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Abstract 

The first part of this thesis explores the adsorption of oxygen on Fe(001) which 

gives an ordered p(1×1) surface studied by spin-polarized scanning tunneling 

microscopy (Sp-STM) and spectroscopy (Sp-STS) as well as the effect of the 

oxygen overlayer on the growth and magnetic structure of Mn films on Fe(001). 

The Sp-STM used in the experiments operates in the differential magnetic mode 

using a soft ferromagnetic ring as the probe electrode, effectively separating the 

topographic and spin information. The atomic registry of the Fe(001)-p(1×1)O 

surface was confirmed in real space from atomically resolved STM data. Sp-STS 

measurements show an oxygen induced feature in the local density of states below 

the Fermi level, the origin of which is discussed based on first principle 

calculations. The oxygen overlayer is found to play a surfactant role on the growth 

of thin Mn films on Fe(001)-p(1×1)O, improving the layer-by-layer growth. Sp-

STM measurements reveal that the Mn films show uncompensated layerwise 

antiferromagnetic order similar to Mn films grown on the clean Fe(001) surface but 

with an enhanced tunneling magnetoresistance effect compared to the latter. 

In the second part of this thesis, the magnetic properties of face-centered tetragonal 

(fct) Mn films deposited on Cu3Au(100) was studied using Sp-STM. Previous 

experiments had shown significant exchange bias in the system 

Fe/Mn/Cu3Au(100), indicating the antiferromagnetism of Mn/Cu3Au(100). Here it 

is shown directly using Sp-STM that fct Mn on Cu3Au(100) has an uncompensated 

antiferromagnetic spin structure.  
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Kurzfassung 

Der erste Teil dieser Arbeit beschäftigt sich mit der Adsorption von Sauerstoff auf 

einer Fe(001) oberfläche, welches zu einer p(1×1) Oberfläche führt, die mittels 

spin-aufgelöster Ratertunnelmikroskopie (Sp-STM) un Spectroskopie (Sp-STS) 

untersucht wird. Ebenso wird der der Effekt einer Sauerstoff lage auf das Wachtum 

und den Magnetischen Eigenschaften von Mn Filmen auf Fe(001) betrachtet. Das 

verwendete Sp-STM arbeitet im differentiell magnetischen Modus, wobei ein 

ferromagnetisch weicher Ring als Probenelektrode verwendet wird, der es 

ermöglicht, die Topologie- und die Spininformationen zu separieren. Die bekaunte 

atomare struktur der Fe(001)-p(1×1)O Oberfläche wurde im Realraum von atomar 

aufgelösten STM Daten bestätigt. Sp-STS Messungen zeigen eine durch Sauerstoff 

hervorgerufene Besonderheit in der lokalen Zustandsdichte, deren Herkunft mittels 

„ab initio“ Rechnungen diskutiert wird. Wie sich zeigt, spielt die Sauerstoffslage 

eine benetzende Rolle beim Wachtum vom dünnen Mn Filmen auf Fe(001)-

p(1×1)O, wobei das lagenweise Wachstum verbessert wird. Sp-STM Messungen 

zeigen, dass die Mn Filme eine unkompensierte lagenweise antiferromagnetische 

Ordnung aufweisen, ganz ähnlich zu Mn Filmen, die auf einer reinen Fe(001) 

Oberfläche gewachsen sind, jedoch im Vergleich zu diesen mit vergrößertem 

Tunnelwiderstandseffekt.  

Im zweiten Teil dieser Arbeit werden magnetische Eigenschaften der „face-

centered tetragonal (fct)“ von auf Mn Filmen auf Cu3Au(100) mittels der Sp-STM 

untersucht. Frühere Experiments am system Fe/Mn/Cu3Au(100) haben einen 

signifikanten Austausch-Verschiebnungs-Effekt gezeigt, die auf 

Antiferromagnetismus von Mn/Cu3Au(100) schließen lassen. Hier wird direkt 

gezeigt, dass die fct von Mn/Cu3Au(100) eine unkompensierte 

antiferromagnetische Spinstruktur aufweist. 
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Chapter 1 

 

Introduction 

 Our high-tech world is driven by its desire for even smaller and cheaper 

electronic devices with more and more functionality. As the size of these devices 

continuously shrinks the surface to volume ratio of atoms increases significantly 

and quantum size effects become more evident. Understanding the novel properties 

that arise as a result of this reduced dimensionality is of fundamental importance. 

Magnetic nanostructures play an important role in modern data storage devices.  

Future storage devices will utilize the spin of the electron instead of its charge for 

data storage; hence understanding the spin structure of magnetic materials at the 

nanoscale and especially in real space is of interest. By imaging magnetic 

structures in real space, there is the additional advantage of access to non periodic 

and more localized magnetic structures compared to methods that operate in 

reciprocal space like neutron diffraction [1]. 

 Most conventional magnetic imaging techniques though useful in their own 

right, are limited in terms of lateral resolution. The magnetic force microscope 

(MFM) which maps the magnetostatic interaction between a magnetic tip and the 

stray field from a sample as a function of the lateral position of the tip, can only 

achieve a lateral resolution between 20 nm to 100 nm [2, 3]. Magneto-optic Kerr 

microscopy analyzes changes in the polarization of light upon reflection from a 

sample surface to map of the local magnetization of the sample surface [4]. The 

resolution in this case is limited by the wavelength of the light which is usually a 

few hundred nanometers. Electron microscopes can also give information about the 

magnetization configuration in a sample if the spin of the electron is considered. 

Scanning electron microscopy with polarization analysis (SEMPA), for instance 

measures the spin polarization of the low energy secondary electrons emitted from 
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a sample while a focused high energy (about 10 keV) electron beam is scanned 

over the sample surface [5]. SEMPA can achieve resolutions up to a few tens of 

nanometers. In the case of alloyed films and multilayered structures, the 

photoemission electron microscope (PEEM) exploits the different absorption 

energies of core level electrons to map the magnetization configuration in an 

element specific way [6]. The ultimate magnetic imaging tool should be able to 

image individual atomic moments, since these constitute the basic building units of 

magnetic materials. The invention of the scanning tunneling microscope (STM) by 

Binnig and Rohrer [7, 8] with its atomic resolution capabilities, paved the way for 

the spin-polarized scanning tunneling microscope (Sp-STM) [9, 10]. It combines 

the high lateral resolution of the STM with spin sensitivity to resolve complex spin 

structures at the atomic scale.  

Magnetic thin films and surfaces, whose properties are known to deviate 

considerably from the corresponding bulk properties, are model systems to 

investigate magnetism in reduced dimensions. The modification of the electronic 

structure at the surface is of primary importance to surface magnetism. Due to the 

existence of surface states and the different environment relative to the bulk 

(broken translational symmetry and reduced atomic coordination), the magnetic 

moments of surface atoms in a magnetic material are greatly enhanced [11, 12]. In 

the case of body-centered cubic (bcc) Fe(001), for example, there is an 

enhancement of  the surface magnetic moments by more than 30% with respect to 

the bulk value [13]. Of particular interest is the effect of foreign atoms or 

impurities adsorbed on the surface. When the substrate is magnetic, additional 

issues involving the role electron spin polarization plays in all of the physical 

processes can also be addressed. The presence of adsorbates is known to affect the 

magnetic moments of atoms at the surface of ferromagnetic materials. For adsorbed 

oxygen on Fe(001), theoretical calculations [14, 15] and experiment [16, 17] 

showed an enhancement of  the magnetic moment of surface Fe atoms. 

