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“Physics is like sex: sure, it may give some practical results, but that’s not why

we do it.”

Richard Feynman





Abstract

The research presented in this thesis, concerns experimental studies of thin

manganese silicide and germanide layers, grown by solid phase epitaxy on the

Si(111)7× 7 and the Ge(111)c(2× 8) surfaces, respectively. The atomic and elec-

tronic structures, as well as growth modes of the epitaxial Mn-Si and Mn-Ge layers,

were investigated by low-energy electron diffraction (LEED), angle-resolved pho-

toelectron spectroscopy (ARPES), core-level spectroscopy (CLS), and scanning

tunneling microscopy and spectroscopy (STM and STS). The magnetic proper-

ties of the Mn-Ge films were investigated by X-ray magnetic circular dichroism

(XMCD).

The Mn-Si layers, annealed at 400 ◦C, showed a
√
3×

√
3 LEED pattern, con-

sistent with the formation of the stoichiometric monosilicide MnSi. Up to 4 mono-

layers (ML) of Mn coverage, island formation was observed. For higher Mn cover-

ages, uniform film growth was found. Our results concerning morphology and the

atomic and electronic structure of the Mn/Si(111)-
√
3 ×

√
3 surface, are in good

agreement with a recent theoretical model for a layered MnSi structure and the
√
3×

√
3 surface structure.

Similar to the Mn-Si case, the grown Mn-Ge films, annealed at 330 ◦C and 450
◦C, showed a

√
3×

√
3 LEED pattern. This indicated the formation of the ordered

Mn5Ge3 germanide. A strong tendency to island formation was observed for the

Mn5Ge3 films, and a Mn coverage of about 32 ML was needed for obtaining a

continuous film. Our STM and CLS results are in good agreement with the estab-

lished model for the bulk Mn5Ge3 germanide, with a surface termination of Mn

atoms arranged in a honeycomb pattern. Mn-Ge films grown at a lower anneling

temperature, 260 ◦C, showed a continuous Mn-Ge film at lower Mn coverages,

with a film structure that is different compared to the structure of the Mn5Ge3

film. XMCD studies showed that the low-temperature films are ferromagnetic for

16 ML Mn coverage and above, with a Curie temperature of ∼250 K.
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Chapter 1

Introduction

Spin controlled electronics commonly known as spintronics is nowadays a hot topic

in the scientific community. One great achievement in the field was the discovery

of the giant magneto resistance (GMR) by Albert Fert [1] and Peter Grünberg

[2] for which they earned the Nobel prize in physics in 2007. GMR is a quantum

mechanical phenomenon found in certain magnetic materials and creates large

variations in resistance. This technique is found in the read head of hard disk

drives. The GMR is an excellent example of how basic research leads to great

innovations in modern society.

Today, data information is normally stored on magnetic hard disk drives that

utilize the spin of the charge-carriers, while the data is processed by semiconduct-

ing devices. The communication between these is often both energy and time

consuming, and a single material that could handle the storage as well as the

processing of data would lead to great improvements in the computer industry.

Magnetic semiconductors could act as a solution to this problem as it would pos-

sess both of the desired properties. However, the main challenge in the field is to

find a suitable material that will function properly at room temperature.

There are two key aspects regarding semiconductors for spintronics applica-

tion: first, the development of dilute magnetic semiconductors (DMS) with a suf-

ficiently high Curie temperature, and second, the growth of magnetic layers and

nanostructures on semiconductor surfaces [3]. The most promising dilute mag-

netic semiconductor material is (GaMn)As, for which an important goal has been

to increase the Curie temperature above room temperature, which has turned out

to be very difficult. For silicon and germanium, attempts to grow a DMS with Mn

1



Chapter 1. Introduction

incorporation has been less successful, especially for Si, due to the low solubility

and tendency to precipitation of silicide and germanide compounds, respectively.

The second key problem relates to the issue of spin-polarized electron injec-

tion from a ferromagnetic layer into the semiconductor. Traditional ferromagnetic

contacts on semiconductors show a very low injection efficiency, owing to the

conductivity mismatch between the metal and the semiconductor. It would be

particularly interesting to find a good ferromagnetic contact material for silicon.

Interesting candidates are epitaxially grown transition metal silicides. While most

bulk silicides are non-magnetic, some monosilicides are weakly ferromagnetic, e.g.

CoSi and MnSi. Whether it is possible to epitaxially grow a strongly ferromagnetic

Mn-silicide on Si is still an open question.

Magnetic materials based on Mn and Ge have received a lot of attention lately.

There are two important facts that make MnGe alloys interesting. First, Mn ger-

manides show magnetic properties at a temperature of ∼300 K [4, 5]. Secondly,

germanium based alloys are relatively easy to integrate into today’s existing silicon

based technology. Thus these materials are expected to be good candidates for

spintronics applications [6]. However, despite many theoretical and experimen-

tal efforts, many fundamental issues related to the magnetic properties are still

unresolved, such as growth mode and atomic and electronic structure.

2



Chapter 2

Surfaces

The surfaces and interfaces of solids are of great interest to physicist since the

properties of them are different from the bulk. These properties, especially the

atomic and electronic properties, are very important for understanding the func-

tions of surfaces and interfaces in new technological applications. In the following

chapter the basics of surfaces, and in particular semiconductor surfaces will be

treated as well as the growth of Mn-silicides and Mn-germanides.

2.1 Surface structures

In the absence of neighboring atoms on one side the forces acting on surface atoms

are drastically changed. The equilibrium conditions for these atoms are changed

compared to the bulk atoms and one expects a different atomic configuration at

the surface. The simplest rearrangement of surface atoms is a relaxation of the

top atomic layer, which is a compression/extension of the surface plane, i. e. the

distance between the top layer and the second layer is changed. In this case the

periodicity of the surface structure is the same as in the bulk.

Another case, which is common for many covalently bonded semiconductors,

is the reconstruction of the surface atomic structure. A reconstruction is defined

as a surface atomic structure where the periodicity is different compared to the

corresponding bulk-terminated surface. In the absence of atoms on one side of

the surface plane the surface atoms will have broken bonds, commonly known

as dangling bonds, which are not energetically favorable. The surface atoms will

3



Chapter 2. Surfaces
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Figure 2.1: The unit cells of the five Bravais lattices.

therefore rearrange themselves so that the number of dangling bonds are mini-

mized, typically by re-bonding, introducing adatoms and dimers. However the

displacement of the atoms from their equilibrium position will result in surface

stresses that increase the surface energy. The surface structure may then be the

result of a delicate balance between the reduction of the dangling bonds and the

increase in surface stresses. These can be complicated structures, generally with

different symmetry and periodicity compared to the bulk.

The surface structures of crystalline solids can be classified according to their

symmetry by five different lattices called Bravais lattices. These are the square,

rectangular, centered rectangular, hexagonal, and oblique lattices and are shown

in Fig. 2.1. According to Wood’s notation the surface reconstruction can be

4



Chapter 2. Surfaces

categorized with respect to the bulk structure by the following expression

M(hkl)−
(
|b1|
|a1|

× |b2|
|a2|

)
(2.1)

where M is the substrate crystal and (hkl) the surface’s Miller indices. As in Fig.

