinear with the spin vector. Along a quantization axis, the spin vector

of the electron can take the value ±1
2
. In the presence of an external magnetic �eld the

degeneracy of the two spin states is lifted by the so-called Zeeman e�ect and the electron's

magnetic moment orients itself either parallel or antiparallel to the �eld. The energies

corresponding to the two allowed orientations of the spin are expressed as:

E = gµBBS,

where g is electronic g-value, B � the �eld strength of the external magnetic �eld, µB �

the Bohr magneton, S the spin projection on the �eld.

The energy di�erence (Fig. 2.1) between these two Zeeman levels (∆ms = ±1 is:

∆E = gµBB.

According to the Planck's law, electromagnetic radiation will be absorbed if:

∆E = hν,

where ν is the frequency of the radiation, h is Planck's constant.
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Figure 2.1: Zeeman splitting

The spin magnetic moment may be in�uenced by various interactions with the electron

environment when the unpaired electron is located in a molecule or compound. These

interactions result in a shift of the EPR line with respect to the position of the free

electron. The spin Hamiltonian H used to describe typical interactions that may be

present can be written as follows:

H = HeZ + HnZ + Hhfs + Hzf + HQ.

where eZ denotes the electronic Zeeman, nZ the nuclear Zeeman, hfs hyper�ne interaction,

zf the zero �eld splitting, and Q quadrupole interactions. In case of the F-centers discussed

in this thesis this hamiltonian can be simpli�ed to a single term, namely the electronic

Zeeman interaction, because all other terms can be neglected for the understanding these

systems. Thus, in the following the discussion is focused the electronic Zeeman interaction

which is most generally written as follows:

HeZ = µB B
T g̃ S = µB

[
Bx By Bz

]
gxx gxy gxz

gyx gyy gyz

gzx gzy gzz




Sx

Sy

Sz

 .
g̃ is a symmetric tensor, which can be always diagonalized:

g̃ =


gx 0 0

0 gy 0

0 0 gz

 .
The important consequence of this anisotropic interaction is that the resonance position

measured for a particular center depends on the orientation of the center with respect to
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the static magnetic �eld. The precise values of the g-tensor depend on the electronic struc-

ture of the atom or molecule as well as it environment under consideration. Conversely

the measured g-tensor components as well as it orientation with respect to environment

can be used to gain information about the system. This aspect has become more impor-

tant in recent years due to the development of powerful theoretical methods to calculate

these parameters for realistic models [25].

In practice, EPR samples consist of a large ensemble of paramagnetic species populating

the di�erent spin states according to thermodynamic equilibrium. For a two state system

this may be given by the Maxwell-Boltzmann equation:

nupper
nlower

= exp

(
−∆E

kT

)
,

where nupper is the number of paramagnetic centers occupying the high energy state, k

is the Boltzmann constant and T is the temperature in Kelvin. In a typical cw-EPR

experiment the incident microwave power is chosen such that this population di�erence

is not signi�cantly altered. Which means that relaxation rate has to be high as compared

to the absorption probability to avoid saturation e�ects. For paramagnetic systems this

population di�erence is rather small. As a consequence the temperature dependence of

the signal intensity can be described by Curie's law:

M = C
B

T
,

where M is the magnetization (amount of magnetic moment per unit volume), C is a

material-speci�c Curie constant and T is the temperature. Thus, the signal intensity

increases as the inverse of the temperature with decreasing temperature.

For typical magnetic �elds in the range of 1 Tesla, the required radiation belongs to

microwave region. The most commonly used EPR spectrometer operate between 9-10 GHz

(X-band) which correspond to a �eld around 0.35 T for the free electron g-value.

A typical cw-EPR system consists of (Fig. 2.2) :

i) a microwave source, supplying monochromatic radiation whose power is controlled

by attenuator between the source and the sample.

ii) a waveguide system to propagate the microwave radiation from the source to the

resonant cavity.

iii) a resonator with a high Q-factor (Fig. 2.3), to take advantage of the enhanced

electromagnetic �elds in the resonator structure for the excitation of magnetic dipole
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Figure 2.2: Schematics of an EPR experiment

Figure 2.3: Field distribution in a TE102 EPR cavity used in our experiments
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transitions.

iv) a magnet system capable of providing a homogeneous �eld over the sample volume.

v) detection, modulation and recording systems.

Due to the use of a resonator cw-EPR spectrometer operate at a �xed frequency and

vary the "static" magnetic �eld to ful�ll the resonance condition. However, the absorbed

microwave power is very weak which renders a direct detection of this absorption di�cult.

In order to improve on this the static magnetic �eld is modulated periodically (typically

at 100 kHz) and the signal is detected using a phase sensitive detection scheme also known

as a Lock-In technique. As a result, the detected signal appears as a �rst derivative of

the adsorption spectrum with respect to the magnetic �eld. For comparative purposes

the resonance �eld is not well suited as it depends on the the precise frequency of the

microwave radiation used. Instead the spectra are analyzed in terms of the characteristic

magnetic parameters; e.g. in case of a system governed purely by Zeeman interaction by

the g-matrix (see above).
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2.2 Infrared spectroscopy

Infrared spectroscopy (IR) is the subset of photon based spectroscopies that deals with

electric dipole excitations in the infrared region of the electromagnetic spectrum. Infrared

radiation has wavenumbers from roughly 13000 to 10 cm−1, or wavelengths from 0.78 to

1000 µm.

As a molecule is absorbed on a surface, it exhibits a variety of vibrations, both internal

as well as external ones. These vibrations may be associated with a distortion of the

electrical charge distribution of the system and can be resolved into dipole, quadrupole,

octopole contributions. These vibrations can couple to the electric �eld vector of incident

IR radiation if the corresponding vibration is associated with a change of the dynamic

dipole moment of the system.

Infrared spectroscopy was among the �rst techniques to be applied to the direct char-

acterization of adsorbates [33]. The early studies employed transmission infrared spec-

troscopy, in which the infrared beam passes through a suitably prepared sample [34], [35].

Such a setup is not suitable for the investigations of non transparent metal substrates

which require the use re�ectance spectroscopy. An evaluation of the Frensel equations

proves IR re�ection absorption spectroscopy (IRAS) to be done best in grazing incidence

geometry. The re�ection at conductive surface has the important additional consequence

that the s-polarized �eld component is quenched by the image dipole present in the metal

surface (Fig. 2.4). In turn, IRAS on metal surfaces is only capable to excite vibrations with

a component of dynamic dipole moment aligned perpendicular to surface, a phenomenon

also known as the metal-surface selection rule.

CEM 924 11.5 Spring 2001

Θ I

E(p)E'(p)

E(s)

E'(s)

plane of incidence

Only p-polarized component light can be reflected from surface at high
incidence angles

Only vibrations with component dynamic dipole moment aligned ⊥ to surface
plane can interact with (p-polarized) incident light - "surface selection rule"

Group theory tells us which vibrations have components in x, y and z
directions

Since absorbance A is proportional to E2 and area of surface sampled increases
as 1/cosΘI, sensitivity of RAIRS increases as E2/cosΘI

Figure 2.4: Electric vectors of the s- and p-polarized components of radiation incident

on a metal surface. Primed and unprimed vectors refer to re�ected and incident rays,

respectively.
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CEM 924 11.13 Spring 2001

q

k i

k sk i k s

qΘi Θs

small momentum loss q|| = hν

Only modes with component of vibration perpendicular to surface can be
excited (not parallel modes) - surface selection rule

same selection rules as RAIRS

Total dipole = 0
Total dipole = 2µ

Image
dipoles

µ

Large cross-section for small Ei's (<20 eV) - dominant mechanism near
specular

Well-developed/straightforward theory

(2) Impact scattering:

Electron is "kinematically" scattered at short range (few Å) by atomic core
potentials of surface - modulated by nuclear motion (vibration)

Electron scattered over wide range of angles (in and out of plane of
incidence)

Figure 2.5: Surface dipole selection rule

Technically the IR spectra are measures using a Fourier transform spectrometer. The

main component of such a spectrometer is a Michelson interferometer (Fig. 2.6) which

consists of a moving mirror, a �xed mirror, and a beamsplitter positioned at an angle

of 45 degrees with respect to these mirrors. Radiation from the broadband IR source is

collimated and directed into the interferometer, and impinges on the beamsplitter. At

the beamsplitter, divides the IR beam into two portions. One half is transmitted to the

�xed mirror and the remaining half is re�ected to the moving mirror. After the divided

beams are re�ected from the two mirrors, they are recombined at the beamsplitter. The

resulting beam then passes through or is re�ected at the sample and is focused on the

detector. The detector signal is recorded as an interference pattern of the measured signal

intensity with respect to the position of the movable mirror (determined by a HeNe-laser).

From this interference pattern the entire spectrum can be generated by a simple Fourier-

transformation.

5

Interferometry

The main component in the Fourier Transform Infrared (FTIR) spectrometer is an interferometer. 
This device splits and recombines a beam of light such that the recombined beam produces a
wavelength-dependent interference pattern or an interferogram.  The Michelson interferometer is
most commonly used.

A Michelson interferometer consists of two mirrors and a beamsplitter positioned at an angle of 45
degrees to the mirrors.  A KBr beamsplitter coated with Germanium is typically used for mid IR
region.  Incident light strikes the beamsplitter so that half of the light is transmitted through the
beamsplitter and half is reflected to the mirrors.  The two components are then reflected back and
recombined at the beamsplitter with half of the light passing on toward the sampling areas and
half travelling back toward the source.  The signal at the detector is a cosine wave.

In general, the function of the interferometer is to disperse the radiation provided by the IR source
into its component frequencies.

With polychromatic light (radiation with more than a single wavelength), the output signal is the
sum of all the cosine waves which is the Fourier Transform of the spectrum or an interferogram. 
Figure 4 presents a simplified interferogram from an incident wave consisting of three discrete
frequencies.  This signal is the sum of the three cosine wave signals from each frequency
separately.  The interferogram contains the basic information on frequencies and intensities
characteristic of a spectrum but in a form that is not directly interpretable.  Thus, the information
is converted to a more familiar form, a spectrum, using Fourier Transform methods.

Figure 3.  Optical schematic of a Michelson interferometer.

Figure 2.6: Schematics of a Michelson interferometer
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However, a simple analysis of a spectrum taken from a surface is hampered by the small

absorption of the surface species as compared to the spectral response of the spectrometer.