The magnetic properties of ultrathin films depend on their atomic scale 

structure, for example, the presence of atomic steps can cause a rotation of the 

preferred orientation of atomic spins [18]. The availability of modern in situ growth 

techniques like molecular beam epitaxy (MBE) in recent years, has greatly 
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improved the preparation of almost ideal film structures and facilitated the 

understanding of the correlation between the structure and magnetic properties of 

ultrathin magnetic films [18, 19]. Of particular interest for magnetic devices is the 

case of an antiferromagnet in contact with a ferromagnet. The antiferromagnet acts 

as a reference to pin the magnetization of the ferromagnet across the interface [20] 

but the physical origin of the coupling between the ferromagnet and the 

antiferromagnet at the interface is not yet fully understood. Such structures are used 

in the read heads of hard drives. Here it is shown that the growth and magnetic 

properties of the antiferromagnetic film is significantly improved when stabilized 

on an oxygen-covered ferromagnetic substrate. 

This thesis is organized as follows: Chapter 2 gives a brief overview of 

magnetism in reduced dimensions and introduces the various operation modes of 

the Sp-STM. In Chapter 3 a brief description of the experimental setup is given 

with special emphasis on how to realize spin-polarized STM measurements with a 

ferromagnetic ring electrode. The preparation and characterization of the Fe(001)-

p(1×1)O system is discussed in Chapter 4. The surface atomic structure from STM 

is found to agree well with Low Energy Electron Diffraction (LEED) 

measurements and first principle calculations. Scanning tunneling spectroscopy 

(STS) measurements reveal an oxygen-induced feature in the differential 

conductance spectrum below the Fermi energy, the origin of which is discussed 

based on ab initio calculations using the Korringa-Kohn-Rostoker (KKR) Green 

function method. In Chapter 5 the growth, surface structure and magnetism of Mn 

on Fe(001)-p(1×1)O is discussed. The oxygen is found to play a surfactant role 

improving the layer-by-layer growth of the Mn films in comparison to those grown 

on clean Fe(001). The films show layerwise antiferromagnetic order with an 

enhanced tunneling magnetoresistance (TMR) compared to Mn films on clean Fe. 

Chapter 6 presents the results of the magnetic structure of face-centered tetragonal 

(fct) γ-Mn stabilized on Cu3Au(100) and finally a brief summary and conclusion is 

given in Chapter 7. 
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Chapter 2 

 

Theoretical Background 

 

2.1 Magnetism in reduced dimensions: From bulk to surfaces and 

thin films 

 

The phenomenon of magnetism is a consequence of the fact that electrons in atoms 

have spin and obey the exclusion principle. Therefore, depending on its electronic 

structure an atom may possess a magnetic moment. In a solid these atomic 

moments can spontaneously order below a critical temperature resulting in 

ferromagnetism, when the moments are aligned parallel or antiferromagnetism 

when the moments are aligned antiparallel. For ferromagnets, this critical 

temperature is called the Curie temperature, TC, while for antiferromagnets it is the 

Néel temperature, TN.  This spontaneous ordering of the atomic moments is a result 

of the exchange interaction which is a consequence of the exclusion principle and 

the electrostatic Coulomb interaction between electrons. Due to the exclusion 

principle, two electrons on the same atom prefer to have the same spins since they 

cannot occupy the same orbital state and so cannot come too close to each other. 

Thus their electrostatic interaction energy is reduced. The Heisenberg model [18] 

can be used to describe the exchange interaction between localized moments. In 

this model the Hamiltonian can be expressed as  

                                    ii

iji

ij SSJH
→→

≠

•−= ∑
,2

1
                                                        (2.1) 

where )( jiS
→

 is the total spin moment of the atom at position i ( j) and ijJ  is the 

exchange coupling constant. If ijJ  is positive the energy is lower when the spins 

are in the same spin state, the spins align parallel and ferromagnetic order is 
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preferred. When ijJ  is negative the energy is lower if the two spins are in different 

spin states. In this case, spins align antiparallel such that the total magnetic moment 

vanishes and antiferromagnetic order is preferred.  

In the 3d metals, where the electrons are arranged in bands, their magnetic 

properties can be explained better by the band model introduced by Stoner [21].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1: Calculated density of states (DOS) of bcc Fe taken from ref [22]. The 
DOS of majority electrons is plotted upwards while that for minority electrons is 
plotted downwards. States for positive energies are unoccupied while states for 
negative energies are occupied. The energy scale is given relative to the Fermi 
energy EF. The dotted curves show the integrated DOS. 
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In a partially filled band, it is possible to have an imbalance of spins due to the 

exchange interaction which tends to favor parallel alignment of spins. This leads to 

an uneven distribution of spin-up and spin-down electrons and a net magnetic 

moment. The d-band is then said to be exchange split into spin-up and spin-down 

sub-bands. The DOS of bulk iron is shown in Fig. 2.1. One can see clearly that the 

DOS is not symmetric for spin-up and spin-down electrons (as in nonmagnetic 

metals). This asymmetry causes a spin polarization of the conduction electrons and 

consequently a difference in the tunneling probability for spin-up and spin-down 

electrons close to the Fermi level, as will be discussed below. The DOS at the 

Fermi energy EF is dominated by spin up electrons (which are referred to as 

majority) and as such the spin polarization of bulk bcc iron has a positive value at 

EF. For bulk Co and Ni the spin polarization is negative since the DOS at EF is 

dominated by electrons of minority character.  

As one moves from the bulk to the surface, symmetry breaking and the 

reduced coordination lead to a narrowing of metallic bands and the creation of 

surface states that alter the DOS at the Fermi level. One consequence is an 

enhancement of the surface magnetic moments with respect to the bulk. The 

enhancement for a given bulk material is larger if the number of nearest neighbors 

is smaller. Thus the enhancement for a bcc (100) surface is larger than the 

corresponding (110) surface. The change in the DOS at the Fermi level on the 

surface may also have an effect on the sign of the spin polarization at this level, as 

in bcc Fe where the spin polarization becomes negative at the surface [23]. 

Similar to the surface enhancement of the magnetic moment for the 3d 

metals, there is a much larger enhancement in the monolayer regime. If one 

considers the single monolayer as a two dimensional (2D) structure, then it is 

obvious that the reduced coordination number of nearest neighbors causes a much 

narrower d-band in 2D compared to 3D. 

 Transition metal monolayers grown on noble metal substrates form 

approximate experimental realization of 2D itinerant magnets [24]. Since the noble 

metal d-band is well below the Fermi energy this results in small d-d hybridization 

between the film and substrate. Thus it is possible to have ferromagnetism in 3d 

and 4d metals in the monolayer regime when stabilized on noble metal substrates.  
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2.2     Effect of chemisorption on magnetism   

Scientific interest in atomic and molecular processes at metal surfaces is 

driven not only by the broad technological implications of surface chemical effects, 

but also by the opportunities chemisorbed atoms provide for exploring fundamental 

physical processes at surfaces [25]. Chemisorption is the adsorption of a particle at 

the surface of a solid with the formation of a chemical bond with one or more 

surface atoms. As a molecule approaches a surface, it can directly adsorb as a 

molecule or it can undergo dissociative adsorption, whereby it breaks down into 

single atoms when hitting the surface. The presence of the adsorbed species causes 

modifications to the electronic structure as well as magnetism of the surface 

(sometimes leading to magnetically “dead” layers [26]). The adsorbate itself is 

modified due to interaction with the substrate. The adsorption of nonmagnetic 

atoms on magnetic surfaces may lead to an induced magnetic moment on the 

adsorbate [27] and in some cases an enhancement of the Curie temperature of the 

substrate [28]. In Chapter four the effect of oxygen adsorption on the magnetism of 

bcc Fe(001) will be discussed in more detail. 