2.1 a1 and a2 are the unit vectors of the bulk while b1 and b2 are the unit vectors

of the reconstructed surface. A rotation between the surface and bulk vectors is

noted as -RXX◦ where XX is the rotation angle.

2.2 Reciprocal space and electronic states at sur-

faces

Many of the properties of a solid surface, as well as the solid itself, are determined

by its electronic structure. For a free electron the momentum is proportional to

the wavevector k, which is inversely proportional to the wavelength. We therefore

define a reciprocal space, also called k-space. As real space can provide us with

the positions of individual atoms, the reciprocal space can help us understand the

motions of electrons. In fact, the k-vector, and the quantum numbers for energy

n, and for spin, are the quantum numbers that determine the electronic states in

the valence band. Mathematically the relation between the coordinate space and

the two-dimensional reciprocal space of the surface is given by:

a∗
1 = 2π

a2 × n̂

|a1 × a2|
a∗
2 = 2π

n̂× a1

|a1 × a2|
(2.2)

where a1 and a2 are the real space lattice vectors, a
∗
1 and a∗

2 the lattice vectors

in reciprocal space and n̂ the unit vector normal to the surface. The reciprocal

lattice can be determined by diffraction experiments, using e.g. X-rays or electrons.

The technique low-energy electron diffraction (LEED) provides a direct image of

the reciprocal lattice of the surface.

The electronic states of a crystal are delocalized states that follow the period-

icity of the crystal. This is stated in Bloch’s theorem:

ψnk(r) = unk(r)e
ik·r (2.3)

5



Chapter 2. Surfaces

where unk(r) is a periodic function of the lattice, i.e.:

unk(r+R) = unk(r) (2.4)

where R is a real space lattice vector. An important result of Bloch’s theorem

is that the electronic states form energy bands En(k) in reciprocal space. One

distinguishes between bulk states and surface states, where the bulk states are

delocalized over the whole crystal and form three-dimensional bands. Surface

states are localized to the surface and decay exponentially both into the bulk and

into the vacuum. Since the periodicity of the crystal is broken at the surface,

the wave vector k⊥ perpendicular to the surface is not a good quantum number,

and the band structure of the surface states is two-dimensional. According to

the definition of surface states, they only exist in the regions of k-space where

bulk states are forbidden, i.e. in the bulk bandgaps. ”Surface states” whose En(k)

dispersions are overlapping with bulk bands are named surface resonances. They

can also be viewed as bulk bands that are resonantly enhanced at the surface.

In this work Si(111) and Ge(111) surfaces, which have hexagonal lattices, have

been studied. For a given hexagonal lattice with basis vectors a1 and a2 and length

a, the corresponding reciprocal vectors are

a∗
1 = 2π

a2 × n̂

|a1 × a2|
=

2π

a
k̂x −

2π√
3a
k̂y a∗

2 = 2π
n̂× a1

|a1 × a2|
=

4π√
3a
k̂y (2.5)

with length |a∗
1| = |a∗

2| = 4π√
3a
. A schematic drawing of the relation between real

space versus reciprocal space is shown in Fig. 2.2. Note that the reciprocal lattice

is rotated by 30◦ compared to the real space lattice.

y

x

(b)(a)

Reciprocal spaceReal space

*a
2

*a
1

a
2

a
1

k
y

k
x

Figure 2.2: (a) Hexagonal lattice with basis vectors a1 and a2 with length a,
and (b) the corresponding reciprocal lattice.
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Chapter 2. Surfaces

From Fig. 2.2 (b) we can define the 2D surface Brillouin zone (SBZ) for the

hexagonal lattice, see Fig. 2.3. The SBZ represents a primitive cell of a periodic

1st Brillouin zone

*a
2

*a
1

K

M

Figure 2.3: The first Brillouin zone of the hexagonal lattice with its high
symmetry points.

medium which can be repeated throughout the lattice. There exist several symme-

try points in the SBZ such as Γ̄, K̄, and M̄. By measuring photoemission spectra

along the Γ̄ − K̄ and Γ̄ − M̄ lines one can obtain the band structure along these

lines. This will be discussed in the experimental section of the thesis.

2.3 The Si(111) and Ge(111) surfaces

The semiconducting crystals Si and Ge both have the diamond structure. Even

thought they share the same bulk geometry their surface reconstructions in the

(111) crystallographic direction are different.

In the Si case the most stable reconstruction, after annealing, is the (7×7) with

its unit cell 49 times larger than the one for the bulk truncated (1 × 1) surface.

The structure of the (7× 7) unit cell was long debated and intensely studied over

the last 40 years. With the aid of Binnig and Rohrer’s atomically resolved STM

(see section 3.5) images of the (7× 7) surface [7], the now established model of its

reconstruction was proposed by Takayanagi et al. [8]. Their model, the so called

Dimer-Adatom Stacking-fault (DAS) model is shown in Fig. 2.4. The large unit

cell consists of 12 adatoms, 6 rest atoms, and 18 dimer atoms.

The Si(111)-(7 × 7) surface is relatively easy to prepare in the laboratory. By

using a Si(111) sample with a protecting oxide layer, a clean well-ordered (7× 7)

7



Chapter 2. Surfaces

Figure 2.4: The Dimer-Adatom Stacking fault model (DAS) of the Si(111)-
(7× 7) surface reconstruction as proposed by Takayanagi.

surface can be prepared in situ by annealing. The Mn silicide systems studied in

this thesis were prepared by evaporating Mn on clean well-ordered (7×7) surfaces

followed by annealing at different temperatures.

In the Ge(111) case the surface can form a c(2×8) reconstruction. This surface

is more complicated to obtain compared to the (7× 7) as it usually is prepared by

repeated sputtering and annealing cycles. A schematic drawing of the unit cell of

Ge(111)c(2 × 8) is shown in Fig. 2.5. Its unit cell contains 4 adatoms and 4 rest

atoms. STM images of the surface are shown in Fig. 3.11.

As the above surfaces are very sensitive to contaminations, due to the reactive

dangling bonds, special care for keeping the surfaces clean during the experiments

must be taken. Therefore the experiments are done in ultra-high vacuum with a

base pressure of 1×10−10 mbar or better.

8



Chapter 2. Surfaces

Figure 2.5: The Ge(111)c(2×8) structural model. The reconstruction contains
4 adatoms and 4 rest atoms.

2.4 Thin films of Mn silicides and germanides

This thesis is focused on experimental investigations of the physical properties of

thin films of Mn silicides and germanides. In particular, the atomic and electronic

structures of the MnSi monosilicide and the Mn5Ge3 germanide have been studied.

In addition, variations of the germanide films have been explored, including studies

of their magnetic properties.

As discussed in the introduction, thin ferromagnetic silicide and germanide

films may be interesting as metal electrodes for spin-polarized electron injection

into semiconductors, e.g. silicon. For that purpose, the films need to be epitaxially

grown on the substrate. There is also a basic science interest in elucidating the

fundamental properties of such materials.