In order to improve the signal to background ratio of the spectroscopy an IR spectrum

is typically measured in a two steps. As a �rst step a spectrum of the surface without

the species under consideration is measured as a background spectrum. This spectrum

accounts for the combined performance of source, interferometer, and detector as well as

contributions spurious oscillators in the optical path. In a second step the oscillator of

interest e.g. the probe molecule is absorbed on the surface and a spectrum is collected.

It contains absorption bands from the sample and the background. The �nal spectrum is

created by division of the latter by the background spectrum.
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2.3 Thermal Programmed Desorption

Temperature Programmed Desorption (TPD) also known as Thermal Desorption Spec-

troscopy (TDS) is a technique to study adsorbates on surfaces. The experiment utilizes

temperature-programming to discriminate between processes with di�erent activation pa-

rameters.

A typical experiment (Fig. 2.7) consists of the following steps:

i) Preparation of a clean surface.

ii) Adsorption the species of interest.

iii) Increasing the temperature of the sample in linear fashion and monitor the desorbing

species by a mass spectrometer. Typical heating rates are between 0.5 K/s and 10 K/s.

With increasing temperature adsorbed species will desorb from the surface according

to their binding energy. Concomitantly the partial pressure of this species will �rst rise

until the species characterized by the corresponding binding energy are desorbed and the

partial pressure drop down at higher temperatures. This results in a peak in the pressure

versus temperature plot. The temperature of the desorption peak, its shape as well as

its dependence on the initial surface coverage and heating rate can be analyzed to pro-

vide information about binding energies and other quantities such as lateral interactions

between the adsorbate.

The following points are worth noting :

i) The area underneath a peak is proportional to the amount of adsorbate characterized

a particular adsorption enthalpy, i.e. proportional to the surface coverage of this species.

ii) The kinetics of desorption (obtained from the peak pro�le and the coverage depen-

dence of the desorption characteristics) give information on the state of aggregation of

the adsorbed species e.g. molecular v's dissociative.

iii) The position of the peak (the peak temperature) is related to the enthalpy of

adsorption, which is in simple cases directly related to the binding energy to the surface.

Even though TPD can provide a wealth of information concerning the state of adsor-

bates on surfaces it is important to remember that a thorough analysis requires a whole

set of experiments taken for di�erent surface coverage and heating rates.
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Figure 2.7: Schematics of a TPD experiment
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2.4 Low Energy Electron Di�raction

Low-energy electron di�raction (LEED) is a technique used to characterize periodic

structures of surfaces. In the experiment a beam of low energy electrons (typically in the

range 20-600 eV, which corresponds to wavelengths in the order of the atomic distances

in crystals) is directed onto a sample in order to observe di�raction spots characteristic

for the periodic structure of the sample surface. The surface sensitivity of LEED follows

from the short mean free path (a few �Aat 100 eV) of the elastically scattered electrons

which give rise to the characteristic di�raction spots.

LEED may be used in one of two ways:

i) Qualitative: the di�raction pattern is recorded and analysis of the spot positions

yields information on the size and symmetry of the unit cell.

ii) Quantitative: there are two �avors depending on the information of interest: I/V or

tensor LEED: the intensities of the various di�racted beams are recorded as a function of

the incident electron beam energy. Together with appropriate modeling this data allows a

quantitative determination of atomic position within the periodic structure. Spot Pro�le

Analysis (SPA) LEED is a variant of the above mentioned experiment as it monitors the

pro�le of LEED spots as a function of the energy. This allows to extract information on

periodic structures with larger real space periodicity e.g. mosaicity.

Within this thesis LEED will only be used as a qualitative tool to verify the long range

order of oxide �lms.

A LEED instrument usually consists of an electron gun and detector System in a

backscattering geometry (Fig. 2.8). Monochromatic electrons are emitted by a cathode

�lament which is at a negative potential, typically 10-600 V, with respect to the sample.

They are accelerated and focused into a beam, typically about 0.1 to 0.5 mm wide, by

a series of electrodes that serve as electron lenses. Some of the electrons incident on the

sample surface are backscattered elastically, and in case the surface has long range order

di�raction occurs. This typically requires a single crystal region surface as large as the

electron beam. The LEED detector is a retarding �eld analyser containing three or four

hemispherical, concentric grids and a phosphor screen. The potentials of the grids are

chosen such that only the elastically-scattered electrons can penetrate and contribute to

the di�raction pattern while the lower energy (secondary) electrons are repelled by the

grids of the energy �lter.
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Figure 2.8: Schematics of a LEED experiment
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Chapter 3

Experimental Details

3.1 Experimental Setup

Studies of clean surfaces demand Ultra High Vacuum (UHV) in the range of 10−8 Pascal

(10−10 mbar). UHV requires the use of special materials in creating the vacuum system

and extreme cleanliness to maintain the vacuum system. The mean free path of a gas

molecule at 10−9 mbar is approximately 40 km, so gas molecules will collide with the

chamber walls many times before colliding with each other. Thus, almost all interactions

take place on various surfaces in the chamber.

The experiments have been performed in an ultrahigh vacuum apparatus [41] with the

base pressure of 2× 10−10 mbar shown schematically in Fig. 3.1. The chamber is pumped

with a stack of an ion-getter, a turbo-molecular and a titanium sublimation pump.

The apparatus combines a preparation stage located in the upper chamber, which is

equipped with a LEED/Auger system, a mass spectrometer for TPD experiments and

residual gas analysis as well as evaporation sources and a quartz microbalance for the

preparation of the sample. In addition the apparatus allows for an infrared spectroscopic

characterization using grazing incidence re�ection absorption IR (IRAS) (middle part)

and EPR spectroscopic investigations at the bottom of the chamber.

The long travel manipulator allows a manipulation of the sample inside the chamber in

X, Y, and Z direction as well as a rotation around the long axis. The sample is mounted at

the end of a helium cryostat which is mounted inside the manipulator and allows cooling

of the sample down to 30 K.

The sample itself consists of a cut and polished Mo(100) single crystal serving as the
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substrate for the MgO(100) �lm preparation. The crystal is mounted on tungsten rods

and held by a 0.3 mm molybdenum wire loop sitting in slits on three sites of the crystal

(Fig. 3.2). The tungsten rods are connected to a sapphire block which is attached to

the primary heat exchanger of the helium cryostat. Due to the electrical isolation of the

sample, the sample can be heated directly by passing current trough the molybdenum

loop or by electron impact. A W/Re (5% and 26% Re) thermocouple spot welded to the

top edge of the crystal is used to measure the temperature of the substrate. The sample

could be heated up to 1100 K via direct heating and up to 2300 K using an electron beam

from an external �lament.

TPD measurements have been performed by placing the sample less than 1 mm away

from the cup around the quadrupole mass spectrometer. The sample was resistively

heated with a heating rate of 0.5 K/s as measured by a commercial controller (Schlichting

Elektronische Instrumente).

With the manipulator, the sample can be transferred to an intermediate position to

perform Infrared Re�ection Absorption Spectroscopy (IRAS) measurements. A BIO-RAD

type FTS-40 VM FTIR spectrometer extended by a home made optics to allow for grazing

incident re�ection measurements was used. The spectrometer is evacuated by a rotary

pump to avoid gas phase absorption by CO2 and water. During the measurement, dried

nitrogen �ows through the spectrometer serving as a gas cushion for the movable mirror of

the Michelson interferometer. The coupling of the spectrometer to the vacuum chamber is

realized via two Viton sealed KBr windows which allow for measurements in the low 10−10

mbar range. The re�ected infrared radiation is measured by a mercury�cadmium�telluride

(MCT) detector, which is liquid nitrogen cooled. For the IRAS experiments CO was used

as a probe molecule and the sample was exposed at 35 K to di�erent CO amounts up

to saturation coverage. The IRAS spectra were recorded with 4 cm−1 resolution. For

each spectrum one thousand scans were accumulated and recorded at 35 K if not stated

otherwise. Background spectra were recorded using the same settings.

For the IR and TPDmeasurements high purity CO was passed through a liquid nitrogen

trap for further puri�cation prior to its introduction into the vacuum chamber.

From the IR intermediate position the sample may be moved into the EPR stage

after passing a metal-glass connection. This ends in a quartz tube which sits in the

bore of an EPR cavity (type TE102 from Bruker). The cavity is part of a Bruker EMX
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spectrometer equipped with a high-current 12" Varian electromagnet to create the static

magnetic �eld. The magnet can be moved in and out of the measurement position on

rails to allow adjustment of sample and cavity. For EPR measurements radiation in the

X-band ranging between 9-10 GHz is used. The incident microwave power used in the

experiments was chosen to avoid saturation e�ects. The EPR spectra were recorded with

a modulation amplitude of 4 G. Typically EPR spectra were taken at 35 K and 100 scans

were accumulated to obtain a reasonable signal to noise ratio.

and not via actual radical formation.16,17

In general, it must be stated that in spite of a huge num-
ber of studies including those already using surface sensitive
techniques, there is a number of open questions that need to
be addressed.

In the present study we report results gained on model
systems, the preparation of which are based on the work of
Somorjai and co-workers.1,18 For the first time we applyin
situ ESR spectroscopy19,20 on such systems in ultrahigh
vacuum, and report the direct observation of ethyl radicals. A
preliminary account of this particular aspect has been re-
cently published.21 Furthermore, by combining ESR with
FTIR and LEED/Auger measurements we studied the an-
choring process of TiCl4 on the MgCl2. It is shown in agree-
ment with the literature that defects play a very important
role and we can identify particularly active defects via ESR.

Also, the polymerization of ethylene has been followed
at elevated pressures usingin situ FTIR spectroscopy and it
is shown that the resulting polymer shows a certain degree of
crystallinity associated with the growth of the polymer film
on the modified support surface.

II. EXPERIMENT

The experiments have been performed in an ultrahigh
vacuum apparatus~base pressure 2310210 mbar! shown
schematically in Fig. 1. It consists of a preparation stage at
the top, which allows for studying the order and the chemical
composition of the sample using a LEED/Auger system as
well as thermal desorption and residual gas analysis with a
quadrupole mass spectrometer. The chamber is pumped with
a stack of an ion-getter, a turbo-molecular and a titanium
sublimation pump. Also, all necessary materials namely
MgCl2, TiCl4, TMA, TEA, and ethylene can be dosed to the
surface~see below!. The Pd~111! single crystal serving as the
substrate for the catalyst preparation is mounted at the end of
a helium cryostat which is built into a long travel manipula-
tor and allows a cooling of the sample down to 40 K. With
the manipulator, the sample can be transferred to an interme-
diate position to perform IRAS measurements. We use a
FTIR spectrometer from BIO-RAD type FTS-40 VM. The
spectrometer is evacuated by a rotary pump to avoid absorp-
tion by CO2 and water. During the measurement, dried nitro-
gen flows through the spectrometer serving as a gas cushion
for the movable mirror of the Michelson interferometer. Dur-
ing operation the pressure ranges in the 1021 mbar regime.