 

2.3 Quantum mechanical tunneling and scanning tunneling 

microscopy 

In classical mechanics, an electron cannot overcome a potential energy 

barrier greater than its kinetic energy. It is only reflected from such a barrier. In 

quantum mechanics, where the wave nature of the electron is exploited, it has a 

finite probability of penetrating or tunneling through the barrier. The concept of 

tunneling had been put forward since the 1920s, during heydays of quantum 

mechanics and was used to explain mechanisms like α-particle decay [29] and field 

emission of electrons from metal surfaces [30]. The transmission probability for an 

electron with kinetic energy E through a finite barrier of potential height V (V>E) 

and width d can be found by solving the Schrödinger equation 

                                             )()()(
2 2

22

xExxV
xm

Ψ=Ψ







+

∂

∂
−
h

                          (2.1) 
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 For the simple case of a rectangular barrier and one dimensional tunneling 

considered above, the wavefunction within the barrier has the form  

                                            xAex κ−=Ψ )(                                                             (2.2) 

where A is a constant and the wave vector h/)(2 EVm −=κ . The barrier 

transmission coefficient (ratio of incident and transmitted current densities) can be 

expressed in the form  

                                             deT κ2  −∝                                                                   (2.3) 

From equation (2.3) one sees that the transmission probability decays exponentially 

with the barrier width (d). By applying a voltage across the barrier, a net tunneling 

current can be detected which also decays exponentially with the barrier width. For 

typical barrier heights given by the work function of metals, the tunneling current 

changes by one order of magnitude if the barrier width changes by just 1 Å. It is 

this high sensitivity of the tunneling current on the barrier width that was applied 

by Binnig and Rohrer [7, 31] to operate the first scanning tunneling microscope 

(STM). 

In a metal the electrons need to overcome the work function in order to 

escape into the vacuum. The Fermi level is below the vacuum level by an amount 

equal to the work function. When two metals with work functions Φt and Φs are 

placed within a few angstroms of each other, electrons can tunnel across the gap 

separating the metals from occupied states in one to unoccupied states in the other. 

The situation is shown schematically in Fig. 2.2.  

 

 

Fig. 2.2: Energy level diagram for tunneling between two metals separated by a 
tunneling barrier of width d for (a) the equilibrium state and (b) after a voltage V is 
applied. The shaded regions indicate occupied states up to the respective Fermi 
energies EFT and EFS. 
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In the equilibrium state, the net tunneling current is zero (as the Fermi levels are 

the same and the amount of tunneling is equal in both directions). When a small 

positive voltage V is applied to the left metal, the effect is to raise its Fermi level 

with respect to the other, i.e. the electronic states of the left metal are shifted by an 

amount eV. There will be a net tunneling current from the occupied states of the 

left metal to the unoccupied states of the right one. A reverse current arises if the 

sign of the applied voltage is reversed. Thus the states contributing to the tunneling 

process depend on the applied voltage. In a STM, the left metal is replaced with a 

sharp metal tip that can be scanned laterally over a sample surface and controlled 

vertically in a way that the tip-to-sample distance can be varied in order to keep the 

tunneling current constant. In this mode of operation (the constant current mode), 

the vertical position of the tip as a function of the lateral position on the surface is 

measured to obtain a contour map which reflects the topography of the surface. 

Before the advent of the STM, Bardeen [32] gave a generalized description 

of a tunneling junction in three dimensions. In his treatment the two electrodes are 

considered as weakly coupled and the tunneling current is calculated by evaluating 

the tunnel matrix elements Mµν from an initial state µ to a final state ν.  

                                    )(
2

**
µννµµν ψψψψ ∇−∇= ∫

rrrh

S
Sd

m
M                                  (2.4) 

where ψµ and ψν are the wavefunctions of the initial and final states, respectively, 

and the integral is taken over a surface S lying within the vacuum. From the 

transition rate 
2

µνM , the net tunneling current is calculated by summing over all 

states responsible for tunneling. Thus the tunneling current has the form 

             ( ))()()(
2 2

eVEfEfEEM
e

I +−−= ∑ νµνµ
µν

µν δ
π
h

           (2.5) 

where Eµ and Eν are the energies of the states with wavefunctions ψµ and ψν , V the 

applied voltage and f(E) the Fermi-Dirac function, which takes into account the fact 

that tunneling occurs from occupied to unoccupied states. The δ-function ensures 

energy conservation in the case of elastic tunneling. 

To extend this generic case to the specific case of the STM, one needs a full 

knowledge of the electronic structure of both the tip and the sample. In their 

approximation, Tersoff and Hamann [33, 34] modeled the tip with a spherical wave 
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with constant electronic structure and considered a wave function for the sample 

that decays exponentially into the vacuum while propagating freely along the 

surface plane. Using this approximation and in the limit of small voltages and 

temperatures, they showed that the tunneling current in equation (2.5) can be 

reduced to the form  

                                           I ∝  )()(
2

Fs

s

os EEr −∑ δψ
r                                  (2.6) 

where 
2

)( os r
r

ψ is the amplitude of the sample wavefunction at the position of the 

tip 
or
r

, Es the energy of the unperturbed wavefunction of the sample and EF the 

Fermi energy. Equation (2.6) implies that the tunneling current is proportional to 

the sample surface local density of states (LDOS) at EF at the position of the probe 

tip, which represents the charge density from states at EF. Therefore, what we see 

in the STM image is simply a contour map of the constant surface LDOS of the 

sample. Within this model, since in the direction normal to the surface the sample 

wavefunction decays exponentially then )(22
  )( Rd

s er +−∝ κψ
r

, where R is the radius 

of curvature of the tip and d the distance of closest approach from the sample 

surface. Therefore, I ∝  e
-2κd as expected i.e. a change of the tip-to-sample distance 

by 1 Å results in a change of the tunneling current by a factor of 10. 

In addition to mapping the topography of the surface, the STM can also be used to 

study (locally) the electronic properties of the sample surface at any given energy. 

This mode of operation is called scanning tunneling spectroscopy (STS) and has 

been extensively used to study the electronic properties of semiconductor surfaces. 

When a positive voltage is applied to the sample, electrons tunnel from the 

occupied states of the tip to the unoccupied states of the sample, while for a 

negative sample bias, electrons tunnel from the occupied states of the sample to the 

unoccupied states of the tip. This means one can effectively choose the states 

involved in the tunneling by simply changing the applied voltage. For small biases, 

the tunneling current can be written as a convolution of the DOS of the sample ρs 

and tip ρt: 

                                                I ∝  dEeVEEr t

eV

s )(),(
0

−∫ ρρ
r

                          (2.7) 
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Assuming that the tip has a constant DOS in the energy range of the measurement;  

                                               ),(  s eVr
dV

dI r
ρ∝                                                    (2.8) 

Equation (2.8) shows that the tunneling conductance is directly proportional to the 

sample LDOS. In a STS experiment, the tip is scanned over the sample surface and 

at each spatial position the tip-to-sample distance is fixed for a short time while the 

voltage is ramped to obtain I(V) data, which can be numerically differentiated to 

get dI/dV. An alternative way is to obtain dI/dV directly via a modulation 

technique. This involves superimposing a sinusoidal modulation voltage on the 

constant d.c. voltage at a frequency higher than the cut-off frequency of the STM 

feedback loop. The signal of the resulting tunneling current modulation in phase 

with the applied a.c. voltage can be detected with a lock-in amplifier and 

corresponds to dI/dV. 