Thin films of Mn silicides can be grown in several phases, depending on the

growth conditions, e.g. MnSi1.7 [9], MnSi [10, 11], and Mn5Si3 [12, 13]. The most

well-studied Mn silicide films are the semiconducting non-stoichiometric MnSi1.7

and the monosilicide MnSi, which is a weak helical ferromagnet in the bulk below

9



Chapter 2. Surfaces

(a) (b)

8x8 nm2 8x8 nm2

Figure 2.6: Topographic STM images from the prepared MnSi and Mn5Ge3
surfaces. (a) Typical hexagonal pattern recorded from MnSi, VS=-1.4 V and
I=0.05 nA, 8 × 8 nm2 and (b) a typical honeycomb pattern recorded from

Mn5Ge3 at VS=-0.5 V and I=0.025 nA, 8× 8 nm2.

temperatures of ∼30 K. Recent experimental reports show that ultrathin MnSi

films on Si(111) have the same magnetic properties as the bulk MnSi [14, 15].

However a secondary ferromagnetic phase up to ∼ room temperature was dis-

covered [15], in good agreement with a recent theoretical study [16]. Therefore,

epitaxial MnSi films grown on Si substrates may be interesting as ferromagnetic

contacts on Si, potentially solving the problem with the impedance mismatch at

the metal/semiconductor interface, for spin-polarized electron injection.

Experimental studies of Mn deposition on Si(111)7 × 7 and MnSi growth has

been reported by several groups [11, 13, 17–28]. At low Mn coverages, island

formation was observed [17, 19, 22, 23, 26]. For Mn coverages above about 4

monolayers (ML) and annealing at about 400 ◦C the formation of a continuous

MnSi film was found, showing a
√
3×

√
3 LEED pattern, and corresponding STM

images with
√
3 ×

√
3 periodicity [17, 22, 23, 26]. A typical STM image from

the Mn/Si(111)-
√
3 ×

√
3 is shown in Fig. 2.6 (a). While MnSi in most cases

has been grown by solid phase epitaxy, co-deposition of Mn and Si has also been

investigated [23, 27, 28]. Little has been reported about the atomic and electronic

structure of the
√
3×

√
3 MnSi surface. Concerning the surface atomic structure,

a termination with silicon atoms has been suggested [13, 26].

10
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Figure 2.7: Model of the MnSi structure [29].

Recently, Hortamani et al. [29] presented a theoretical study, based on density-

functional theory, of MnSi thin film growth on Si(111), and the surface atomic

structure of the MnSi film. It was found that the B20-type bulk crystal structure

was the most stable also for ultrathin films. The atomic model of the MnSi film and

its surface is shown in Fig. 2.7. The surface is terminated by Si trimers, arranged

in a hexagonal pattern. The size of the MnSi surface unit cell is very close to

the size of the Si(111)-
√
3 ×

√
3 unit cell, with a lattice mismatch of about 3.2

%. A closer inspection of the surface structure model shows a strong similarity to

the well-known model for the Si(111)
√
3×

√
3-Ag surface, the inequivalent trimer

(IET) model [30]. Similar to that model, in the atomic model of Hortamani et al.,

the top two layers consist of Si trimers and chained Mn trimers. One difference is

that on the
√
3-Ag surface the Ag atoms are above the Si atoms, whereas on the

√
3-Mn surface, the Si atoms are above the Mn atoms.

Similar to Mn-Si, the Mn-Ge germanides exist in several phases [31]. For thin

film growth the Mn5Ge3 germanide is the most interesting and well-studied [4,

5, 32–44]. Mn5Ge3 is a ferromagnetic compound with a Curie temperature (TC)

around room temperature. Its crystal structure is well established [45]. The

structure is depicted in Fig. 2.8.

Zeng et al. [4, 32] reported growth of ultrathin ferromagnetic Mn5Ge3 films by

solid phase epitaxy at annealing temperatures between 300 and 650 ◦C, displaying

a
√
3 ×

√
3 LEED pattern. Similar to MnSi on Si(111), the

√
3 ×

√
3 periodicity

arises from the close match between the Mn5Ge3 unit cell and the Ge(111)
√
3×

√
3

unit cell, with a lattice mismatch of 3.7 %. Also similar to MnSi, the lattice

11
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(a) (b)
Mn

I

Mn
II

Ge

z=0

z=1

Figure 2.8: Model of the Mn5Ge3 structure. After Ref. [45].

mismatch gives rise to island formation at low Mn coverages. STM images of the
√
3×

√
3 films typically show a honeycomb pattern (at high biases) [4, 32, 39]. A

typical STM image is seen in Fig. 2.6 (b). The layered atomic model of Mn5Ge3

give two possible surface terminations, a mixed Mn-Ge layer or a Mn layer. Based

on STM and DFT results, a termination of MnI atoms, as depicted in Fig. 2.8

(b), has been suggested [4, 32].

Further studies of the magnetic properties and the electronic structure of the

Mn5Ge3 films have been made by Sangaletti et al. [34–36], Picozzi et al. [41],

Dedkov et al. [42], and De Padova et al. [40].

12



Chapter 3

Experimental techniques

In the following chapter the experimental techniques used during my years as a

Phd student will be presented. All the photoemission experiments were done at the

MAX-lab synchrotron radiation facility in Lund, Sweden. The scanning tunneling

microscopy and spectroscopy (STM/STS) experiments were done in an Omicron

variable temperature STM system at Karlstad University, Sweden.

First an overview of low-energy electron diffraction (LEED) will be presented,

which today is a standard technique used in almost every surface science lab.

This is followed by a short introduction to synchrotron radiation (SR) includ-

ing the beamlines used at the MAX-lab synchrotron radiation facility. Then the

experimental techniques used with SR will be discussed including photoelectron

spectroscopy (PES), X-ray absorption spectroscopy and its use in X-ray magnetic

circular dichroism (XMCD). Finally STM and STS will be discussed. All these

experimental techniques are used under ultra-high vacuum (UHV) conditions.

3.1 Low Energy Electron Diffraction (LEED)

Low-energy electron diffraction (LEED) is today a standard method for charac-

terizing the periodicity of surfaces. LEED utilizes the diffraction of low energy

electrons in order to determine the order and periodicity of a well prepared sur-

face. Electrons within energies 20-300 eV are used and one can easily evaluate its

13
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Figure 3.1: Schematic drawing of the electron mean-free path as a function
of kinetic energy.

wavelength by the de Broglie relation

λ =
h

p
=

h√
2mEk

(3.1)

where h is Planck’s constant, m the mass of the electron and Ek the kinetic energy.

In the given energy interval the wavelength of the electron is between 0.75-2.75 Å

which is comparable to the atomic spacings in crystal surfaces. At these energies

the electrons have a short mean free path (the average distance before scattering)

in solids which make LEED well suited for the study of surfaces. Figure 3.1

shows a schematic drawing of the general appearance of the mean free path of

the electrons in solids as a function of kinetic energy. At a kinetic energy of ∼80

eV the electron mean free path is at its minimum and the surface sensitivity is

very high. Therefore, the LEED diffraction pattern will be sensitive to the surface

periodicity.

A standard LEED setup is shown in Fig. 3.2 and consists of an electron gun,

energy filters and a fluorescent screen. In a LEED experiment electrons are acceler-

ated towards the sample and backscattered by the surface atoms both elastically

and inelastically. To remove the inelastically scattered electrons, which can be

close to ∼ 99% of the total flux, a set of hemispherical grids are used as energy

filters. The elastically scattered electrons that passed the grid will then be accel-

erated by several keV and be projected on the fluorescent screen. The resulting
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Figure 3.2: Schematic drawing of a standard LEED setup.

diffraction pattern shown on the fluorescent screen is a direct image of the recip-

rocal space.