The coupling to the vacuum chamber is realized via two KBr
windows. The reflected infrared radiation is measured by a
mercury–cadmium–telluride~MCT! detector, which is
liquid nitrogen cooled. The position of the spectrometer can
be mechanically adjusted.

From the IRAS intermediate position the sample may be
moved into the ESR stage after passing a metal-glass con-
nection. This ends in a quartz tube~Suprasil! which sits in
the bore of an ESR cavity~type TE102 from Bruker!. The
cavity is part of a Bruker EMX spectrometer equipped with a
Varian 12-inch high-current electromagnet~V-3603!, which
has been positioned at an inclination angle of the yoke which
allows a shorterz-travel into the measurement position. The
magnet can be moved in and out of the measurement posi-
tion on rails to allow adjustment of sample and cavity. For
ESR measurements radiation in theX-band ranging between
9–10 GHz is used. The correspondent wavelengths are
around 3 cm. At this wavelength the magnet has to deliver a
field strength of 3.4 kG~340 mT! to yield resonance for an
electron spin with ag-value of the free electron (g
52.0023). The incident microwave power used in the ex-
periments was chosen such that saturation effects are
avoided.

The cut and polished Pd~111! sample could be heated up
to 1000 °C and its temperature was controlled by a type K
thermocouple. It was cleaned by sputter~Ar ions at 1 keV!-
anneal ~1080 K for 5–10 min! cycles. The sample is
mounted on tungsten rods and held by a 0.3 mm tungsten
wire loop sitting in slits on three sites of the crystal which
allows direct heating. The tungsten rods are connected to a
sapphire block which is attached to a copper block. Due to
the electrical isolation of the sample, which is realized by
squeezing the tungsten rods into a sapphire block mounted to
the cryostat, the sample could also be heated by electron
impact.

MgCl2 was evaporated as molecular MgCl2 from a
Knudsen cell mounted inside the preparation chamber. Dur-
ing evaporation, the Pd~111! single crystal was heated to 700
K and dosed out of the Knudsen cell for 30–60 min. The
temperature of the cell was typically 810 K. After this initial
evaporation, the Pd~111! substrate was cooled to 610 K and
then exposed to MgCl2 vapor for several hours~typically
4–5 hours!. During this procedure, we observed an increase
of the background pressure to the 1028 mbar range due to
hydrogen evanescence from the MgCl2 evaporation material.
By prolonged pumping the pressure was brought back to the
base pressure range. In order to increase the sensitivity of the
ESR measurements, both sides of the Pd~111! crystal have
been prepared in this way.

For various steps in the preparation of the model cata-
lyst, the MgCl2 films, whose order and composition was de-
duced by LEED/Auger, could be bombarded with electrons
or ions.

III. RESULTS AND DISCUSSION

A. Preparation of the MgCl 2 ÕTiCl4 model catalyst

Figure 2 shows a series of LEED patterns following the
preparation of the MgCl2 film. Figure 2~a! shows the hexago-

FIG. 1. Schematic representation of the experimental setup.
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Figure 3.1: Schematics of the experimental setup
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3.2 Sample preparation

The Mo substrate was cleaned by oxidation with O2 at 1500 K and a pressure of 1×10−6

mbar followed by subsequent �ashes to 2300 K in UHV. The MgO(100) �lms have been

prepared by evaporation of Mg in a background pressure of oxygen (1× 10−6 mbar) onto

the clean Mo(100) substrate held at 600 K [36]. The Mg was evaporated from a carbon

crucible using a commercial electron beam evaporator (Omicron EFM3). The sample was

biased to the voltage of the evaporant during metal deposition to avoid acceleration of

metal ions onto the surface. The deposition rate was 1 monolayer (ML) MgO/min. The

thickness of the �lm was controlled by quartz microbalance.

The long range order as judged by LEED can be improved by annealing the MgO

�lm up to 1100 K for about 10 min. Throughout this paper we will refer to the well

ordered �lm as an "annealed" �lm, while preparations lacking this annealing step are

called "rough" MgO �lms.

For the investigation of paramagnetic species on single crystal surfaces, absolute sensi-

tivity is of paramount importance. It has been shown previously that EPR spectroscopy

has the necessary sensitivity to detect paramagnetic species in submonolayer coverage un-

der UHV conditions [43]. The pristine MgO �lm exhibits no EPR signal above the noise

�oor of the apparatus; therefore the number of singly charged color centers was estimated

to be lower than 1× 1012 on this surface [48].

To create surface color centers [42], the MgO �lm was bombarded with electrons of

100 eV energy at room temperature extracted from a �lament. The time of exposure and

emission current at �xed energy were chosen to get a nominal electron dosage of 1200

electrons per surface oxygen ion (e−/O2).

If not stated otherwise, Cu atoms were deposited at 35 K on a 20 ML thick MgO(100)

�lm grown on a Mo(100) substrate. The Cu atoms were evaporated using a commercial

electron beam evaporator (Omicron EFM3) at a deposition rate of 1 �A Cu per 20 min. The

sample was biased to the voltage of the evaporant during Cu deposition. The deposited

amount was calibrated by a quartz microbalance and is reported as the nominal thickness

of a hypothetical continuous layer of the metal deposited on the MgO �lm given in �A.

Throughout this paper we will refer to the nominal thickness, as for instance the term

1 �A Cu, is an abbreviation for copper deposits prepared by deposition of 1 �A of copper

and is not intended to characterize the actual size of possible Cu clusters.
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Chapter 4

Results and Discussion

4.1 Interaction of CO with MgO(100) �lm

In this chapter we will discuss the interaction of CO1 with regular, low-coordinated

sites as well as F+
s and Fs centers of single crystalline MgO(100) �lm. We will start with

well ordered annealed �lms, exhibiting large terraces, then will turn to rough �lms with

increased amount of corners and edges and, �nally, will discuss the binding of CO on F+
s

and Fs centers.

The crystallinity of 20 ML thick MgO(100) �lms on Mo(100) was veri�ed using LEED.

The LEED pattern of a well ordered, annealed �lm is shown in Fig. 4.1. The quality of the

annealed MgO(100) �lm is proved by its characteristic (1 × 1) LEED pattern exhibiting

sharp di�raction spots. The rough �lm has the same di�raction pattern, but broader

di�raction spots.

First, we will revisit infrared spectra of CO adsorbed on the surface of MgO(100). The

interaction of CO with the MgO surface was studied theoretically [57], [58], [10], [46] and

experimentally for powder, single crystals and thin �lms e.g. [45], [47], [44], [18], [61]. The

binding mode of CO on the regular MgO surface and the in�uence of di�erently coordi-

nated binding sites on the CO infrared frequency shift was investigated theoretically [46].

It is now established that that CO binds with the carbon end down to surface magnesium

sites and the binding is almost purely due to electrostatic interactions. A blue shift of the

1The reasons for the use of carbon monoxide include those which make it a favorite molecule of surface

science in general, chie�y its ease of handling and the sensitivity of the molecule's vibrational frequency

to the manner in which it is bonded to the substrate.
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Figure 4.1: LEED pattern of a thin, single crystalline, annealed 20 ML thick MgO(100)

�lm

CO stretching mode with respect to the stretching mode of gaseous CO (2143.3 cm−1)

has been explained being due to the repulsive interaction between the carbon atom and

the surface anions. A reduction of the coordination number of Mg sites, e.g. at steps or

corners, leads to a stronger binding. Concomitantly, a shift of the CO stretching frequency

to higher energies is observed, which arises from a stronger polarization of the adsorbed

molecule at these sites.

The p-polarized infrared spectra taken after saturating the surface of a vacuum-cleaved

MgO single crystal CO below 40 K with CO exhibit three bands at 2151, 2137 and

2132 cm−1 [44]. Excitation with s-polarized light reveals a spectrum with a single line

at 2132 cm−1. In combination with temperature dependent measurements, LEED, and

helium atom scattering experiments the main band at 2151 cm−1 was assigned to per-

pendicular oriented CO molecules adsorbed on regular terrace sites, while the latter two

bands were attributed to the in-phase and out-of-phase vibrational excitation of tilted

CO in a c(4 × 2) overlayer, respectively. The signal at 2132 cm−1 was assigned to the

out-of-phase vibrational excitation of the tilted CO dipole, which corresponds to a parallel

orientation of the dynamic dipole moment with respect to the surface. The character-

istic c(4 × 2) superstructure as well as the two bands for the in-phase and out-of-phase

vibrational excitation disappear at temperatures above 40 K.

The infrared spectra taken after saturating the surface of a well ordered 20 MLMgO(001)

thin �lm supported on Mo(001) at 30 K with CO is characterized by a relatively sharp
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band at 2152 cm−1 with a shoulder on the high frequency wing and a pronounced feature

at 2138 cm−1 [47]. The lack of the band at 2132 cm−1 is due to the metal surface selection

rule which limits the observable transitions to those with dynamic dipole moments orient-

ed perpendicular to the surface. TPD experiments on well annealed thin MgO(001) �lms

show a CO desorption behavior which is very similar to that of single crystals, namely, the

main desorption peak corresponding to CO desorption from terrace sites is found at 52

K, followed by a broad and less intense desorption feature up to 100 K which is assigned

to CO bound to low coordinated Mg ions [18][47].

Our IR spectra on the well ordered annealed MgO �lm are shown in Fig. 4.2. In the low

coverage regime, a CO band at 2170 cm−1 is observed with a shoulder at 2180 cm−1. At

monolayer coverage the spectrum is characterized by a relatively sharp band at 2153 cm−1

with a shoulder on the high frequency wing. The main IR band at 2153 cm−1 is associated

with CO adsorbed on �ve-coordinated Mg ions. The pronounced shoulder at the high

energy side of the band at 2153 cm−1 has been assigned to CO adsorbed on step or edge

sites of the MgO islands. The red-shift of the infrared band with increasing coverage

is understood as being due to lateral repulsion of CO molecules, which leads to weaker

binding to the surface and a reduced Pauli-repulsion of the CO molecules and the oxide.
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Figure 4.2: CO IR spectra of a well ordered annealed MgO(100) �lm

TPD experiments (Fig. 4.3) performed here show a main desorption peak corresponding

to CO desorption from terrace sites at 65 ± 5 K, followed by a broad and less intense

desorption feature up to 100 K which is assigned to CO bound to edges and corners. This
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shift of the TPD peak as well as the absence of the IR band at 2138 cm−1 is explained by

a reduction of the CO coverage which is due to a surface temperature of about 50 K which

is in perfect agreement with IR and TPD studies reported in the literature [18],[47].