 

2.3.1     Spin-dependent tunneling 

Spin generally refers to the angular momentum intrinsic to a body. According to 

quantum mechanics, angular momentum is quantized in units of 

,...)
2

3
,1,

2

1
0, s (, )1( =+= ssS h . Electrons are spin-1/2 particles and so there are 

only two possible components of their angular momentum in any given direction. 

For example, in the z-direction with sz = ±1/2, the two possible states are referred 

to as spin-up and spin-down, respectively. As discussed before, the band structure 

of a magnetic material is exchange split such that the occupations for spin-up and 

spin-down electrons are unequal. If two such materials are brought close to each 

other like in the normal STM geometry, one needs to consider the effect of the spin 

of the electrons on the tunneling current between the materials. This situation was 

first treated by Jullière [35] who found that the magnitude of the tunneling current 

depends on the magnetization of the two electrodes. For two ferromagnetic 

electrodes separated by an insulating layer, the tunneling current is higher when 

their magnetization directions are aligned parallel and lower for an antiparallel 

alignment of their magnetization directions. This effect is known as tunneling 

magnetoresistance (TMR). In order to explain this effect, Jullière proposed a model 
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based on the assumption that the transmission probability through the barrier is 

independent of spin and depends only on the electronic properties of the electrodes 

involved. For small bias voltages and in the absence of spin-flip scattering during 

the tunneling process, majority (minority) electrons in one electrode tunnel into 

majority (minority) states in the other electrode, in the case of a parallel alignment 

of the magnetizations of the electrodes. In the case of antiparallel alignment, 

electrons of majority character in one electrode tunnel into minority states of the 

second electrode. The two cases are shown schematically in Fig. 2.2. Thus the 

tunneling current flowing through the barrier is spin-polarized. Using the 

assumptions of Jullière, this tunneling current is proportional to the product of the 

DOS at the Fermi level of both electrodes. For the parallel alignment it can be 

expressed as 

                                                      tstsI ↓↓↑↑↑↑ +∝ ρρρρ                                            (2.9) 

while for the antiparallel alignment 

                                                   tstsI ↑↓↓↑↑↓ +∝ ρρρρ                                             (2.10) 

where )(
)(

ts

↓↑ρ  are the spin-up (spin-down) DOS of the electrodes. This model, 

though much simplified by the assumptions therein, still describes the spin 

dependent tunneling process qualitatively. 

 

 
                   Density of states                                              Density of states 

 

Fig. 2.2: Spin-polarized tunneling between two ferromagnetic electrodes for (a) 
parallel alignment of their magnetizations and (b) antiparallel alignment of their 
magnetization. The curved arrows indicate the tunneling current from left to right. 
Figure adapted from ref. [36] 
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A more elaborate description of the spin-dependent tunneling process was 

given by Slonczewski [37], who analyzed the spin-dependent tunneling current 

through a rectangular barrier by assuming a free electron model for the tunneling 

electrons. He showed that the tunneling current depends not only on the spin 

polarization of the two electrodes but on the nature of the barrier as well. He 

calculated the spin-dependent tunneling current in terms of the angle θ between the 

magnetization directions of the two electrodes and their respective spin 

polarizations: 

                                             )cos1( θtso PPII +=                                              (2.11) 

where Io is the tunneling current without the spin polarization of the electrodes, Ps 

and Pt are the spin polarizations of the electrodes which are defined by  
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The quantity PsPt cosθ is the spin polarization of the tunneling current. 

To get information about the spin polarization of a sample surface, the STM tip is 

usually coated with a magnetic material before scanning the surface. First attempts 

at spin-polarized STM (Sp-STM) using ferromagnetic tips were done by Johnson 

and Clarke [38] in 1990. They used Ni tips whose magnetization direction was 

fixed while the magnetization direction of their permalloy sample was periodically 

switched at a frequency higher than the cut-off frequency of the STM feedback 

loop. By detecting the modulation in the tunneling current through a lock-in 

amplifier they could prove the magnetic origin of tunneling current. The problem 

with their experiment is that it was performed in air without scanning and the 

significant magnetostriction on the Ni tips made it difficult for any imaging. Since 

the tunneling current contains both magnetic and nonmagnet information, the key 

task is to be able to separate them. The following discussion briefly presents the 

various modes of operation of a Sp-STM which had been suggested by Pierce [39] 

and have all been experimentally realized [10, 40, 41]. 
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The Constant Current Mode 

This is by far the simplest mode of operation but most difficult in terms of 

separation of nonmagnetic signal from the magnetic signal. The tip-to-sample 

distance is adjusted by the feedback loop in order to keep the tunneling current 

constant while the tip scans the sample surface producing a topographic map of the 

surface. If the tip is magnetic, this topographic map contains both spin-dependent 

and spin-independent components of the tunneling current. The magnetic effect, if 

significant, will appear as extra modulations in the topography. So by carefully 

comparing the topography obtained with nonmagnetic and magnetic tips these 

extra features in the topography can be deciphered. Wiesendanger et al. [10] 

obtained the first results using this mode. On the layered antiferromagnetic Cr(001) 

surface they found that the step height alternates between 0.16 nm and 0.12 nm 

when a ferromagnetic CrO2 tip was used but obtained the expected step height of 

0.14 nm when W tips were used. This was attributed to the TMR effect. Since Cr is 

a layered antiferromagnet, adjacent terraces have opposite spin polarizations. The 

tunneling current is enhanced on the terrace that has its spin polarization parallel to 

that of the tip and lowered on the adjacent terrace leading to the alternating step 

heights observed with the CrO2 tip. This mode of operation turns out to be quite 

useful for atomic-scale Sp-STM studies of surface spin structures. It has been used 

to resolve the spin structures of antiferromagnetic metal nitrides [42], two 

dimensional antiferromagnetic metal layers [40, 43, 44], and ferromagnetic oxides 

[45] . 

 

The Spectroscopic Mode 

The spectroscopic mode, otherwise known as spin-polarized scanning tunneling 

spectroscopy (Sp-STS), was realized in 1998 by Bode et al. [40] and allows to a 

certain extent the separation of topographic information from spin information. In 

this mode, the spin-resolved differential conductance dI/dV which is proportional 

to the spin polarized LDOS is measured with a magnetic tip (usually a W tip coated 

with ferromagnetic or antiferromagnetic thin film such as to minimize the stray 

field from the tip). The differential conductance is measured by adding a small a.c. 

modulation to the d.c. bias at a frequency slightly higher than the cut-off frequency 
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of the STM feedback and detecting the resulting modulation of the tunneling 

current due to the change in bias voltage through a lock-in amplifier. By choosing 

the bias voltage between the magnetic tip and magnetic sample in such a way as to 

maximize the tunneling into or out of highly spin-polarized states, a high spin 

contrast image can be obtained. This method is widely used by many groups doing 

Sp-STM. Atomic resolution has been achieved in some cases as in the two 

dimensional antiferromagnetic Fe monolayer on W(001) [44] and very recently to 

measure the magnetization curves of individual Co atoms on Pt(111) [46]. The 

main disadvantage of this mode is the weak dependence of the dI/dV signal in Sp-

STS on the local magnetization DOS. The differential conductance in Sp-STS can 

be expressed as [47] 

                              ),(),(    eVERmmeVER
dV

dI
FtstFtst +++∝

rrrr
ρρ                  (2.13) 

where ρt(s) is the LDOS of the tip (sample) and mt(s) the magnetization of tip 

(sample) at the location of the tip Rt. Thus V, the applied voltage must be chosen so 

as to maximize ms over ρs. The strong dependence of the dI/dV signal in this mode 

on ρs limits its use to surfaces with a homogeneous electronic structure [48]. 