Figures 3.3 (a) and (b) show two examples of LEED images from the clean

Ge(111)c(2× 8) and the Mn5Ge3 surfaces.

LEED can also be used for more quantitative studies of the atomic structure

of the surface. In such experiments one measures the intensities of the various

LEED spots as a function of the kinetic energy of the electrons, generating so-

called LEED I−V spectra. These spectra are highly sensitive to the exact atomic

arrangement at the surface. By comparing the experimental spectra to theoret-

ical spectra based on various atomic models of the surface structure, it may be

possible to determine the atomic structure of the surface. However such anal-

ysis requires extensive quantum mechanical calculations, taking into account all

possible scattering events, including multiple scattering. Specific instruments have

been developed for such experiments, so-called spot-profile analysis (SPA-) LEED,

which also greatly enhances the sensitivity of the LEED technique. Another im-

portant development of the LEED technique is low-energy electron microscopy

(LEEM), which combines LEED with microscopy on the nanometer scale.
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(a) (b)

34 eV 39 eV

Figure 3.3: (a) LEED image from the clean Ge(111)c(2 × 8) surface and (b)
from the Mn5Ge3 surface with Mn content 32 ML and annealed at 450 ◦C.

3.2 Synchrotron radiation

Synchrotron radiation (SR) facilities can today provide scientists with tunable

high-intensity light reaching from the infrared to the hard x-ray regime. The

light is created in a storage ring by electrons accelerated in a curved trajectory

at relativistic speeds. The SR light is emitted in the tangential direction of the

bend with a high degree of collimation. In a storage ring there are different types

of magnetic devices that create the curved trajectory which yields synchrotron

radiation, such as bending magnets, wigglers and undulators.

The SR light is linearly polarized, in the plane of the ring. This is an impor-

tant feature that can be used for, e.g. investigations of the symmetry properties

of electronic states, or bond directions on surfaces and in molecules. However,

at the upper and lower edges of the photon beam, the light becomes increasingly

circularly polarized, in opposite directions for the upper and lower edge, respec-

tively. By selecting this out-of-plane radiation, it is possible to obtain circularly

polarized light. This has been utilized in the present work, in order to investigate

the magnetic properties of materials (see below).

Much of the work in this thesis was done at beamlines 33 (later I4), I311, and

D1011 at the MAX-lab synchrotron radiation facility in Lund, Sweden.

MAX-lab presently has three storage rings: MAX I with an electron energy of

550 MeV, the 1.5 GeV MAX II ring and the 700 MeV MAX III ring. The lower-

energy MAX I and MAX III rings are suitable for infrared, UV and soft X-ray
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experiments, whereas MAX II covers the photon energies from UV and soft X-rays

to the hard X-ray region. The older MAX I ring is presently being phased out

for SR experiments, while MAX II and MAX III are modern third-generation SR

sources (i.e. they are specially designed for the use of undulators and wigglers).

Beamline 33, on the MAX I storage ring, was designed for angle resolved mea-

surements. At this beamline photons were generated by means of a 7 mrad bending

magnet, and photon energies could be selected with high resolution by means of

a spherical grating monochromator in the energy range 15-200 eV. These energies

are suitable for measuring the surface band structure and shallow core-levels of a

solid. The end station consists of a Vacuum Generators ARUPS 10 spectrometer

for angle-resolved photoemission, two preparation chambers and a sample transfer

system. Recently, beamline 33 was upgraded to the I4 beamline. The upgrade

entailed changing the photon source to an undulator at the MAX III storage ring,

and adding another electron analyzer to the spectrometer, a SPECS Phoibos an-

alyzer.

Beamline I311 is a soft x-ray beamline at the MAX II ring, designed for high res-

olution XPS. I311 is an undulator based beamline with a plane grating monochro-

mator (PGM), covering the photon energy range 42-1500 eV. The end station is

equipped with a Scienta SES200 hemispherical analyzer and a separate prepara-

tion chamber. Subsequently, a second end station was added behind the XPS

station. This second end station is built for photoemission electron microscopy

(PEEM), using soft x-rays and off-line (i.e. without SR light) LEEM.

D1011 is a soft x-ray beamline at the MAX II ring, covering the photon energy

range from 40-1500 eV. The photon source is a 4.7 mrad bending magnet and

the monochromator is a Zeiss SX-700 PGM. A special feature of this beamline is

an adjustable local bump of the electron beam trajectory in the bending magnet.

This allows for measurements with circularly polarized light, suitable for measure-

ments of magnetic properties. The main end station is equipped with a Scienta

SES200 hemispherical analyzer and a partial yield detector for X-ray absorption

measurements, as well as a preparation chamber and a sample transfer system.

A second end station is available, designed for X-ray magnetic circular dichroism

measurements.
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3.3 Photoelectron Spectroscopy (PES)

The photoelectron spectroscopy technique has its origin in the photoelectric effect

discovered by Hertz in 1887 [46], and explained by Einstein in 1905 [47]. Photoelec-

tron spectroscopy is a powerful technique for measuring the occupied electronic

states in solids, liquids, as well as free atoms and molecules. For single crystal

solids, in principle all relevant quantum numbers of the electronic states can be

determined by PES: energy, wave numbers and spin. A comprehensive review of

photoelectron spectroscopy is given by Hüfner [48].

The principle employed in PES is to measure the kinetic energy distribution

of the photo-emitted electrons generated by well-defined photon energies. A

schematic drawing of the relation between the energy levels in a solid and the

energy distribution produced by the irradiating photons is shown in Fig. 3.4. Due

f
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Sample energy levels
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I(EK)
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Figure 3.4: The basic principles and the energies involved in a photoemission
process.
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to the law of energy conservation the kinetic energy of the photoelectron is given

by

Ek = hν − EB − ϕ (3.2)

where hν is the photon energy, EB the electron binding energy and ϕ the work

function of the solid. The inclusion of the work function in this formula implies

that the energy reference for the binding energy is the Fermi level EF of the solid.

In other variants of this formula the vacuum level or the valence band maximum

are used as energy reference.

The photoemission process is theoretically treated as a single-step quantum-

mechanical process. However, it can be approximated by a conceptually more

simple three-step model which divides the photoelectric effect into three steps:

- First, the electron is excited to a higher energy level by an incident photon.

- Second, the photoelectron is transported to the surface.

- Finally, the electron penetrates the surface and escapes into vacuum.

The first step, in which the electron is excited into a higher energy state, can be

approximated by Fermi’s golden rule which gives the transition probability for an

electron to go from an initial state, Ψi, into a final state, Ψf according to

W =
2π

~
|⟨Ψf |H|Ψi⟩|2δ(Ef − ~ν − Ei) (3.3)

where the Hamiltonian H = A · p + p ·A describes the interaction between the

photons, A (the vector potential), and the electrons, p (the momentum opera-

tor). The δ-function assures that the energy conservation is fulfilled during the

excitation from an initial state into a final state.

When electrons are transported towards the surface, i.e. the second-step in the

three step model, a large number of electrons will interact with the surroundings

and lose part of their initial energy (inelastic scattering). These electrons will

contribute to a continuous background and yield a low-energy tail in the pho-

toemission spectra. The probability for an electron to reach the surface without

inelastic scattering is given by the mean free path, λ.