4 0 6 0 8 0 1 0 0 1 2 0
 

CO
 de

so
rpt

ion
 ra

te 
/ a

.u.
 

 

 

t e m p e r a t u r e /  K
Figure 4.3: TPD spectrum of an annealed MgO(100) �lm

The in�uence of concentration of low-coordinated Mg sites on infrared spectra can

be seen in Fig. 4.4, where the spectra after CO adsorption on rough MgO(001) �lm are

presented. At saturation CO coverage the spectrum is characterized by a sharp band at

2164 cm−1 with a shoulder on the low frequency wing. The increased defectiveness from

annealed to rough �lm is seen from the larger intensity ratio between the signal corre-

sponding to defect sites and regular terrace sites. However, a quanti�cation of the ratio

between terrace and defect sites based on the infrared intensities is not straightforward.

The complication arises from the fact that an intensity borrowing from the low frequency

to the high frequency peak can occur for strongly dipolar coupled systems [62], [56].

Finally, we present experiments of CO adsorbed on electron bombarded MgO(100)

�lms which exhibit surface color centers. Beside the paramagnetic F+
s centers the surface

exhibits diamagnetic F0
s centers. These sites were characterized by combining angular de-

pendent EPR measurements and low temperature STM and STS experiments which shows

them to be located predominantly at the edges and corners of the MgO islands [48], [49].

Therefore, rough �lms, which contain an increased number of low-coordinated sites, allow

to increase the number of color centers.

After electron bombardment an almost symmetric EPR signal a resonance line around

g ≈ 2.000 was observed for the magnetic �eld oriented in the surface plane as shown in
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Figure 4.4: CO IR spectra of a rough MgO(100) �lm

the upper trace of Fig. 4.5. The surface nature of the obtained color centers was proven

by their reaction with molecules from the gas phase. Dosing 1 ML equivalent O2 at 35

K to the electron bombarded MgO �lm results in disappearance of the characteristic F+
s

centers signal which is replaced by a complicated structure with g ≈ 2.004, g ≈ 2.010, g ≈

2.040 and g ≈ 2.055 as shown in second trace of Fig. 4.5. It is expected that these signals

correspond to paramagnetic oxygen species created by the reaction of molecular oxygen

with the color centers. Di�erent oxygen radicals species, namely, several kinds of O− (M,

N, Q) [87], [86], superoxide O−
2 [89], [88] and ozonide ion O−

3 [90] have been observed

experimentally on MgO powders and were studied theoretically. The known g-values are

collected in Table 4.1.

The resonance at g ≈ 2.055 points to the presence of O−
2 radicals, because a signal at

such a low �eld is not compatible with the principal g-tensor components observed for O−

species. However, this does not allow to rule out the presence of O− species which might

be responsible for some of the signals observed at higher �elds. It is worth mentioning

that the signal shape suggests that the species have a rather well de�ned geometry with

respect to the surface. This can be inferred from the signals at low �elds which exhibit

a broad but simple derivative shape while the signal around g = 2.010 - 2.004 might be

a due to superposition of several orientations. An assignment of the signal to speci�c

species based on this data is di�cult, because the observed signal positions are most
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Figure 4.5: EPR spectra of an electron bombarded MgO(100) �lm (upper trace), of

electron bombarded MgO(100) �lm adsorbed 1 ML O2 (second trace), electron bombarded

MgO(100) �lm adsorbed 1 ML CO (third trace) and electron bombarded MgO(100) �lm

adsorbed 1 ML CO annealed at 125 K (lower trace)
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Table 4.1: g-values of oxygen radicals species on MgO powders surface. Data

from [87], [86], [89], [88], [90]

.

Species gx gy gz

O− (M) [87], [86] 2.002 2.002 2.046

O− (M) [87], [86] 2.0016 2.0016 2.046

O− (N) [87], [86] 2.002 2.002 2.036

O− (N) [87], [86] 2.0016 2.0016 2.035

O− (Q) [87], [86] 2.002 2.002 2.024

O− (Q) [87], [86] 2.0016 2.0016 2.018

O−
2 [88] 2.0023 2.007 2.082

O−
3 [90] 2.0014 2.018 2.012

likely not reporting on the principal components of the g-tensor, but determined by the

particular orientation of the local g-tensor framework of the di�erent species with respect

the surface. Additional experiments in particular angular dependent measurements, which

are challenging for the given signal to noise ratio, are needed to allow for a more detailed

interpretation of the data.

Similarly, the color center containing MgO surface could be exposed to CO molecules

from the gas phase. As seen in the third trace of Fig. 4.5 exposure to saturation coverage

of CO leads to an almost complete annihilation of the paramagnetic color center signal

which strengthen the argument about the surface character of the paramagnetic center.

As the adsorption perturbs the color center signi�cantly it is also to be expected that

the CO molecules is perturbed when adsorbed at color centers. To this end IRAS mea-

surements have been performed in order to investigate the impact of color centers onto

the adsorbed CO molecules. The �rst three traces shown in Fig. 4.6 present the infrared

spectra of color center containing MgO �lms as a function of CO coverage (1/10 up to

saturation coverage). Apart from the features of the rough �lms discussed above, two

new bands related to the presence of color centers around 1850 cm−1 (A) and 1720 cm−1

(B) appear. At low CO coverage the IR spectrum shows a broad band at 1880 cm−1 and

a peak at 1740 cm−1. With increasing CO coverage the bands shift to lower frequencies,

1850 cm−1 and 1710 cm−1 at full coverage. A strong red shift of the IR signal of CO bound

to color centers with respect to terrace or low coordinated sites (2152 and 2164 cm−1) can
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be explained by the electron donating character of the color centers leading to substantial

charge transfer onto the CO molecules. The enhanced line width of the band A as com-

pared to band B might be due to a superposition of several peaks or stronger coupling

to CO molecules in the vicinity, however, a more detailed analysis is not possible at the

moment.
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Figure 4.6: IR spectra of an electron bombarded MgO(100) �lm up to a CO saturation

monolayer coverage and annealing experiments

The thermal stability of the bands A and B is found to be drastically di�erent. After

heating up the sample to 60 K peak B disappears. The peak can be restored by re-

adsorption of CO even after annealing to 300 K. This indicates, that the disappearance of

the IR signal at 60 K is due to CO desorption, but the color center underneath remains

intact. In contrast to that signal A is considerably more stable. With increasing the

annealing temperature, the band A gains intensity and shifts back to higher wavenumbers

as shown by the IR spectra taken after annealing to 60 K and 125 K at the bottom of

Fig. 4.6. The CO desorption from the sites, giving rise to this band, occurs at temperatures

higher than 300 K. Thus we can conclude, that the absorbtion energy for CO at site A is

much higher than for the site B. Based on the previously acquired knowledge these two

IR band should correspond to CO bound to F+
s and F0

s centers, respectively. However,

a direct assignment of the signals to the species is not straightforward. An experimental
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study on the interaction of CO at 77 K with the diamagnetic and paramagnetic centers on

MgO powder was performed by Marchese et al [55]. They have produced color centers by

contacting the surface of MgO powder with Mg vapors. Additional IR bands in the range

of 1850�1700 cm−1 were observed, which is in agreement with the present observations,

and based on the position these signals have been tentatively assigned to CO−. Theoretical

studies on the interaction of CO molecule with oxygen vacancies on the MgO(100) surface

have been performed by Ferrari and Pacchioni [54]. It was found, that CO interaction of

CO (C-side down) is purely repulsive when approaching F+
s as well as F0

s centers of the

MgO surface. However, at short distances from the surface, a bound state is found which

corresponds to a charge transfer complex of the type CO−/F2+
s or CO−/F+

s . When CO

interacts with a neutral Fs center, the bound state, CO−/F+
s , is found to be higher in

energy than the neutral dissociation limit and represents only a local minimum on the

potential energy surface, independent of the calculation details (CO basis set, inclusion

of surface relaxation, etc.) (Fig. 4.7). When CO interacts with a paramagnetic F+
s

center, the charge transfer state, CO−/F2+
s , is energetically close to the corresponding

�neutral� dissociation limit and it was not possible to establish if the global reaction

is exothermic or endothermic, because the result depends on computational treatment

(Fig. 4.8). The computed CO stretching frequency on F+
s and Fs centers is 1864 and

1783 cm−1, respectively. Comparing the observed IR spectrum with theoretical predictions

it is possible to assign the signal at 1850 cm−1 to CO adsorbed on paramagnetic F+
s centers

while the signal at 1710 cm−1 correspond to CO adsorbed diamagnetic Fs centers. This

assignment needs further theoretical support, since the theoretical model considers the

oxygen vacancy to be on terrace, while the color centers present on the MgO surface are

located at edges and corners [48], [49]. In addition, the calculations cannot account for the

large di�erence in stability of the charge transfer complexes observed in the experiments.

Based on the IR spectroscopy and the theoretical calculation the interaction of CO

with paramagnetic color centers should result in the formation of CO− radicals. In order

to prove the existence of CO− radicals on the electron bombarded MgO �lm, it is worth

to come back to the EPR experiments brie�y mentioned above. A closer look at the

EPR spectrum taken after saturating the electron bombarded MgO �lm at 35 K with CO

reveals not only a quenching of characteristic signal of F+
s centers, but also the appearance
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Figure 4.7: Potential energy curves for the interaction of CO with MgO oxygen vacancies:

CO on a Fs center, CO
− on a F+

s center basis set A (a), CO− on a F+
s center basis set B

(b). Details are described in [54]. The picture was adopted from [54].

Figure 4.8: Potential energy curves for the interaction of CO with MgO oxygen vacancies:

CO on a F+
s center, CO− on a F2+

s center basis set A (a), CO− on a F2+
s center basis set

B (b). Details are described in [54]. The picture was adopted from [54].