 

 

The Differential Magnetic Mode 

In the spirit of Johnson and Clarke [38], Wulfhekel and Kirschner [49] performed 

the first successful experiments using this mode in UHV in 1999. When the 

magnetization direction of the tip is periodically switched at high frequency, the 

tunneling current is also modulated at the same frequency due to the TMR effect. 

Thus a differential magnetic conductivity dI/dM can be obtained which is 

proportional to the component of the sample spin polarization in the direction of 

the tip spin polarization [47]. In the experimental setup (described in the next 

chapter), a bulk ferromagnetic tip whose magnetization can be switched 

periodically between two stable configurations by an alternating current through a 

coil fixed to it is used. Depending on the shape of the tip, it is possible to obtain 

out-of-plane (when the tip is in the form of a needle) or a well defined in-plane 

(when the tip is in the form of a ring) magnetic sensitivity. The key point here is 
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that the frequency of switching of the magnetization of the tip is much higher than 

the cut-off frequency of the STM feedback loop. In this way the feedback loop only 

detects the average tunneling current which is independent of any spin information 

while the modulation in the tunneling current introduced by the tip switching is 

detected through a phase sensitive lock-in amplifier and contains all the spin 

information. Thus topography and spin data are acquired simultaneously and 

clearly separated. This is the main advantage of this mode, as well as the fact that 

the magnetization direction of the tip can be well defined (as in the case of the ring 

electrode). The disadvantage here is that no magnetic field can be applied to the 

sample during a measurement, as this will affect the magnetic switching of the tip. 

The Sp-STM experiments in this thesis will restricted to this mode. 
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Chapter 3 

 

Experimental Setup 

 

Experiments designed to investigate the physical and chemical properties of a 

surface whose composition is representative of the bulk, require the preparation of 

a clean surface and maintaining such a surface within the time limit to perform the 

experiments. This requires ultrahigh vacuum (UHV) conditions, that is, pressures 

in the 10-9 mbar range and below. This is because surface properties are very 

sensitive to contamination and only such low pressures ensure that the surface stays 

clean long enough to perform an experiment. For example, the rate of molecules 

impinging on a surface is given by 
mkT

P
R

π2
=  cm-2s-1, where m is the molecular 

mass, k is Boltzmann constant and T the temperature. Typical values of R for the 

residual gases (CO, H2, O2, CO2, H2O) commonly found in UHV chambers are 

between 1014 to 1015 cm-2 s-1. Thus for a pressure of 10-6 mbar at 300K a surface 

(which usually contains about 1015 atoms per cm2) can only stay clean for one 

second or so. For the experiments reported here, it is essential to maintain the 

pressure of the system within the 10-10 mbar range. This section describes the UHV 

chamber and the various surface analysis tools used therein, most of which only 

operate under UHV conditions. 

 

3.1     The ultrahigh vacuum chamber 

The experiments were carried out in an UHV chamber equipped with an Auger 

electron spectrometer (AES), a low energy electron diffractometer (LEED) and a 

spin-polarized scanning tunneling microscope (SP-STM) custom-made from an 

OMICRON room temperature scanning tunneling microscope (see Fig. 3.1).  
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The entire system consists of the main chamber and a two stage load-lock chamber 

that can each be pumped separately. In this way samples (and STM scanners) can 

be effectively exchanged within a 3-4 hour period without breaking the vacuum. In 

the main chamber, the sample preparation section is linked to the STM section by a 

wagon that can be moved on a rail to transfer samples to and from the preparation 

section. The pressure in the main chamber (less than 1x10-10 mbar) is achieved 

through a two-stage pumping system consisting of a turbomolecular pump and an 

ion getter pump (backed by a Ti sublimation pump). In the preparation section, the 

AES gun is located opposite the LEED screen. 

1

3

5 6

9 10

Preparation chamber

LEED

AES

Ion pum
p 

& TSP

STM chamber
7 8

4

1,3  : Sample Evaporators
2     : Sample Sputter gun 
4 : Sample Holder on Manipulator
5 : Load-lock
6 : Air-lock
7 : Sample transfer wagon
8 : Sample transfer rail
9 : Tip evaporator
10 : Tip sputter gun

2

Fig. 3.1: Lay-out of the multipurpose chamber used in the experiments. The oxygen 
leak valve was installed in the load-lock chamber to allow oxygen exposure of the 
sample while preventing oxygen contamination of the tip. 
 

 

In this way, the combination of the AES gun and the LEED optics can be used as a 

medium energy electron diffractometer (MEED) to monitor film growth during 

deposition. A brief description of the various surface analysis techniques used in 

the system is given below. 
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Auger Electron Spectroscopy (AES) 

This technique is based on the Auger process named after the French scientist 

Pierre Auger who first observed it in the 1920s [50]. In an AES experiment, the 

sample is bombarded with high energy electrons of some KeV creating holes in the 

core levels of the atoms of the sample. These holes are filled by electrons from the 

outer shells of the atom and the energy released is transferred to another outer 

electron which is then ejected from the atom (the so-called Auger electron). Since 

the energy of the Auger electron depends only on the energy levels of the atom 

involved and not on the energy of the impinging electrons it is thus an element 

specific process. It is also surface sensitive as the energy of the Auger electrons is 

low. Thus the escape depth of the electrons is only limited to within a few 

monolayers of the surface under investigation. AES is widely used to check the 

cleanliness of surfaces and to determine the chemical composition of adsorbates. 

 

Low Energy Electron Diffraction (LEED) 

LEED is particularly used to determine surface structures either qualitatively, 

where the positions of the diffraction spots give the size and symmetry of the 

surface unit cell (and also that of an adsorbate with respect to the substrate in the 

case of a thin film), or quantitatively, where the analysis of the spot intensities as a 

function of the incident electron energy provides information on the exact position 

of the atoms. Diffraction is observed in this case because the low energy of the 

electrons used in the experiment (typically 30 to about 500 eV) gives the electrons  

de Broglie a wavelength comparable to interatomic distances [51]. Electrons with 

energy 200 eV have a de Broglie wavelength of 0.87Å. In matter, the mean free 

path of these low energy electrons is small (~ 5 - 10Å), such that LEED is surface 

sensitive and only near surface electrons can backscatter in the sample. 

 

Medium Energy Electron diffraction (MEED) 

In our set-up the auger gun is placed opposite the LEED screen such that one can 

perform diffraction experiments with the energy of 5 keV in grazing angle 

geometry using the Auger gun as the source of the primary beam. The grazing 

angle reduces the penetration depth of the electrons and ensures surface sensitivity. 
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By monitoring the variation of the intensity of the specular spot with deposition 

time one can effectively determine the film thickness. During layer-by-layer 

growth, the intensity shows an oscillatory behavior related to the periodic change in 

the film roughness [18]. 

 

3.2     The spin-polarized STM setup 

The spin-polarized STM used in the experiments is a modified version of an 

OMICRON Micro STM [52]. The STM uses piezoelectric materials to control the 

movement of the tip in a very precise and accurate way. These materials have the 

property that their length can be slightly altered in the presence of an electric field. 