These two first steps assume that the wave vector k is conserved. In the third

step, only the wave vector component parallel to the surface, k||, is conserved
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and the information about the wave vector perpendicular to the surface, k⊥, is

lost. However, the band structure of the solid can be studied experimentally by

measuring the photocurrent intensity versus Ek at different emission angles, this

will be discussed in detail below.

Usually PES is divided into different branches depending on the photon energies

used in the experiment. With photons in the ultraviolet range, 5-30 eV, the

technique is called ultraviolet photoelectron spectroscopy (UPS). When photons

with energies of 100 eV up to several keV the method is called x-ray photoelectron

spectroscopy (XPS), or Electron Spectroscopy for Chemical Analysis (ESCA).

Today, synchrotron radiation facilities are widely used by researchers because of

the possibility to cover the whole spectral range from UV to X-rays. With the

information from the universal mean free path curve of the electron (Fig. 3.1) one

can easily choose between performing a surface- or bulk- sensitive measurement.

3.3.1 Ultraviolet Photoelectron Spectroscopy (UPS)/Angle-

Resolved UPS

When the electron in a crystal transmits through the surface and into vacuum it

is required that its wave vector parallel to the surface is conserved according to

kex
|| = k|| +G|| (3.4)

in which k is the electron wave vector inside the crystal and G|| is a reciprocal

lattice vector. The kinetic energy of the electron in vacuum is then given by

Ek =
~2kex2

2m
. (3.5)

With the geometry shown in Fig. 3.5 the wave vector component parallel to the

surface can be obtained to be

kex|| = kexsinθ =

√
2m

~2
Eksinθ (3.6)

where θ is the emission angle. By recording a set of spectra with different emission

angles one can use Eq. 3.6 to map the band structure of the solid.

20



Chapter 3. Experimental techniques

e

n̂
h

e-(Ek)

i kex

Figure 3.5: Schematic drawing of a photoemission setup. θi is defined as the
angle between the incoming photons and the surface normal and θe the angle

between the emitted electrons and the surface normal.

An important issue in the analysis of ARUPS data is to distinguish between

surface related electronic states and bulk states. Even though photons in the

ultraviolet range are used, giving a high surface sensitivity, the photocurrent signal

recorded from the crystal is normally dominated by emission from bulk states.

However, there are several ways to distinguish between surface and bulk states if

one considers the following:

- True surface states only exist in the bulk bandgaps, which are the regions in

E(k)-space where no bulk electronic states exist. Surface related states that

overlap with bulk states are named surface resonances.

- As a consequence of the two dimensional nature of the surface, the surface states

have no well-defined k⊥ wave vector. As a result, the measured binding

energy of a surface state is independent of photon energy. In contrast, for the

three-dimensional bulk states, a change in photon energy typically leads to a

transition at a different k⊥, leading to a photon energy-dependent dispersion

of the bulk peak.

- The periodicity of the surface bands should be consistent with the surface pe-

riodicity, while the bulk state dispersions are independent of the surface

periodicity.
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- In contrast to bulk states, surface states are in many cases sensitive to con-

tamination or gas exposures. By exposing the surface to atomic hydrogen

or oxygen, or simply observing the long-term effect of rest gas contamina-

tion, one may distinguish between surface and bulk features in the ARUPS

spectra.

For the latter two points, it should be noted that, although the surface periodic-

ity or contaminations do not change the positions E(k) of the bulk peaks, their

appearance may change due to different scattering conditions at the surface.

3.3.2 X-ray Photoelectron Spectroscopy (XPS)

When X-rays are used in PES more strongly bound electrons can be probed i.e.

core-level electrons. The binding energies of the core-level electrons are well known

for the elements. One can therefore easily determine the presence of a specific

element in a sample. Consequently, XPS is a widely used technique, both in

science and industry, for chemical analysis of materials.

However, a number of physical and chemical phenomena will give rise to small

shifts in the measured core-level binding energies, ranging from fractions of one

eV to several eV. Some shifts are caused by the ground state properties of the

system (initial-state effects), and some are related to the photoexcitation process

(final-state effects). The former type refers to local differences in the potential

energy at the precise atomic positions, caused by the distribution of the valence

electron, e.g. the charge distribution of the chemical bonds (so-called chemical

shifts) and the Madelung potential. The core-level energies are therefore sensitive

to the precise atomic arrangement in the material, e.g. on the surface or in a

molecule. The latter type of effects refers to shifts caused by screening of the core

hole, and so-called shake-up effects, causing satellite peaks, etc..

At the surface the core-level binding energies will differ compared to the bulk

which arises from different atomic configurations at the surface, i.e. the valence

electrons have different binding configurations compared to the bulk. This may

be used to determine the atomic structure of the surface.

The lineshape of a core-level spectrum consists of many different components.

Except for the surface core-level shift one also needs to consider the finite life time

of the core hole, the instrumental resolution, and energy losses due to different
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interactions in the solid. In the fitting procedure of a core-level spectrum one

needs to make some assumption about the lineshape. Usually a so-called Voigt

lineshape is used, which is a convolution of a Lorentzian and Gaussian function.

The Lorentzian shape, or broadening, is caused by the finite life-time of the core

hole while the Gaussian shape is expected to be caused by the instrumental and

phonon broadenings. In addition, small unresolved shift can be present in the

spectrum, is caused by inhomogeneities and/or disorders. These often result in

larger Gaussian or Lorentzian widths. In metallic systems, such as MnSi and

Mn5Ge3, which often have asymmetric lineshapes, a Doniach-Šunjić lineshape [49]

is used. The asymmetry is often caused by the screening of the core hole, which

results in small energy losses of the electrons and is seen as a tail towards higher

binding energy.

3.4 X-ray Absorption Spectroscopy (XAS)

Near edge X-ray absorption spectroscopy, commonly named Near Edge X-ray Ab-

sorption Fine Structure (NEXAFS) spectroscopy, is an element-specific technique

for investigating the unoccupied electronic states of a surface. It requires tunable

light since the absorption signal is recorded as a function of the photon energy.

The basic principles are illustrated in Fig. 3.6. The photon energy is scanned

over an absorption edge of a core-level, and the core-level electrons will then be

excited into unoccupied states just above the Fermi level. The excited state is

unstable and will quickly decay, a process where the core hole will be filled by an

electron from an higher energy state. There are several different decay processes,

where one distinguishes between radiative and non-radiative decay processes. In

radiative decay, the extra energy will be released as a fluorescent photon, whereas

in non-radiative decay an Auger electron will be released. The measured signals

of these two types are known as fluorescent yield and electron yield, respectively.

In the electron yield method the absorption signal can be detected by measuring

the drain current of the sample, which is known as the total electron yield (TEY).

However to achieve a higher signal-to noise ratio and higher surface sensitivity, a

multi channel plate (MCP) detector may be used. In this method, known as partial

electron yield (PEY), the detector entrance is biased by a negative voltage in order
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Figure 3.6: Principles of the decay processes involved in NEXAFS.

to reject the inelastically scattered electrons, and only allow the unscattered Auger

electrons to pass.