33



of a signal with g ≈ 2.051 (Fig. 4.5, third trace). The EPR signature of CO− radicals

have been described in the literature by the group of Giamello who studied the interaction

of carbon monoxide with electron-rich magnesium oxide surfaces prepared by contacting

the powder with vapors of metallic magnesium or alkali metal (Li or Na) [50]. The

paramagnetic signal observed at 100 K after this treatment exhibits an anisotropic g

tensor with g1 ≈ 2.0041, g2 ≈ 2.0014 and g3 ≈ 1.9817, the later component having a

rather large linewidth. No paramagnetic signal with g value higher then g value of free

electron was expected for CO− radical. Thus, the large signal observed at g ≈ 2.051

is incompatible with CO− radicals. On the other hand the signal is rather close to the

resonance lines observed for oxygen based radicals (see second trace in Fig. 4.5). An

interesting observation is made after the annealing the system to 125 K. This leads to

the appearance of two signals around 2.004 and 1.978, and a shift of the signal around

2.051 to g ≈ 2.040 (Fig. 4.5, lower trace). Note, that the appearance of the EPR signals

is accompanied by an increase of the IR intensity of the species around 1880 cm−1.

The experimental observations might be explained as follows. After a CO adsorption

on electron bombarded MgO, the EPR signal from paramagnetic centers is quenched,

which proves the interaction of CO with the F+
s centers of the surface. The IR data

con�rm the adsorption of CO on color centers, because of the appearance of two new

peaks A and B not observed for regular and low-coordinated MgO sites. The strong shift

and drastically di�erent thermal stability of IR peaks A and B indicate rather di�erent

absorbtion properties of CO on these sites pointing to a di�erent nature of the underlying

adsorption site, which is consistent with CO adsorption on F+
s and F0

s centers. The absence

of CO− radical signal after absorbtion of saturation CO coverage might be explained by a

strong interaction of the CO− radical with CO adsorbed in the vicinity, which can result

in broadening of the signal. This is in line with the observed broadening in the IR spectra

for high coverage of CO. After heating up the system to 125 K, the EPR signal previously

assigned with CO− radical [50] appears. At these temperature CO is already desorbed

from terrace as well as low coordinated sites of the MgO surface, which is con�rmed by

IR and TPD studies, and IR peak A exhibits the shift to higher wavenumbers and an

apparent increase of the intensity. Thus, we assume, that CO− is not coupled any more

with CO bound on Mg sites, therefore we are able to observe an CO− signal with g-value

around 2.004 and 1.978. The fact, that we detect g-value of 1.978, although it is broad for
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powder spectra, indicates on the existence of a preferable orientation of CO− radical at

the MgO �lm surface. The existence of the signal with g ≈ 2.051 after CO absorbtion and

its transformation in g ≈ 2.040 can be explained by the presence of O− radical, since it is

compatible with literature data [87], [86] and our EPR observation after O2 absorbtion,

discussed above. Wether this signal is due to the cleavage of CO molecules, which would

imply the formation of carbon deposits, cannot be clari�ed at this point.

To summarize, in this chapter we have discussed the interaction of the CO molecule

with MgO single crystalline thin �lms, exhibiting F+
s and Fs centers. Two new IR

bands due to CO bound on color centers have been observed around 1850 cm−1 (A)

and 1710 cm−1 (B). Based on experiments performed on MgO powders [50], [55] and the-

oretical predictions [54], these signals are assigned to CO(δ−) species formed by an electron

transfer from color centers onto the CO molecules. In addition, band A is tentatively as-

signed to CO−/F2+
s charge transfer complexes, created from CO bound on paramagnetic

F+
s centers, and band B to the formation of CO−/F+

s complexes from CO bound on F0
s

centers.
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4.2 Cu atoms and clusters on MgO(100) �lms

This chapter summarizes the experiments to characterize Cu deposits on MgO(100)

surfaces. IR spectroscopy utilizing CO as a probe molecule served as the main tool which

is amended by TPD and EPR spectroscopic investigations. This project was initiated to

compare the interaction of Cu adsorbed on color centers with Au deposits which have been

previously investigated [76]. Such a comparison requires knowledge about the properties

of Cu adsorbed on regular MgO surfaces as well as other defects such as steps, corners,

or kinks which will always be present. Thus, the following sections will �rst describe

experiments on �lms free of color centers to establish a proper basis for the subsequent

investigation of the interaction with color centers. In order to understand the interaction

with defects other than color centers in more detail, experiments were done not only on

well annealed �lms exhibiting large terraces and comparatively small number of defects

but also on rough �lms characterized by signi�cantly smaller island sizes, hence, larger

number of line defects, corners, or kinks.

4.2.1 Cu on pristine MgO(100) �lms

As a �rst step 2 �A copper were deposited at 45 K on an annealed MgO �lm. The top

three traces of Figure 4.9 show IR spectra after exposing di�erent amounts of CO. on

2 �A Cu deposited at 45 K on an annealed MgO �lm. The spectra taken at 45 K show

two characteristic features. A signal at 2160 cm−1 which corresponds to CO adsorbed on

MgO terrace sites as discussed in detail in the previous chapter. A new peak is observed

around 2100 cm−1 which grows with increasing CO coverage and shifts from 2095 cm−1

at low CO coverage to 2100 cm−1 at saturation coverage. At higher coverage this peak is

accompanied by a broad feature at about 2050 cm−1.

The lowest trace of Fig. 4.10 shows the CO-TPD spectrum taken after saturating

2 �A Cu grown at 35 K on an annealed MgO(001) �lm with CO. The TPD spectrum

(shown is only the high temperature part were no desorption from the MgO surface is

found (see Fig. 4.3)) shows a broad desorption peak starting at around 130 K, with a

maximum at about 200 K and a high temperature cuto� at 250 K.

Various Cu single crystal surfaces have been extensively studied by means of IRAS and

TPD. At saturation coverage Cu(111) [92] and Cu(100) [91] surfaces show a single band
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Figure 4.9: IR spectra of 2 �ACu grown at 35 K on annealed MgO(100) �lm and of 2 �ACu

grown at 35 K and annealed to 650 K/grown at 300 K on annealed MgO(100) �lm
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Figure 4.10: TPD spectra of 2 �A Cu on annealed MgO(100) �lm

around 2065 cm−1 and 2080 cm−1, respectively. The more open (110) surface exhibits a

band at slightly higher energy (2090 cm−1) [63]. However, more recent studies have shown

that the IR-spectra are prone to changes in the line shape due to intensity transfer. A

prominent example is the case of a Cu(16,15,0) surface, where nominally 16 atoms wide

(110) terraces are separated by monatomic steps, which exhibits a feature above 2100 cm−1

at CO saturation coverage and a second weaker band at about 2090 cm−1 [56]. The high

energy feature corresponds to CO bound on step sites and its intensity which should

nominally be about 1/16th of the terrace intensity, is strongly enhanced by intensity

borrowing due to dipolar coupling. In addition, peaks in the region of 1835-1810 cm−1

were found for Cu(111) which has been assigned to bridged bonded CO [69], [70], [92].

The latter are not typical for copper, they have only been observed at high CO coverage

and low temperatures. Ab initio calculations [71] of CO adsorption on several low and

high Miller index surfaces of Cu show the vibrational frequencies of CO at bridge sites in

1880-1910 cm−1 range.

TPD studies of COmolecules adsorbed on di�erently oriented copper surfaces [97], [98], [99]

as well as higher index surfaces which expose di�erent amounts low coordinated sites (step,

kink) [74] have been studied experimentally. In case the experiments are done at low cov-

erage to avoid the formation of compressed superstructures CO is bound to on-top sites
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and the corresponding desorption temperature range from 170 K for closed packed to

250 K for open surfaces and surfaces exposing step and kink sites. In addition, it shows

that low temperature desorption peaks in the range 120-170 K observed for high CO cov-

erage is due to lateral repulsion in the compressed CO layers and for some surfaces due

to the population of bridged sites. This is in line with ab initio calculations [71] of CO

adsorption on several low and high Miller index surfaces of Cu revealing the adsorption

energy to increase as the coordination of the adsorption site decreases.

Based on the data known from experiments on single crystals the observed IR and TPD

results can be interpreted in a straight forward manner. First, the presence of a large signal

of CO bound to MgO sites con�rms the growth of Cu particles on the MgO surface, given

the fact that the deposited amount is nominally su�cient to grow a "continuous" copper

�lm.2 This is expected from a thermodynamic point of view [84] and in line with reports in

the literature on the mode of Cu growth on MgO surfaces [64], [84], [81], [82]. For example,

Zhou and Gustafsson have used medium energy ion scattering and found three dimensional

islands on UHV cleaved MgO(001) single crystal surfaces [64]. Consistently, �rst principles

density functional calculations show that Cu-Cu interactions are stronger than Cu-MgO

surface interactions, and, in turn, three dimensional structures are preferred [81]. The

IR signal at 2100 cm−1 is compatible with CO bound to open surfaces such as the (110)

surface or low coordinated sites. The low growth temperature makes it rather likely

that the Cu particles do not exhibit the thermodynamic equilibrium shape, but expose a

rather large fraction of low coordinated sites do to kinetic limitations of the growth at low

temperature. This is also consistent with the TPD results which renders desorption above

200 K to be due to open surfaces or low coordinated sites while the low temperature side

would also be compatible with more densely packed surfaces. The presence of the latter

can be inferred from the presence of the peak around 2050 cm−1.

The sample investigated so far was grown at low temperature and the structure of the

particles is expected to be strongly in�uenced by kinetic limitations. In order to test this

scenario further the samples were annealed to 650 K which should allow the particles to

relax towards the thermodynamic equilibrium, and may also give rise to Ostwald ripening

of the particles (growth of the large particles at the expense of the small ones). Adsorption

2This can be inferred from the crystallographic data of bulk Cu which crystallizes in a face centered

cubic lattice with lattice constant of 3.65 �A.
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of CO on the annealed sample gives rise to an IR band at 2087 cm−1 with a shoulder

at low frequencies for low CO coverage which shifts to 2095 cm−1 at saturation coverage

(see Fig. 4.10). In addition, a pronounced feature at 2050 cm−1 is observed at saturation

CO coverage. The corresponding TPD spectrum, taken after saturating the surface with

CO (Fig. 4.10, second trace), exhibits a desorption peak at 185 K with a low temperature

shoulder around 130 K.

Along the same line it is expected that growth of Cu at higher temperatures will also

result in the formation of larger and better faceted particles. Deposition of 2 �A Cu at

300 K leads to the same IR spectra observed for the annealed system discussed above. An

identical IR spectrum is also observed after annealing the 300 K deposits to 650 K. The

TPD spectra show a slightly more complex picture. The spectrum taken after saturating

2 �A Cu grown at 300 K with CO (Fig. 4.10), third trace) exhibit a desorption peak at

185 K as found for the annealed low temperature deposits, but the TPD signal has an

additional shoulder on the high temperature side while the low temperature shoulder at

about 130 K is much less developed. In contrast to that, annealing of this system results

in a TPD spectrum (Fig. 4.10, upper trace) which is virtually identical to the one of the

annealed, low temperature deposit.