The piezoelectric coefficients of the piezos used are in the range of 10nm/V (a 

voltage of say 1 mV will cause a change of distance of 0.1 Å). By applying a 

constant voltage to the piezo, the tip can be brought to a few angstroms from the 

sample surface. The STM used in the experiments reported here uses a tube 

scanner. In this geometry, the inside and outside of the tube are coated with thin 

metal electrodes. The outside is separated into four sections (X+, X-, Y+, Y-) 

which are electrically isolated from each other. A motion in the z-direction (along 

the tube longitudinal axis) is achieved by applying a voltage between the inside and 

outside of the tube while lateral motion is achieved by applying the voltage across 

the tube. In most cases the STM tip is kept at a constant distance from the sample 

surface as the surface is scanned. To make sure this distance is always constant a 

feedback mechanism is used to regulate the voltage supplied to the piezo. When the 

tip is held at a small distance to the sample surface, a tunneling current flows 

between the tip and sample. The feedback electronics measures the deviation of the 

tunneling current from the set value and adjusts the tip accordingly. If the tunneling 

current becomes larger, it retracts the tip or advances the tip, when the current 

becomes smaller. By recording the z piezo voltage Vz(x,y) at every pixel (x,y), the 

morphology z(x,y) of the surface can be mapped. 

                                              z(x,y) = cz Vz(x,y)                                                    (3.1) 

where cz is the piezo coefficient. Under favorable conditions the STM can detect 

single atoms, hence it is the tool with the ultimate lateral resolution for imaging 

magnetic nanostructures if the tip is magnetic. 
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Magnetic sensitivity is achieved in our set-up by using a modulation technique 

which is shown schematically in Fig. 3.2. The STM electrode, which is in the form 

of a ring, is sensitive to the in-plane component of the sample spin polarization due 

to shape anisotropy (i.e. the magnetization direction of the ring is tangential to its 

outer perimeter due to its shape). With a coil wound around the ring, the ring 

magnetization direction can be periodically switched between two stable 

configurations by a sinusoidal current applied through a phase sensitive lock-in 

amplifier. The frequency of this current (between 20kHz and 40 kHz) is chosen to 

be much larger than the cut-off frequency of the STM feedback loop, hence the 

feedback loop cannot detect changes in the tunneling current due to this switching 

of the tip magnetization. The feedback loop only detects the average tunneling 

current which gives the topography while high frequency changes in the tunneling 

current are detected in the lock-in amplifier and give the spin polarization of the 

sample surface in the direction of the tip magnetization. In this way the sample 

topography and spin polarization can be separated and measured simultaneously.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2 :  Circuit diagram of the spin polarized STM showing how the topography 
and spin signal are separated. 
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The tunneling current in the case of a magnetic tip and a magnetic sample depends 

on the spin polarization of the tip PT and sample PS and on the relative orientation 

of their magnetization. This can be written as [37] 

                                    I↑↑ = Io (1 +  PT PS cosθ )                                                 ( 3.2) 

where θ is the angle between the magnetization directions of the tip and sample. 

When the tip magnetization direction is reversed equation (3.2) becomes 

                                     I↑↓ = Io (1 -  PT PS cosθ )                                                 ( 3.3) 

The average of these two cases 

                                   ( I↑↓ + I↑↑ ) ⁄ 2 = Io                                                              ( 3.4) 

is purely a direct current independent of spin. This is the component that is 

extracted from the STM feedback loop and gives the topographic information.  

The difference                                                 

                                 ∆I = (I↑↑ - I ↑↓ ) = 2Io PT PS cosθ                                            (3.5) 

contains the spin information and it is detected in the lock-in amplifier. In a real 

experiment the average tunneling current Io is kept constant. In this case 02/ II∆ , 

the spin signal, is proportional to the projection of the sample spin polarization 

onto the direction of magnetization of the ring. The spin contrast is the difference 

in the spin signal measured between two oppositely magnetized neighboring 

domains. 

 

Preparation of ring-shaped STM tips 

The choice of material for the tip is crucial. The material should have a low 

coercivity so that only a small magnetic field is necessary to switch its 

magnetization without affecting the magnetization of the sample surface and also 

prevent local heating of the tip. It should also have a vanishing magnetostriction 

such that no changes in the length and shape of the tip occur during the 

magnetization reversal. These properties are met in the Co-rich amorphous alloy 

FeCoBSi which is commercially available. The rings are electrochemically etched 

from a FeCoBSi foil of 25 µm thickness. A detailed description of the etching 

process can be found in ref. [53]. After etching and polishing the ring has an outer 

diameter of about 2mm. A coil of about 20 turns (made from an insulated copper 

wire of 50 µm thickness) is manually wound on the ring to switch its magnetization 
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when an alternating current is applied to the coil. The coil is electrically connected 

to the STM scanner through two gold contacts attached to the scanner. The ring is 

fixed to the scanner via a Ta wire glued to the ring with silver paste. After transfer 

to the chamber the ring is cleaned by Ar+ sputtering for a few hours. This process is 

repeated for a few minutes before every experiment. During scanning the tip can be 

improved by applying voltage pulses to it. To increase the size of the spin signal 

some iron is usually deposited on the outer perimeter of the ring used for tunneling 

before each spin polarized measurement. 

To make sure the ring works properly we test it on the Mn/Fe(001) system which 

has been studied by many groups as well in our lab [54-56]. It is known that Mn is 

a layered antiferromagnet when stabilized epitaxially on bcc Fe(001), so one would 

expect an alternating contrast in the spin signal from one Mn layer to the next. Fig. 

3.3 shows the topography and corresponding spin image for a 7 monolayer (ML) 

Mn film grown on Fe(001) clearly displaying the contrast between adjacent Mn 

layers. A freshly prepared ring can work properly for a few months after which it 

becomes unstable as some of the insulation on the copper coil is removed due to 

repeated sputtering. 

 

Fig 3.3: 7ML Mn on Fe(001) used as a test for the ring. The image on the left 
represents the topography while that on the right is the spin signal. Four layers are 
exposed which show alternating contrast in the spin signal.  
 

 

 

14nm 14nm
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3.3     In-situ sample preparation  

 Iron whiskers were used as the substrate in the experiments. Compared to iron 

crystals grown from the melt these, whiskers are grown from the vapor phase and 

contain fewer impurities, have larger terraces of several hundred nanometers and a 

simple magnetic domain structure. The whiskers used in the following experiments 

have a rectangular cross section, are quite thin (a few hundred microns thick) and 

only a few centimeters in length. In order to effectively mount the whiskers on a 

Molybdenum sample plate without deforming it, a small groove (10 × 0.5 × 0.3) 

mm was laser-drilled in the plate and the whisker was placed inside. It was then 

covered and fixed at one end with a 0.2 mm Mo foil. After transfer into the UHV 

chamber, the whiskers were cleaned by several cycles of Ar+ sputtering at 2.0 keV 

and annealing to about 700K. Sputtering while ramping the temperature slowly up 

to 700K was found to effectively remove contaminants like sulfur, carbon and 

oxygen which segregate to the surface from the bulk at different temperatures. The 

sputtering was done until no contaminants could be detected by AES and LEED 

exhibited a sharp (1×1) pattern as shown in Fig. 3.4. 