The NEXAFS spectra reflect the X-ray absorption cross section, which is de-

termined by the density of final states and the matrix element for electric dipole

transitions. An important aspect is that the electron excitation must obey the

dipole selection rules, implying that the angular momentum quantum number

must change by ∆l = ±1. Thus, only transitions fulfilling this condition will con-

tribute to the spectrum. The dipole matrix element is also highly sensitive to the

polarization of the light. Therefore, NEXAFS with linearly polarized light may

be used, e.g., for studying bond directions or molecular orientation, and circularly

polarized light can be used for studying magnetic properties, using X-ray magnetic

circular dichroism (XMCD). NEXAFS is a highly versatile and powerful technique

with a wide range of applications. A comprehensive review is given by Stöhr [50].

However in this work, NEXAFS has only been used for XMCD measurements.

3.4.1 X-ray Magnetic Circular Dichroism (XMCD)

X-ray magnetic circular dichroism (XMCD) is a technique used to determine a

sample’s magnetic properties such as the atomic magnetic moment, including both
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Figure 3.7: XMCD spectrum measured at the Mn L2 and L3 absorption edges
of a Mn-germanide film at 100 K. The intensity of the XMCD signal of the L3

and L2 absorption edges is shown as the difference between the NEXAFS spectra
recorded with opposite magnetization (M+ and M−).

spin and orbital magnetic moments. XMCD utilizes the spin selective excitation of

the core-level into an empty band by circularly polarized light. The XMCD signal

is the difference spectrum between two NEXAFS spectra recorded with opposite

circular polarization of the X-rays. Alternatively, the circular polarization is kept

constant, while measuring the NEXAFS spectra with the magnetization of the

sample in two opposite directions.

An example of a typical XMCD measurement is seen in Fig. 3.7. For the

3d transition metals, the XMCD signal is measured over the 2p edge, in which

case the core electron is excited into an empty state of the spin-split 3d band.

The magnetization direction of the sample is chosen so that (ideally) it is parallel

and antiparallel, respectively, to the photon’s angular momentum. The XMCD
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intensity is then the difference between the two NEXAFS spectral intensities as

given by:

IXMCD = I+ − I− (3.7)

The difference signal IXMCD is directly proportional to the degree of circular

polarization and the magnetic moment ⟨m⟩ of the 3d shell. It also depends on the

angle θ between the photon direction and the magnetization by the factor cosθ.

The information in the XMCD data can be elucidated by employing three sum

rules developed by Thole et al. [51] and Carra et al. [52], known as the spin,

angular momentum, and charge sum rules. For a detailed derivation of the sum

rules, as well as a comprehensive review of XMCD, see the book by Stöhr and

Siegmann [53]. With the first sum rule the effective magnetic spin moment per

atom can be calculated according to:

µ = µspin + µdip = − 1

γC
(A− 2B)µB (3.8)

where µspin is the spin moment and µdip is a expectation value of the intra-atomic

magnetic dipole operator.

In the second sum rule the magnetic orbital momentum per atom can be cal-

culated according to:

µorb = − 2

3γC
(A+B)µB (3.9)

In the above equations A and B are the integrals over the L3 and L2 absorp-

tion edges in the difference spectra (IXMCD), respectively. The term γ = P cos θ

accounts for the degree of polarized light and cos θ for the angle between the

magnetization and the incoming photons. C is described by the charge sum rule

according to:

C =
1

Nh

∫
L3+L2

[IXAS − s]dE (3.10)

where Nh is the number of empty valence states per atom, IXAS is derived from

(I+ + I−)/2, and s is a two-step function [54].

The above described sum rules apply for orientation-averaged intensities. For

anisotropic cases, slightly modified sum rules apply [53].

26



Chapter 3. Experimental techniques

The XMCDmeasurements reported here were done at beamline D1011 at MAX-

lab using circularly polarized light from a bending magnet, as described above.

The experimental setup in the end station is shown in Fig. 3.8.

Iron cores
 Coil

(b)
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(a)

Sample

Iron core

Figure 3.8: Schematic drawings of the experimental setup in the back chamber
at D1011. (a) The sample position when magnetizing it in-plane. (b) The
sample is rotated 90◦ and can be magnetized out-of-plane. The sample is visible
through a hole in the iron core and through here the photons hit the sample.

3.5 Scanning Tunneling Microscopy (STM)

Scanning tunneling microscopy (STM) was invented by Binnig and Rohrer in 1982

[55] and they received the Nobel prize in physics for this invention already in 1986.

Comprehensive reviews of the STM technique are given by e.g. Wiesendanger [56]

and Meyer et al. [57].

A schematic drawing of the principle of STM is found in Fig. 3.9. In STM

a sharp metallic tip is moved close to, typically 5-10 Å, a conducting surface. A

bias voltage between the tip and the sample will give rise to a tunneling current,

which is highly sensitive to the tip-sample distance. The current signal is fed into

a feedback loop designed to keep the current constant. The feedback loop controls

the z-movements of the tip, so that the tunneling current, and thereby the distance

between tip and sample, is kept constant when scanning the tip over the surface.

The very small movements of the tip in the x, y, and z directions are done by

27



Chapter 3. Experimental techniques

I

VS

Feedback 
    loop

Piezodriver

Figure 3.9: Drawing of a general STM setup.

piezoelectric devices. The movement in the z-direction is recorded as a function

of x and y and an image is built up from the scanned area. The piezo drivers are

capable of a resolution in the x and y directions of one Å or less, and even better

in the z-direction, due to the feedback loop. Thereby, atomic resolution can be

achieved. This operation mode is known as constant current mode.

The movements of the piezo drivers and the settings of the feedback loop are

controlled by a computer, and the recorded image is typically displayed on the

computer screen as a line-scan image or a greyscale image. The maximum range

of the piezo scanner is typically 10 µm, so the STM also has a mechanism for the

coarse approach of the tip. In addition the STM system needs to be very well

isolated against mechanical vibrations from the surroundings. In order to measure

on sensitive and reactive surfaces, the STM must be mounted in a UHV system.

In a simple picture the tunneling current can be described by

I ∝ e
−2d

√
2mϕ

~ (3.11)

where d is the distance between tip and sample, m the electron mass, ϕ the tun-

neling barrier height, and ~ is Planck’s constant. The above equation illustrates
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the large effect in tunneling current when changing the distance d between the tip

and sample.

The tunneling current is a quantum mechanical effect that allows an electron

with energy E to penetrate a barrier ϕ > E. In Fig. 3.10 a schematic drawing of

a one-dimensional tunneling junction related to STM is shown.

For a better understanding of the tunneling effect related to STM one needs

to consider the overlap of the wave functions between the tip and the sample. By

using two independent wave-functions, Bardeen [58] showed that the tunneling

current can be expressed as

I =
2π

~
e
∑
µ,ν

f(Eµ)[1− f(Eν + eV )]|Mµν |2δ(Eµ − Eν) (3.12)

where f(E) is the Fermi distribution function, V the bias voltage, Mµν the tun-

neling matrix element between the state ψµ on the tip and the state ψν on the

surface, and Eµ is the energy of state ψµ in the absence of tunneling.