In combination with the knowledge from single crystal surfaces, the current data shows

that annealing gives rise to the formation of Cu particles with an increased number of

low index facets (Fig. 4.11) which can can be inferred from the higher IR intensity of the

signal associated to CO adsorbed on terrace sites (2050 cm−1). The observed infrared

intensities might be obscured by intensity borrowing e�ects due to dipolar coupling. This

kind of intensity transfer was proposed to be dominating in IR spectra of small copper

particles [93]. However, the above interpretation is corroborated by the TPD results which

shows the expected shift of the desorption maximum to low temperature. In addition, a

low temperature desorption features develops which can be associates with the formation

of high coverage CO phases on larger low index facets. In this respect please note that

the particles grown at 300 K are somewhat intermediate between the low temperature

deposits and the annealed system (peak at 185 K, high temperature shoulder, lack of

peak at 130 K). The TPD results suggest that these particles have a larger fraction of

facets than system grown at low temperature, but exhibit a larger number of defects

as compared to the annealed particles. It is also worth mentioning that TPD seems
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to be more sensitive to these more subtle e�ects than IR. The latter techniques reveals

indistinguishable spectra for both the annealed and the 300 K deposits, while the TPD

spectra reveals di�erences.

Figure 4.11: An example of Cu nanoprticles on oxide support. The picture was adopted

from [83].

The introduction of additional defect sites such as F-centers might change the particles

size distribution considerably towards smaller particles. In addition, it is expected that

charge donation e�ects, which have been observed for Au particles, will be most important

for small particles. Therefore, it is important to study not only rather large particles, but

also to learn about the properties of small particles or even atomic species. In order to

prepare smaller particles 1 �Acopper was deposited at 35 K on an annealed MgO(001) �lm.

Fig. 4.12 shows the infrared spectra as a function of CO coverage (4 top traces) as well

as annealing experiments (4 lower traces). Besides the feature corresponding to CO on

MgO (�2060 cm−1), the IR spectra show two peaks. A signal around 2015 cm−1 (D) and a

peak at 2080 cm−1 which shifts slightly to the blue (5 cm−1) with increasing coverage and

was previously assigned to CO bound on Cu particles. Peak D appears at a CO coverage

of �0.2 ML at 2018 cm−1 and gains intensity with increasing coverage. Concomitantly the

signal shifts to lower frequency (2012 cm−1) and broadens which points to a coupling of

these species with surrounding CO molecules. The latter e�ect may also be responsible

for the observed red-shift.

The relative stability of the two species was investigated by annealing experiments.

With increasing annealing temperature the peak at 2085 cm−1 becomes broader and

more asymmetric. After annealing to 130 K the maximum is shifted to 2097 cm−1 and

the peak shows a shoulder on the low frequency side. The signal intensity, however, is not

signi�cantly changed. It should be noted that the shift to higher frequencies is unexpected

based on the coverage dependence of the IR bands which always shows a blue shift with

increasing coverage. In addition, this shift is correlated with the disappearance of peak D

at 130 K. Prior to its reduction the latter peak shifts back to higher frequencies, but the
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Figure 4.12: IR spectra of 1 �A Cu grown at 35 K on annealed MgO(100) �lm

signal remains much broader than it was after initial CO adsorption at low temperature.

The shift can be explained by a decrease in dipole-dipole coupling with CO molecules on

the MgO surface while the origin of the line broadening remains speculative at this point.

One possible reason would be the population of di�erent sites due to mobility of these

species.

Annealing the system to 650 K and subsequent adsorption of CO up to saturation cov-

erage results in a disappearance of the low energy peak (D). The corresponding IR spectra

is characterized by the peak of CO on MgO and a relatively sharp peak at 2095 cm−1

with a rather small shoulder on the high frequency wing (Fig. 4.13).

Both systems were also investigated by TPD. The spectra of the pristine deposits after

saturating the system with CO (Fig. 4.14, lower trace) show a rather broad desorption

peak with a maximum at around 200 K which extends up to 240 K. In addition a small

peak is observed at 140 K. In contrast to that the annealed system exhibits a CO-TPD

spectrum (Fig. 4.14, upper trace) with a maximum around 180 K. Even though the

spectrum has a long tail to low temperature a pronounced shoulder around 130 K as

observed for the pristine particles is not visible.
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Figure 4.13: IR spectra of 1 �ACu grown at 35 K on annealed MgO(100) �lm and annealed

to 650 K prior CO adsorbtion
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Figure 4.14: TPD spectra of 1 �A Cu on annealed MgO(100) �lm
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Qualitatively the IR and TPD spectra of 1 �A Cu show a similar behavior as for the

2 �A Cu case discussed above except the new IR feature at around 2018 cm−1. This feature

is rather unexpected, because it does not �t into CO stretching frequencies observed on Cu

single crystal surfaces. In an attempt to unravel its nature, isotope mixing experiments

(12CO:13CO = 1:1) were performed on the low temperature deposits (1 �ACu, Tdep = 35 K,

annealed MgO(001) �lm; Fig. 4.15). With increasing CO coverage, the spectra reveals a

doublet structure expected for CO on MgO (2160 and 2090 cm−1) and a broad feature

whose center shifts from about 2060 cm−1 at low coverage to 2080 cm−1 at saturation

coverage. After exposure of 0.12 ML CO the band at 2066 cm−1 is almost symmetric, at

0.2 ML exposure the maximum is shifted to 2083 cm−1 with pronounced shoulder around

2030 cm−1, and further increasing the coverage reduces the intensity of the low frequency

shoulder progressively. However, no signal assignable to the previously observed peak

around 2015 cm−1 is observed in the whole coverage range. After annealing the system

to 130 K the main peak shifts to the blue (2090 cm−1) and the shoulder becomes a

pronounced feature at 2040 cm−1. Annealing to 225 K results in a two peak structure

with almost equal intensities at 2085 cm−1 and 2035 cm−1 which desorb above 250 K as

expected based on TPD. The spectra indicate a strong interaction of CO molecules on

the particles. In this case the intensities of the infrared bands for 12CO and 13CO are

not representative of the relative concentration of these molecules on Cu species. The

observed e�ect is the dramatic intensity transfer from low frequency to high frequency

mode due to a dipolar coupling and has been observed on a variety of surfaces [51], [52].

Only after annealing to 225 K when the amount of adsorbed CO molecules becomes small

and the interactions weakened, we were able to detect a doublet structure peak (2085 cm−1

and 2035 cm−1) representative of individual CO molecules bound to copper particles. The

observed behavior is rather typical for particle system exhibiting di�erent adsorption sited

with similar IR stretching frequencies and slightly di�erent binding energies. The absence

of the rather small peak D around 2015 cm−1 can be attributed to an overlap with the

broad peak around 2035 cm−1. However, this does not hold for the 13CO peak expected

at about 1970 cm−1. In case of a simple splitting into two peaks as observed for the MgO

sites the amplitude of the signal should be su�cient to be observed. One possibility would

be a more complex distribution of the oscillator strength which makes a detection of the

signals impossible, but this cannot be answered based on these experiments.
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Figure 4.15: IR spectra of 1 �A Cu grown at 35 K on annealed MgO(100) �lm: mixed

isotopes experiment
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What happens if the Cu particles become even smaller and the likelihood to prepare

individual Cu atoms increases? To answer this question a smaller amount of 0.15 �A Cu

was deposited at 35 K on an annealed MgO(001) �lm. The infrared spectra for di�erent

CO coverage are reported in the topmost spectra of Fig. 4.16. The features marked in blue

can be assigned to spurious signals originating from the IR spectrometer. The IR spectra

exhibits the well known signals of CO on the MgO �lm on the high energy side as well as

two peaks around 2018 cm−1 (D) and 1880 cm−1 (C). The small peak C is visible only at

CO coverage lower than 0.1 ML CO. In low CO coverage regime, the position of peak D is

at 2018 cm−1 and it shifts to 2012 cm−1 for a CO exposure of 0.3 ML. For higher exposures

the signal is hardly visible (0.7 ML) or completely absent (saturation coverage). Thus,

no features attributed to CO bound to deposited Cu can be detected. TPD spectra show

no distinct Cu related CO desorption either which might be due to the small amount of

deposited copper and a rather broad desorption peak. This is not to say that the surface

is free of Cu. The presence of Cu on the surface can be veri�ed by annealing experiments.

As shown in the lower traces of Fig. 4.16 annealing above 60 K leads to the formation of

an IR signal around 2100 cm−1 which can be assigned to CO bound to Cu particles. It is

interesting to note that this signal grows in intensity even though no other CO signals are

present which implies that Cu is not only present on the surface, but it also carries the

necessary CO to form CO covered Cu particles observed in the IR spectra. Based on this

annealing experiment it is expected that growth of 0.15 �A Cu at 300 K on the annealed

MgO(001) �lm will lead to the formation of Cu particles as characterized by an IR signal of

adsorbed CO molecules around 2100 cm−1. The experiment for this preparation reveals

exactly this behavior. A single broad line centered around 2090 cm−1 is observed for

the whole coverage regime (see Fig. 4.17). Thus we can conclude that room temperature

deposition yields only Cu particles, in agreement with previous studies [64], [84], [81], [82].