 

 

 
 
 

 

 

 

 

 

 

 

 

Fig. 3.4: Left: Auger spectrum of clean Fe whisker. Right: LEED pattern of clean 
Fe whisker taken at 70 eV. 
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The films on both the substrate and tip were deposited by electron beam 

evaporation. In this process, the growth material is heated to evaporation condition 

by electrons accelerated from a heated filament. For deposition of Fe on the ring, a 

2 mm thick Fe rod was used while for Mn on the Fe whisker a crucible containing 

Mn flakes was used. This was necessary as Mn rods were found to degas 

considerably during deposition (the pressure sometimes went up to 5x10-9 mbar 

during evaporation of Mn rods). The evaporators are water-cooled during film 

growth to minimize gas desorption from them.  
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Chapter 4 

Oxygen on Fe(001) 

The adsorption of foreign atoms on the surface of a magnetic material may lead to 

the rearrangement of the atoms at the surface and a change in the separation 

between atomic planes. This has far reaching consequences on both the adsorbed 

atoms as well as the host material. In particular, if the adsorbed atom is 

nonmagnetic, one may also observe in addition to the structural changes a 

modification of the magnetic structure of the surface atoms of the host material. In 

some cases an enhancement of the Curie temperature has been reported [28] as well 

as an inducement of a magnetic moment on the otherwise nonmagnetic adsorbate 

[57]. A case of interest is the adsorption of oxygen in an ordered monolayer on the 

surface of bcc Fe(001). This system has been extensively studied experimentally 

with photoemission and inverse photoemission [25, 58-61] for many years as well 

as with ab initio theoretical calculations [15, 62-65]. Due to the enhanced spin-

dependent exchange scattering from the oxygen covered iron surface, it has been 

proposed and used in spin detectors [66]. The advantage of scanning tunneling 

microscopy in probing adsorbate states on surfaces is the fact that it is a local 

technique and can  probe the LDOS in the vicinity of individual adsorbates and 

defects [67]. In this Chapter the focus will be on Fe(001)-p(1x1)O, an ordered 

monolayer of oxygen adsorded on bcc Fe(001) investigated by spin-polarized 

scanning tunneling microscopy and spectroscopy. 

4.1    Preparation of Fe(001)-p(1x1)O  

The initial stage for the preparation of this surface involves first obtaining a clean 

Fe(001) surface which has been described briefly in Chapter 2. Initially, the 

whisker is sputtered for several hours with 2.0 keV Ar+ at room temperature. This 

is followed by several sputter-anneal cycles (up to 700K). Since the native 

impurities in the whisker (mainly sulfur, phosphorus, carbon and oxygen) segregate 

to the surface at different temperatures, these impurities were removed by 

sputtering while slowly increasing the temperature up to 700K. After a few days of 
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this process, STM images of the whisker (Fig. 4.1) showed smooth surfaces with 

terraces several hundreds of  nanometers wide and AES showed no traces of any 

impurities within the detection limit (see Fig. 3.4).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1: STM image of clean Fe(001) whisker surface taken at I =3.0 nA, V = 0.5V 
 

 

It is generally agreed that oxidation of iron occurs in three stages: 

dissociative chemisorption of O2, incorporation of O atoms in the selvedge and 

formation of three-dimensional bulk oxides. However, experimental studies on the 

adsorption of oxygen on Fe(001) sometimes give varying opinions especially 

regarding the thermodynamically stable surface structure and saturation coverage at 

the completion of the chemisorption stage. While some groups report a (1×1) 

structure up to a monolayer of oxygen [68-70] others report a c(2×2)O structure at 

the chemisorption stage [60, 71]. However, as pointed out by Legg et al. [68] and 

Leygraf and Ekelund [69], the c(2×2) structure is weak and is observed only in the 

presence of C impurities, thus can be attributed to C rather than oxygen alone.   

In the experiments reported here, the adsorption was done at room temperature and 

the sample was annealed to 700K. The procedure was as follows: the Fe(001) 

whisker was cleaned and checked by LEED and AES, Oxygen exposure was 

carried out at 5.0×10-8 mbar by letting in 99.999% pure O2 gas into the chamber at 

room temperature using a leak valve. The surface was then heated to 700K (to 

200nm
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remove excess oxygen) and checked with LEED, AES and STM. This procedure 

was repeated for different oxygen exposures in order to obtain the oxygen exposure 

necessary to complete the chemisorption stage. The exposure is given in units of 

Langmuir (L), where 1L = 1.33 × 10 -6 mbar s. In general, the surface was cleaned 

before each oxygen exposure and the exposure was done in the load-lock chamber 

to prevent contamination of the STM tip in the main chamber. 

 

 
Fig. 4.2: (a) Auger spectra for clean Fe(001) surface and after exposure of 6L 
oxygen, (b) Ratio of the O 510 eV Auger peak to the Fe 703 eV peak as a function 
of oxygen exposure (the red curve is a guide to the eye). The inset shows the LEED 
pattern after exposure to 6L oxygen. 
 

 

 Figure 4.2(a) shows the Auger spectra for clean Fe(001) and the same surface after 

exposure to 6L oxygen. The principal oxygen Auger peak can clearly be seen at 

510 eV, which is absent in the case of the clean Fe(001) surface. By monitoring the 

ratio of the oxygen 510 eV Auger peak to the iron 703 eV Auger peak as a function 

of oxygen exposure, it is observed that the ratio increases rapidly with oxygen 

exposure up to about 6L where it reaches a saturation value of approximately 0.35. 

Similar values were reported for segregated oxygen [58, 72] and for 6L oxygen on 

Fe(001) [70]. The LEED pattern was always (1×1), but for oxygen exposures 

above 6L the background increased significantly with a subsequent disappearance 

of the LEED pattern above 20L oxygen. 

Constant current STM images of the surface (shown in Fig. 4.3) after 

different oxygen exposures reveal that already at 6L the surface topography 
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changes, as evident by the kinks that appear along the step edges (see Fig 4.3(a)). 

This is a precursor to oxidation due to incorporation of some oxygen atoms into the 

subsubsurface region. After 10L small oxide patches can be seen along the step 

edges as well as on the terraces (Fig. 4.3(b)). At 25L oxygen three-dimensional 

oxide islands could be identified on the surface (Fig 4.3(c)). 

 

 

 

  
 

 
 
 
 
 
             (a) 6L O2                           (b) 10L O2                          (c) 25L O2 

Fig. 4.3: Constant current STM images of Fe(001) surface exposed to 6L, 10L and 
25L oxygen, respectively. All images were taken at It=3.0 nA and V = 0.1V 
 
 

Thus 6L oxygen has been used as the exposure necessary to complete the 

chemisorption stage above which oxidation of the Fe(001) surface begins. At this 

stage the adsorbed oxygen atoms form a (1×1) layer and occupy the four-fold 

hollow sites on the Fe(001) surface [68, 73, 74]. 

 

4.2    The Fe(001)-p(1×1)O surface: Structure and Magnetism 

The structure of the Fe(001)-p(1×1)O surface is known from LEED studies by 

Legg et al. [68, 74] and Chubb and Pickett [73]. The structural model proposed by 

Legg et al. is presented in Fig. 4.4. It shows the oxygen adsorption site as well as 

the interlayer distances. The O atom slips deep into the hollow site such that the 

first Fe layer Fe(S) is raised with respect to the second Fe layer Fe(S-1). In this 

subsection, a real space representation of the surface structure is presented from 

atomically resolved spin-polarized STM data.  
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Fig. 4.4: Structural model for Fe(001)-p(1×1)O from LEED [74]. The O atoms occupy the 
four-fold hollow sites about 0.45Å above the surface. Fe(S) and Fe(S-1) represent the 
surface and subsurface Fe, respectively. 
 