Assuming that the tunneling electrons are the electrons at the Fermi level, i.e.

low bias voltage, and the limit of low temperature, Eq. 3.12 reduces to

I =
2π

~
e2V

∑
µ,ν

|Mµν |2δ(Eν − EF )δ(Eµ − EF ) (3.13)

As Bardeen showed, the tunneling matrix element, |Mµ,ν |, can be treated as the

surface integral over the current operator

Mµ,ν =
~2

2m

∫
d⃗S · (ψµ∗∇⃗ψν − ψν∇⃗ψ∗

µ). (3.14)

As the wave function of the tip is generally unknown, one can as Tersoff and

Hamann [59, 60] approximate it with an s-wave to get the following result

I ∝
∑
ν

|ψ(r⃗0)|2δ((Eν − EF ) ≡ ρ(r⃗0, EF ). (3.15)

This equation shows that the tunneling current can be expressed as the surface

local density of states (LDOS) at the Fermi level evaluated at the center of the

tip. The Tersoff-Hamann model is the standard theory model for STM, explaining

the ability to achieve atomic resolution in a relatively simple first-order theory.
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Figure 3.10: Schematic drawing of a one-dimensional tunnel junction related
to STM.

Equation 3.15 shows that STM maps the contour of constant LDOS at the

Fermi level. This implies that the STM images will be a mixture of both the local

electronic states and the topography, i.e. the atomic structure of the surface. The

Tersoff-Hamann theory is based on the limit V → 0 (which implies that it is only

valid for metallic surfaces). One may nevertheless be able to map electronic states

further away from the Fermi level by increasing the bias voltage. In addition, it

is also possible to measure STM images on semiconductor surfaces by increasing

the bias voltage to overcome the surface bandgap. Also in these cases the central

result of the Tersoff-Hamann theory is still valid, i.e. that the tunneling current

is dependent on both the local electronic states and the topography. Figures

3.11 (a) and (b) show the filled and empty state images, respectively, from the

Ge(111)c(2 × 8) surface. The rectangle indicates the c(2 × 8) unit cell and the

red and green circles represents the positions of the adatoms and rest atoms,

respectively.

The STM technique has been particularly successful in the study of semicon-

ductor surfaces, starting with the famous first STM images of the Si(111)-(7× 7)

surface by Binnig et al.[7]. The covalently bonded atomic structure of semiconduc-

tor surfaces often gives rise to strong local variations in the LDOS, which can be
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(a) (b)

Figure 3.11: Topographic STM images from the Ge(111)c(2 × 8) surface. In
(a) the filled state image recorded at -0.8 V is shown and in (b) the empty state
image at +0.8 V. The tunneling current was 50 pA and image sizes are 6 × 6
nm2. In both images the black rectangle indicates the c(2 × 8) unit cell with

circles indicating the positions of adatoms (red) and rest atoms (green.)

mapped relatively easily by STM. In addition, many semiconductor surfaces have a

rich family of surface reconstructions, depending on the surface preparation, which

has generated a large interest for STM studies of such surfaces. However, in those

studies the complex mixture of the LDOS and the topography may complicate the

analysis of the STM images, leaving room for different interpretations.

3.5.1 Scanning Tunneling Spectroscopy (STS)

In addition to atomically resolved topographic images, the STM can also record

spectroscopic data with similar lateral resolution. Several spectroscopy modes

exist, but normally the tunneling current is recorded as a function of applied bias

at a specific surface point with the feedback loop turned off. The data may be

recorded as I(V ) curves or the derivative dI/dV . Spectra may thus be recorded for

specific atomic positions, or a large number of spectra may be added together to

create an area-averaged spectrum. Figures 3.12 show area-averaged STS spectra

from the clean Ge(111)c(2 × 8) and Mn5Ge3 surfaces. The features seen in the

spectra at negative sample bias (filled states) can be compared to the surface states

observed in ARPES spectra (see paper III).
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Figure 3.12: Area averaged STS spectra from the Ge(111)c(2×8) and Mn5Ge3
surfaces.

Current image tunneling spectroscopy (CITS) is a special mode, where a spec-

trum is recorded as described above, in each measurement point, during a topog-

raphy scan. The acquired three-dimensional data set I(x, y, V ) can be displayed

as ”current images” for different bias voltages, or as spectra at specific surface

sites. However, the most simple way to generate spectroscopic information is to

record topographic images at different bias voltages.

The tunneling current has an exponential dependence on the voltage, making

it difficult to observe any features in the spectra. In the analysis of STS data

one therefore uses the derivative of the current dI/dV or the normalized deriva-

tive (dI/dV )/(I/V ). It is generally accepted that at low biases (< 1 eV), the

normalized derivative is a good approximation to the LDOS.

To achieve spectroscopic data from a specific surface site is a very challenging

task as many experimental conditions need to be optimized. One important issue

is the thermal drift in the STM system. If the drift is significant, the measurement

time for each spectrum must be quite short, which may lead to a large statistical

noise in the data. Another important issue is the condition of the tip, to which the

spectroscopic data is highly sensitive. Since the tip condition is generally unknown,
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there may be problems with reproducing the STS data. Also the topographic

images may change significantly due to changes of the tip atomic structure. To

minimize these problems, one needs to perform a thorough and consistent tip

cleaning and conditioning procedure before each experiment.
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Chapter 4

Summary of the Publications

In this chapter, short summaries of the papers included in the thesis are presented.

4.1 Paper I

Surface electronic structure of Mn/Si(111)-
√
3×

√
3

The electronic structure of the Mn/Si(111)-
√
3 ×

√
3 surface has been studied

in detail by angle resolved photoelectron spectroscopy (ARPES). Additional infor-

mation about the surface structure have been obtained by core-level photoelectron

spectroscopy (CLS). The experiments were made at MAX-lab in Lund, Sweden.

A thin layer of manganese silicide was prepared by evaporation of 3 monolayers

of Mn onto the clean Si(111)7×7 surface and annealing at ∼ 400 ◦C. This resulted

in a well-ordered surface as seen by sharp
√
3×

√
3 LEED spots. ARPES spectra

were recorded in the main symmetry directions of the the
√
3×

√
3 surface Brillouin

zone. In the Γ̄-K̄-M̄ direction, five surface related features were identified in the

bandgap, while in the Γ̄-M̄-Γ̄ direction four surface features were observed. The

dispersions of these features are mostly relatively weak, but consistent with the
√
3 ×

√
3 periodicity. These results give a more detailed picture of the electronic

structure of this surface, compared to earlier photoemission results.

The atomic structure of the surface was probed by core-level spectroscopy. High

resolution Si 2p CLS spectra were recorded at several photon energies between 108

eV and 140 eV, both at normal and 60◦ emission angle, in order to vary the surface

sensitivity. The bulk component was identified from the bulk sensitive spectrum
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recorded at a photon energy of 108 eV. The spectra recorded with higher surface

sensitivity showed more complex lineshapes and were analyzed with a curve-fitting

program using Voigt lineshapes with a small, non-zero Doniach-Šunjić singularity

index. To achieve a consistent core-level fitting over the whole energy and angular

range five components were introduced in the lineshape analysis, one bulk and four

surface-related components. The core-level data from this
√
3 ×

√
3 Mn-Si(111)

surface was compared to a recent theoretical model for the MnSi silicide, having

a layered structure, and a unit cell of similar size (in the surface plane) as the

Si(111)
√
3×

√
3 unit cell. Our CLS data are in good agreement with this model.

4.2 Paper II

Coverage dependence and surface atomic structure of

Mn/Si(111)-
√
3×

√
3 studied by scanning tunneling microscopy and

spectroscopy

In this paper, we continue our studies of thin manganese silicide films and

present our experimental results regarding the film morphology, atomic structure

and electronic properties for various film thicknesses. Thin MnSi films of different

thicknesses have been grown on Si(111) by solid phase epitaxy and have been

studied in detail by LEED, STM and STS.