What is the nature of the species which give rise to the strongly red-shifted IR bands

C and D? With respect to peak C it is important to remember that a peak in this range

was observed for Cu(111) and assigned to bridge bonded CO [69], [70], [92]. However,

on the single crystal surface these species are present only at high coverage while peak

C is a low coverage species. In addition it is only observed for low amounts of Cu which

renders the correlation with a high coordinated species unlikely. Due to the rather low
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Figure 4.16: IR spectra of 0.15 �A Cu grown at 35 K on annealed MgO(100) �lm
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Figure 4.17: IR spectra of 0.15 �A Cu grown at 300 K on annealed MgO(100) �lm
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Cu coverage and low deposition temperature it is tempting to assign these features to CO

bound to individual Cu atoms. This would imply that the IR peaks have to behave as

expected for metal carbonyls. In an attempt to substantiate this assignment of the peaks

around 1880 cm−1 and 2018 cm−1 spectroscopically, a CO isotope mixing (12CO:13CO =

1:1) experiment was performed (Fig. 4.18). The peak related to CO bound to MgO(001)

becomes a doublet structure (2160 and 2090 cm−1) with an intensity ratio of 1:1. The

signal at 2015 cm−1 splits into a triplet (2016 cm−1, 1997 cm−1, 1969 cm−1) with an

intensity ratio of approximately 1:2:1. Based on the isotope pattern it is readily concluded

that two CO molecules have to be strongly coupled within this species. Thus, the peak

is assigned to a Cu di-carbonyl species. In case of a di-carbonyl it is expected that each

molecule has two modes a symmetric and an asymmetric stretching mode. In the spectra

only one of these modes is observed. The absence of the second line is due to the IR surface

selection rule which restricts observable modes to those with a dynamic dipole moment

perpendicular to the surface. Thus, it is expected that only the symmetric stretching

mode of the di-carbonyl can be detected. The assignment of the doublet structure at

1881 cm−1 and 1831 cm−1 with an intensity ratio of 1:1 is less straight forward. The

spectra show that there is only one CO molecule associated with this peak. Together

with the knowledge acquired on single crystal surfaces the signal is tentatively assigned to

a Cu mono carbonyl species. All attempts to prove a transformation of the mono-carbonyl

species (1881 cm−1) into a di-carbonyl (2016 cm−1) were unsuccessful.
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Figure 4.18: IR spectra of 0.15 �A Cu grown at 35 K on annealed MgO(100) �lm: 12CO

and mixed isotopes experiment at 0.15 ML CO coverage

To gain insight into the thermal stability of the Cu species C and D, annealing ex-

periments were performed starting at a CO coverage of 0.15 ML (Fig. 4.19). The small

48



peak C broadens with increasing CO coverage from 0.02 to 0.1 ML and vanishes irre-

versibly after annealing to 50 K (third trace Fig. 4.19), which was proven independently

by subsequent CO adsorption (data not shown). Concomitantly peak D shifts back to

higher frequency as observed at low CO coverage and the signal gains intensity. Annealing

to higher temperatures reduces the intensity which �nally disappears after annealing to

125 K. This is an irreversible process as shown by subsequent re-adsorption of CO (data

not shown). From these experiments it is readily concluded that the di-carbonyl species

D is more stable than the mono-carbonyl, but both are stable only at low-temperatures.

However, at present it is not clear if this reduced stability of the mono-carbonyl is due

to an enhanced surface mobility or a reduced binding energy of the CO molecules. It is

worth noting, that annealing to temperatures higher than 60 K leads to the formation

of a broad band around 2110 cm−1 which can be assigned to CO bound to Cu particles.

During annealing the signal of CO on Cu particles around 2110 cm−1 grows at the ex-

pense of peak D. Thus, it is concluded that the particles are formed out of the carbonyl

species. It particularly interesting that these experiments provide direct evidence for the

mobility of the di-carbonyl species, because of the formation of CO covered Cu particles

in the absence of other CO molecules on the surface. This would also provide an explana-

tion for the observation in the annealing experiment starting at saturation coverage (see

Fig. 4.16). The main di�erence between the two scenarios is that the di-carbonyl species

become invisible for high CO coverage on the MgO surface. While dipole interaction

allow to explain the absence at high CO coverage the lack of a signal after annealing

to 75 K where the terrace as well as a large fraction of the defect bound CO is already

desorbed points to an alteration of the di-carbonyl by the presence of the surrounding CO

molecules.

To the best of our knowledge, no such species have been reported for well de�ned copper

systems in the literature. In an Ar matrix isolation study Huber et al. [66] have shown

the existence of mono and di- carbonyls with CO stretching frequency 2010 cm−1 and

1890 cm−1, respectively. More recently Zhou et al. have con�rmed the assignment of the

adsorptions at 2029 cm−1 and 1890 cm−1 to mono- and di-carbonyls, respectively, based

on isotopic substitution as well as density functional calculations [67]. The frequencies

are very similar to the ones observed on the surface, however, the assignment to mono

and di-carbonyl species is reversed. One has to bear in mind that the bonding of the
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Figure 4.19: IR spectra of 0.15 �A Cu grown at 35 K on annealed MgO(100) �lm below

0.15 ML CO coverage

copper carbonyls to the oxide can change the properties of the species as compared to the

rare gas matrix considerably. To this end it was found that copper di-carbonyl is a linear

molecule, both experimentally [66] and theoretically [68], while this is not compatible

with the experimental results, because of the surface selection rule.

There are some investigations on powder catalysts reporting CO stretching frequen-

cies in this range. Dandekar and Vannice [72] for example have found a broad band

at 2003 cm−1 after low temperature adsorption of CO on a reduced Cu/Al2O3 catalyst

which they have tentatively assigned to bridged species. On a reduced Cu/SiO2 catalyst

Kn�ozinger and coworkers [73] have found two bands at 2045 and 2018 cm−1. The peak at

2045 cm−1 was assigned to Cu0(CO)2 complexes. While the other signal (2018 cm−1) was

assigned to linear mono-carbonyls, because of the fact that the latter is formed out of the

former species after reduction of the CO pressure. This renders the mono-carbonyl more

stable than the di-carbonyl which is in contrast to the present experiments. However, it

has to be kept in mind that a direct correlation of the present results with those obtained

on powdered material can be hampered by the complexity of these materials as well as

the di�erence in experimental conditions.

In an attempt to unravel the in�uence of low-coordinated sites of the MgO surfaces on
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the nucleation of Cu species, a nominally identical amount of 0.15 �ACu was deposited at

35 K on a rough MgO(001) �lm. This system was exposed to a small amount of CO to

allow for an observation of peaks C and D. The corresponding IR spectra are shown in

Fig. 4.20 as colored traces. For comparison the IR spectra taken on the annealed �lm are

superimposed as black traces. There are several points worth to mention:
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Figure 4.20: IR spectra of 0.15 �A Cu grown at 35 K on annealed (black lines) and rough

(color lines) MgO(100) �lm

The broad band around 2080 cm−1, assigned to Cu particles, can be observed on

rough MgO �lms above a CO exposure of 0.1 ML, while such a signal was absent on the

annealed surface. This points to the fact that nucleation on steps, corners and kinks of

MgO stimulate the formation of Cu particles. In addition, the intensity of peak D is also

enhanced as compared to the annealed �lm which suggests that these species are also

nucleated on morphological defects. The simultaneous increase of both the signal of CO

on particles and of Cu di-carbonyl species for the same nominal amount of Cu requires

that the particle size has to decrease considerably so that the total number of surface

atoms increases. However, slight variations (± 20%) of the total amount of Cu between

di�erent preparations is also possible. On the other hand the behavior and intensity of
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Figure 4.21: 0.15 �A Cu on rough and annealed MgO(100) �lm: comparison of peak

intensities at 2015 cm−1. Starting point at 30 K is at 0.15 ML CO coverage

the small peak C is not changed with increased amount of low-coordinated MgO sites

(Fig. 4.20). Isotope mixing experiments (12CO:13CO=1:1) on the rough �lm (data not

shown) show the same splitting pattern which con�rms the previous assignment as mono-

carbonyl (1880 cm−1) and di-carbonyl (2015 cm−1), respectively. It is interesting to note

that the intensity of peak D is not only systematically higher for the rough �lm (Fig. 4.21)

but it also disappears irreversibly at higher temperature (250 K) and with a slower rate.

The enhanced stability might be due to a change in the relative population of di-carbonyls

at di�erent morphological sites (edges, corners, kinks etc.) whose relative concentration

is di�erent for an annealed or a rough �lm. The presence of CO bound at such a high

temperature corroborates further the previous conclusion that it is the carbonyl which is

mobile on the surface.

The whole set of experiments on this small amount of Cu (0.15 �A) allows to draw the

following conclusions: based on the coverage and temperature behavior and isotope mixing

experiments it is possible to assign the IR signals C and D to mononuclear Cu carbonyls

with one and two CO molecules per metal center, respectively. The di-carbonyls becomes

mobile at higher temperature which leads to the aggregation into copper particles.

4.2.2 Cu on MgO(100) �lms containing color centers

Defect sites are assumed to be more reactive and the properties of metal atoms or

particles adsorbed on such sites may be qualitatively di�erent from those nucleated on

regular surface sites. Particularly, color centers are considered important in this respect,

because of their electron donating character which is thought to result in charged metal

metal particles [75]. This aspect gain considerable interest after a combined experimental
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and theoretical study came to the conclusion that color centers are able to change the

catalytic properties of deposited Au particles due to this e�ect [40].

Despite this general perception a direct experimental was given only recently. In a

combined STM, EPR and IR study Sterrer et al. showed that Au clusters bound to color

centers on MgO(100) �lms become indeed negatively charged [76]. However, this result

prompted the question whether charge transfer is a more general phenomenon also for

other metal, or if it is a special property of Au with its rather large electron a�nity which

is thus particularly prone to the observed electron transfer. To elucidate this question a

combination of electron paramagnetic resonance and infrared spectroscopy is employed to

characterize the interaction of Cu with color centers on the MgO surface.

The upper trace in Fig. 4.22 shows the EPR spectrum around the free electron g-value

measured after bombarding a rough MgO(001) �lm with electrons. The spectrum reveals

a signal around g = 2.000 which can be assigned to paramagnetic F+
s -centers. As shown

previously these centers are located at edge sites (and to a smaller extend on the corners)

of the MgO islands [48]. After deposition of 0.15 �A Cu at 40 K onto this surface, the EPR

signal of the color center is partially quenched. This is in contrast to the situation found

for Au deposition. For Au Sterrer et al. [76] showed that deposition of 0.015 �A Au at 30

K on a comparable substrate results in complete depletion of EPR signal from F+
s centers

on the MgO-�lm which was used to prove the nucleation of Au at these sites. Therefore

the partial quenching of the color center signal after depositing a ten times larger amount

of Cu atoms indicates, that Cu interacts much weaker with F+
s centers than Au.

Fig. 4.23 shows the corresponding CO-IR spectra as a function of CO coverage (red

traces) and annealing temperature (blue traces). For comparative reasons the signal of

the electron bombarded MgO surface is overlayed as black traces. As seen from the red

traces the MgO surface with Cu deposits exhibits four IR signals in addition to the well

known one around 2160 cm−1 arising from CO on the MgO surface. At low CO coverage

a broad band around 2070 cm−1, and peaks at 2016 cm−1, 1881 cm−1, and 1740 cm−1

are observed. With increasing coverage the broad feature shifts to the blue (2075 cm−1),

the peak at 1881 cm−1 is depleted, and the two other peaks are red shifted to 2006 cm−1,

and 1720 cm−1, respectively. The broad signal around 2070 cm−1 is readily assigned to

CO bound to Cu particles. The peak at 2016 cm−1 is also known from the previous

experiments and was assigned to a Cu di-carbonyl. The fact that we are able to detect
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Figure 4.22: EPR spectrum of electron bombarded MgO(100) �lm and EPR spectrum

after deposition of 0.15 �A Cu at 30 K on electron bombarded MgO(100) �lm

peak D at saturation CO coverage is consistent with the assumption of the increase of the

amount of these copper species with increase of steps and edges of MgO surface.