The STM topography data show that island formation is favored up to a Mn

coverage of 3-4 monolayers (ML). For higher Mn coverages up to 12 ML, uniform

film growth is observed. The silicide film morphology at low coverages supports a

layered MnSi film structure, in good quantitative agreement with a recent theo-

retical model.

We investigate in detail the atomic and electronic structure of the well-ordered
√
3×

√
3 reconstruction on the surfaces of the MnSi films. STM images recorded

from the
√
3 ×

√
3 surfaces mostly show a hexagonal pattern, but a honeycomb

pattern has also been observed, caused by a tip reconstruction. We show that

the surface reconstruction can be described by atoms arranged in triangular struc-

tures, with Si trimers and chained Mn trimers in the top layers, in good agree-

ment with the theoretical model. The structure shows a strong similarity to the
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Ag/Si(111)
√
3×

√
3 surface, with its well-known inequivalent trimer (IET) struc-

ture.

In order to obtain information about the electronic structure of the
√
3 ×

√
3

surface, area-averaged STS spectra were recorded. The high quality STS spectra

from the different surfaces show a clear metallic character at 1.5 ML and higher

coverages. Three filled state features were observed in the STS spectra in the 0-2

eV binding energy range at surfaces with 3-4 ML Mn coverages. These results are

similar to our earlier published ARPES data. The spectrum recorded from
√
3

islands for 1.5 ML coverage shows significant differences compared to the 3 ML

and 4 ML spectra, recorded from large continuous
√
3×

√
3 layers. Possibly this

could be related to quantum confinement effects.

4.3 Paper III

Surface atomic and electronic structure of Mn5Ge3 on Ge(111)

Magnetic materials based on Mn and Ge have received a lot of attention re-

cently. One reason is that the Mn5Ge3 alloy shows ferromagnetic properties up

to a temperature of ∼296 K. In this paper, the atomic and electronic structure

of the Mn5Ge3(001) surface grown on Ge(111)c(2 × 8) has been studied in detail

by ARPES, STM, and STS. The Mn-germanide film was prepared by deposition

of 32 monolayers of Mn onto the clean Ge(111) surface and annealing at 450 ◦C.

The surface displayed a sharp
√
3×

√
3 LEED pattern.

ARPES spectra recorded from the Γ̄-K̄-M̄ and Γ̄-M̄-Γ̄ directions of the surface

Brillouin zone show six surface related features, in the energy range 0-2.5 eV below

the Fermi energy EF . They show weak dispersions, consistent with the periodicity

of the surface.

The STM images recorded at biases higher/lower than ± 0.4 V always show a

honeycomb pattern with two bright protrusions in each unit cell. At increasingly

lower biases, the STM data display a hexagonal pattern, an intermediate transi-

tional pattern, and finally around ±0.1 eV bias a honeycomb pattern. The images

at low biases can be explained as arising from Mn and Ge atoms in the sublayer

arranged in triangular structures, giving rise to the hexagonal and the intermedi-

ate transitions pattern. The honeycomb pattern observed at higher, both negative
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and positive biases, arise from states located on the Mn atoms in the top layer, ar-

ranged in a honeycomb structure. Our STM data are in good agreement with the

established atomic model for the Mn5Ge3 germanide and support a termination

at the surface of Mn atoms arranged in a honeycomb pattern.

Area-averaged STS spectra were also recorded from the surface. Three filled-

state features and three empty-state features were seen. The filled-state features

are consistent with the ARPES data.

The photoemission and STM data from the germanide surface are discussed

and compared to earlier published theoretical, photoelectron spectroscopy and

scanning tunneling microscopy studies.

4.4 Paper IV

Mn5Ge3 film formation on Ge(111)c(2× 8)

In this paper we present our experimental results regarding the film morphol-

ogy, and electronic properties of thin solid phase epitaxy grown Mn5Ge3 films on

Ge(111) with a Mn content from 6 to 32 monolayer (ML). The thin manganese

germanide films have been studied in detail by LEED, STM, and core-level spec-

troscopy (CLS).

Annealing of the deposited Mn on Ge(111)c(2×8) between 330-450 ◦C resulted

in well-ordered Mn5Ge3 surfaces as seen by intense
√
3 ×

√
3 LEED spots. The

morphology of the films were studied by STM. Up to a coverage of 24 ML, island

formation of Mn5Ge3 is favored, with the bare Ge(111)c(2 × 8) surface between

the islands. The heights of the islands are larger than expected from the amount

of evaporated Mn, indicating that a significant amount of Ge migrates from the

bare areas to the islands during growth, leaving the clean surface in a position

lower than the Mn5Ge3/Ge(111) interface. At a coverage of 32 ML, a well ordered

Mn5Ge3 film was found to fully cover the surface.

High-resolution Ge 3d CLS spectra were recorded with photon energies between

50 and 110 eV at normal and 60◦ emission angles. In contrast to earlier results,

three components have been used in the line-shape analysis to achieve a consistent

fit over the energy and angular range. The two major components fit well with
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the established layered Mn germanide structure found in the literature. The third

component has a more bulk-like character.

Similar to the Ge 3d CLS spectra, three components were identified also in

the Mn 2p CLS spectra. The two major components fit well with the established

structural model, whereas the third component is tentatively interpreted as a

satellite peak. The opposite signs of the Ge 3d and the Mn 2p core level shifts,

respectively, imply a net charge transfer from Mn to Ge.

4.5 Paper V

Thin Mn germanide films studied by XPS, STM, and XMCD

This paper presents experimental studies of ultrathin Mn germanide films grown

by solid phase epitaxy on Ge(111) at a lower annealing temperature, 260 ◦C, than

in our previous studies. This was motivated by the observation of the strong

tendency to island formation for annealing at 330 ◦C and above, and the interest

in obtaining a continuous epitaxial ferromagnetic film with lower film thicknesses.

Deposition of 16 monolayers of Mn on Ge(111)c(2 × 8), followed by anneal-

ing at 260 ◦C, resulted in a uniform film with a sharp
√
3 ×

√
3 LEED pattern.

However, the LEED spots were split or elongated in a three-fold symmetry, in-

dicating a weak superstructure. This was confirmed by STM images displaying

a continuous film with a honeycomb structure modulated by a hexagonal Moiré

pattern. Bias-dependent STM show that the electronic structure of the film near

the Fermi level is significantly different from the Mn5Ge3 films formed at higher

annealing temperatures. In the Ge 3d core level spectra, three components were

identified. The binding energies of the components were quite similar to the en-

ergies of the corresponding core level components from the Mn5Ge3 films, but the

relative intensities of the components were different, indicating differences in the

atomic structure of the surface.

The magnetic properties of the 16 ML Mn film annealed at 260 ◦C, were inves-

tigated by X-ray magnetic circular dichroism (XMCD). The film showed a clear

ferromagnetism with a Curie temperature of ∼250 K. The magnetic moments of

the film were determined using the XMCD sum rules. Complementary measure-

ments were made on films formed with Mn coverages of 8 ML and 32 ML. Our
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results indicate that the annealing temperature and Mn coverage play important

roles in the formation of a thin magnetic Mn germanide film.
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