Signals at 1881 cm−1 (A) and 1740 cm−1 (B) have been observed for electron bombarded

MgO surface and were assigned to CO adsorbed on F+
s - and F0

s-centers as discussed in

detail above. Please note that a band around 1880 cm−1 was also found for the deposition

of Cu onto MgO surfaces and was designated as peak C in the previous section. Based

on the coverage dependence and the width signal this peak can be assigned to the mono-

carbonyl (Peak C). The behavior of peak B at 1740 cm−1 is consistent with that found for

the electron bombarded MgO, however, the signal is broadened and its intensity partially

reduced high coverage which might indicate some modi�cation of environment of this site.

Based on this results it can be concluded that there no evidence for a new IR band

which cannot be assigned based on the previous experiments. However, the results show

that the IR signal corresponding to CO adsorbed on the F-centers is quenched (Peak A)

or attenuated (Peak B) upon Cu deposition. This con�rms the nucleation of Cu on the

F-centers -in particular on the sites giving rise to peak (A)- however, there no indication

for charge transfer from the F-centers onto the Cu as found for the case of Au deposits.

During the annealing of the system, the spectrum undergoes the following changes. The

broad band at 2075 cm−1 assigned to Cu particles gains intensity up to annealing to 125 K

and transforms into a peak at 2090 cm−1 with a shoulder at the low frequency side. Upon
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Figure 4.23: IR spectra of 0.15 �A Cu grown at 35 K on electron bombarded MgO(100)

�lm (color lines) and electron bombarded MgO(100) �lm (black lines)
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further annealing the signal intensity decreases and vanishes above 250 K. Peak D shifts

back to 2016 cm−1 upon annealing to 125 K and its intensity is concomitantly reduced

to about a third of the original value. Upon further annealing to higher temperatures

the signal disappears at 250 K. This is in the line with the results obtained for copper

on rough MgO without color centers. The peak at 1720 cm−1 from MgO color centers

disappears after heating the system to 60 K, which is consistent with results obtained on

an electron bombarded MgO �lms without copper deposition. An interesting modi�cation

of the spectrum occurs after annealing at 125 K. The signal around 1880 cm−1 reappears

and with increasing temperature up to 300 K it grows in intensity and shifts to 1886 cm−1.

Based on the temperature behavior these feature can be assigned to CO bound on the

F-center characterized by peak A. This indicates a redistribution of Cu away from the

F-center. Readsorption of CO at 35 K results in sharp peak at 2075 cm−1 with a shoulder

at 2090 cm−1 assigned to CO bound to Cu particles, and peaks at 1840 and 1710 cm−1

which can be assigned to CO bound on color centers.

The previous experiment indicates that in case of Cu F-centers are not the most stable

adsorption sites. Thus, it is expected that growth of Cu at elevated temperatures will

reduce the interaction of Cu with color centers even further. To prove this expectation

0.15 �A Cu was deposited at 300 K on an electron bombarded MgO(100) �lm. The EPR

signal of the F+
s centers taken prior and after the Cu deposition is shown in Fig. 4.24. The

EPR signal is only weakly attenuated after the Cu deposition which indicates that indeed

Cu does not nucleate as e�ectively on the paramagnetic F-center as at low temperature.

The IR spectra of the corresponding preparation are shown as red traces in Fig. 4.25.

At low coverage three Cu related peaks at 2060 cm−1 (Cu particles), 1880 cm−1 (Peak

A), and 1740 cm−1 (Peak B) are observed. The Cu particle signal shifts to the blue

(2080 cm−1) with increasing coverage while the other two shift to the red exactly as found

for the electron bombarded MgO surface (black traces). First it is worth noting that

peak A is observed under these conditions which was not detected for Cu deposited at

low temperature. While the behavior of peak A is qualitatively di�erent for the 300 K

deposits the behavior of peak B is -if at all- only slightly modi�ed. Peak B is found to

be broadened and reduced in intensity for saturation coverage as it was observed for the

low temperature deposits. The IR signals indicative of Cu mono and di-carbonyls were

not detected for the 300 K deposits in line with the observations made for pristine MgO
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Figure 4.24: EPR spectra of electron bombarded MgO(100) �lm and EPR spectrum after

deposition of 0.15 �A Cu at 300 K on electron bombarded MgO(100) �lm

�lms. The temperature behavior was probed by annealing the system to 125 K. This

results in a blue shift and an intensity increase of the Cu-particle signal. In addition peak

B disappears in line with the expectation based on the previous experiments and peak A

shifts back to higher frequency even though the gain in intensity is less pronounced than

it is found for the electron bombarded surface (black trace).

Based on these experiments, the following conclusions can be drawn:

i) Deposition of small amounts of Cu onto MgO �lms exhibiting color centers leads

to a nucleation of Cu both on F+
s and F0

s sites. This is in agreement with theoretical

calculations [78], [79], [80]. These investigations predict that Cu binds preferentially to

the oxygen anions of MgO(100), especially, to low-coordinated oxygen sites, or, if present,

to oxygen vacancies. However, there seem to be di�erences between the two F-centers.

The EPR results show that the interaction with the paramagnetic color center is rather

weak which is in contrast to Au [76]. This is in line with the IR results. For Cu deposition

at low temperature peak A, which was tentatively assigned to the F+
s centers, is largely

quenched but becomes partly available after annealing to 125 K. For deposition at 300 K

these sites are only weakly perturbed by the Cu deposits. On the other hand the in�uence

of Cu deposits on peak B, which was assigned to F0
s centers, is almost independent of the

deposition temperature. This is consistent with theoretical calculations [78], which predict

stronger binding of Cu atoms on F+
s centers than on F0

s centers.
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Figure 4.25: IR spectra of 0.15 �ACu deposited at 300 K on electron bombarded MgO(100)

�lm (red lines) and electron bombarded MgO(100) �lm (black lines)

ii) Cu-Cu interaction dominates the Cu-MgO interaction. While atomic like species

can at room temperature even with the presence of oxygen vacancies.

iii) In case of Au particles nucleated on color centers a characteristic red shift of the

IR signal is observed which is due to an enhanced π-back donation and indicative for a

charging of the Au particles [76]. In contrast, the Cu deposits investigated here show no

additional signal shifted to lower frequencies. Thus, it is not possible to provide evidence

for a charge transfer from the color center to the Cu particles. This is not su�cient to

conclude that such charge transfer does not occur. A possible reason for this failure might

be a very weak binding of CO on negatively charged Cu atoms or particles which hampers

the observation.

The di�erent behavior of Cu and Au may be rationalized in terms of the electron

a�nities [95]3. According to the classical molecular orbital interpretation of the charge

redistribution in a molecular metal-donor (M-D) systems the electron transfer to the metal

(M) will depend on the ionization potential (IP) of the donor (D) and the electron a�nity

(EA) of the metal. For the given of color centers on an oxide surface it is more appropriate

to compare the position of the highest occupies orbital of the color center with respect

to the vacuum level to the EA of gold or copper. The values of EA for Cu and Au are

3The electron a�nity is the energy released when an electron is added to a neutral atom, a positive

electron a�nity indicates that energy is released on going from atom to anion.
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very di�erent, namely, 1.236 and 2.229 eV, respectively [94]. This already indicates that

the highest occupied molecular orbital of Cu is substantially higher in energy than that

of Au which renders a charge transfer based on these very simple consideration unlikely.

This simple picture neglects all changes of the of the position of the participating orbital

basically assuming very weak interaction. A more thorough discussion of the e�ects of

Cu binding to MgO surface sites requires the theoretical calculations.
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Chapter 5

Conclusions

In the �rst part of this work we have discussed the interaction of the CO molecule with

MgO(100) single crystalline thin �lms, exhibiting F+
s and Fs centers. Two new IR bands

associated with CO bound on color centers have been observed around 1850 cm−1 and

1710 cm−1. The strong red shift of the CO stretching frequency was explained by electron

donation from the F-center onto the CO molecule. This implies the formation of CO−

radicals. Based on comparison with theoretical calculations the IR band at 1850 cm−1

was assigned to CO on F+
s -centers giving rise to a CO

−/F2+
s charge transfer complex, and

the band at 1710 cm−1 to the formation of a CO−/F+
s complex formed by adsorption of

CO on an F0
s centers. However, this assignment is tentative at the moment and needs

further theoretical support. The required theoretical calculations are currently done in

the group of Joachim Sauer at the Humboldt University, Berlin.

In the second part of this thesis Cu atoms and clusters deposited on MgO(100) �lms

were studied as a function of copper coverage, depositing and annealing temperature with

a particular focus on the in�uence of morphological defects as well as color centers of MgO

�lms on the properties Cu species.

TPD and IR spectroscopy results have shown, that the deposition of 2 �ACu on well or-

dered MgO(100) �lm results in formation of copper particles. Low-temperature deposition

yields Cu particles with a high concentration of step/edge defect sites, while annealing

to 650 K or room temperature deposition results in particles exhibiting larger low index

facets as expected based on thermodynamic considerations.

IR studies have shown, that low temperature deposition of small amount (0.15 �A) of

copper on well ordered MgO(100) �lm results in formation of Cu species di�erent from
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particles. It was possible to assign these IR signals new mono-carbonyl and a di-carbonyl

species with CO IR stretching frequency around 1880 and 2015 cm−1, respectively. These

copper carbonyls were found to aggregate into copper particles with annealing. It was

shown, that the increase of the amount of morphological defects of MgO surface stimulates

formation of Cu particles and increases the amount of di-carbonyl Cu species.

Using a combination of IR and EPR spectroscopy, it was shown that deposition of small

amount (0.15 �A) of Cu at low temperature onto surfaces exhibiting color centers leads to

a nucleation of Cu onto paramagnetic and diamagnetic color centers. Cu-Cu interactions

were found to dominate over Cu-MgO surface interactions at room temperature even

with the presence of color centers. However, di�erences were found for F+
s and F0

s centers.

While the interaction with the F0
s seems to be weak the interaction with certain F

+
s centers

is considerably stronger. No indication for IR signal shift to lower frequencies due to a

charging of the Cu particles was detected, which could be explained by the relatively small

electron a�nity of copper. Although, further theoretical support is required.
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