 

All the STM images presented in this thesis were taken at room temperature 

using ferromagnetic ring electrodes as the probe tip. Figure 4.5(a) presents an 

atomically resolved constant current STM image of the Fe(001)-p(1×1)O surface 

showing a slightly distorted square array of protrusions including some point 

defects. The protrusions are identified as oxygen atoms at the four-fold hollow 

sites, as discussed later. The slight deviation from a square lattice is due to thermal 

drift of the scanner during scanning. The line scan in Fig. 4.5(b) is taken along the 

line in (a) and shows a corrugation of about 0.2 Å. 

 

 

 

 

 
 
 
 
 
 
 

 
Fig. 4.5: (a) Atomically resolved STM image of the Fe(001)-P(1×1) surface, It=3nA, 
V=0.3V. The square marks the surface unit cell. (b) Line scan along the line shown in (a) 
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There was no contrast reversal in the atomically resolved constant current STM 

images in the whole range of voltages (-1V to +1V) used in the experiment except 

for a change in the corrugation amplitude as shown in Fig. 4.6. The corrugation 

amplitude decreases rapidly with increasing voltage. This is because at smaller 

voltages, in order to maintain a constant tunneling current, the tip-to-sample 

distance is reduced by the feedback mechanism, giving rise to a larger corrugation 

as the tip gets closer to the surface. The non reversal of the topographic contrast 

implies that the STM is consistently imaging the O atoms as the bright protrusions. 

 
 

 

 
 
 
 
 
 
 
  

 
 
 
 
 

 

Fig. 4.6: Variation of topographic corrugation with applied voltage. All the 
atomically resolved images used were acquired at I = 3 nA. 
 

 

The atomically resolved STM data can be compared the with the LEED model. 

Unfortunately it was not possible to image the subsurface iron atoms so we can 

only restrict ourselves to the surface plane. The average distance between the 

protrusions in Fig. 4.5(a) is 0.293±0.005 nm, comparable to the lattice constant of 

bcc Fe of 0.287 nm. The Fourier transform of the STM image is consistent with the 

LEED pattern (see Fig. 4.7). Hence the location of the protrusions in the STM 

images represents the four-fold hollow sites of the surface. 
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 (a) (b) 
 

Fig. 4.7: (a) LEED pattern of Fe(001)-p(1×1)O (b) Fourier transform of the 
atomically resolved STM image of Fig. 4.5(a) 
 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 4.8: (a) Spin image acquired simultaneously with the topography in Fig. 4.5. 
 (b)   Line scan along the line in (a) 
 

 

The spin image obtained simultaneously with the topography in Fig. 4.5(a) is given 

in Fig. 4.8(a). It has the same periodicity as the topography and the maximum spin 

signal is above the oxygen adsorption sites. Close to point defects (which in this 

case are missing O atoms) the spin signal is enhanced as seen in the line scan (Fig. 

4.8(b)) and also in the spin image (Fig. 4.8(a)), where the atom adjacent to the 

defect appears brighter. The same effect is observed irrespective of the scan 

direction (forward or backward scan) and for different tips. On the ideal oxygen-

terminated surface, the O atomic orbitals are conductive due to hybridization of O 
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p-states with Fe d-states thereby causing the surface O atoms to become spin-

polarized. In the presence of defects (missing O atoms in this case), this spin 

polarization is altered locally due to changes in the p-d orbital hybridization. This 

may result in the enhancement of the spin polarization at atomic sites adjacent to 

the defects. 

 

 

4.3     Sp-STS on Fe(001)-p(1×1)O 

Scanning tunneling spectroscopy measurements were performed to check the 

electronic structure of the Fe(001)-p(1×1)O surface. The measurements were first 

performed on the clean Fe(001) surface in order to see any changes induced by the 

oxygen adlayer. All measurements were done at room temperature by applying an 

a.c. modulation (of amplitude 30 mV at a frequency of 6.5 kHz) to the d.c. bias 

voltage and detecting changes in the differential conductivity dI/dV directly 

through a phase sensitive lock-in amplifier. As mentioned in Chapter 2, the 

differential conductivity is proportional to the local density of states (LDOS) of the 

sample at the position of the tip for states close to the Fermi level. Thus features in 

the dI/dV spectra can be compared to those in the computed DOS of the sample 

surface. The differential conductivity spectrum for a clean Fe(001) surface is 

shown in Fig. 4.9. The dI/dV signal has been normalized with I/V to reduce the 

exponential background due to the tip-sample separation dependence on the tunnel 

current. A peak is seen at 0.15V in agreement with Bischoff et al. [75] and Stroscio 

et al.[76]. This peak corresponds to a minority spin surface state on Fe(001) which 

originate from unperturbed d-orbitals extending into the vacuum. 
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Fig. 4.9: dI/dV spectrum normalized with I/V for clean Fe(001). The spectrum was 
acquired at a setpoint V = -0.9 V, I = 3 nA. 
 

 

In comparison to the clean Fe(001) surface, the differential conductance spectrum 

of Fe(001)-p(1×1)O (Fig. 4.10) shows a new broad peak around -0.7V, and a 

smaller peak very close to the Fermi energy. The peak observed at 0.15V on the 

clean surface is now shifted to slightly higher energy and is almost quenched. It 

only shows up as a shoulder around 0.27V. A similar result was obtained by 

Bischoff et al. [75], who found a slight shift to higher energy for the minority spin 

surface state and a 30% reduction in the peak amplitude at isolated oxygen 

impurities on Fe(001). The peak at -0.7V has not been reported before in 

spectroscopy experiments for this surface.  
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Fig. 4.10: Differential conductivity spectrum for Fe(001)-p(1×1)O obtained at the 
setpoint V = -1 V, I = 3 nA 
 

 

 

4.4 Discussion 

 

4.4.1 Identifying the atomic registry of Fe(001)-p(1×1)O from STM 

It is generally not straight forward to chemically identify individual 

adsorbates in atomically resolved STM images because it is unclear just by looking 

at the images whether the contrast is dominated by geometric or electronic-

structure effects. In other words, the fact that an adsorbed atom lies geometrically 

above the surface does not generally mean it appears as a protrusion in an STM 

topographic image. In order to identify whether the protrusions in the images 

represent the location of Fe or O atoms, the STM images have been compared to 

calculations on the same system performed by Wu and Freeman [77]. According to 

the Tersoff-Hamann approximation of the STM [33, 34], the tunneling current is 

proportional to the sample LDOS at the position of the probe tip. Thus plots of the 

charge density within the surface-vacuum region would be representative of the 

actual STM image. Plots of the charge density in the surface-vacuum region for a 
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(1×1) oxygen monolayer (ML) on 2ML Fe grown on W(001) is shown in Fig. 4.11, 

taken from ref. [77]. Fe(S) and Fe(S-1) represent surface and subsurface Fe, 

respectively, while O is surface oxygen. In the plots, the charge density contours 

extend higher above the four-fold coordinated oxygen atoms, thus confirming that 

the STM is imaging the oxygen atoms as protrusions on the Fe(001)-p(1×)O 

surface. The STM image is thus, a combination of geometric as well as electronic 

structure effects. The point defects in the STM image in Fig. 4.5 (a) therefore 

represent missing O atoms. Considering the number of missing O atoms in Fig. 

4.5(a) one can estimate an oxygen coverage of about 95% which is consistent with 

the expected oxygen coverage of a full monolayer. 

 

 

 

       
          
 
              

 
 ref. [77]. 

                                                                                                    

                                                                                       

 

4.4.2    Spin density from the Fe(001)-p(1×1)O surface 

Figure 4.12 shows spin density contours for the system O/2ML Fe/ W(001) [77] 

which reveal positive spin density emanating from the oxygen sites (O) into the 

vacuum. This is consistent with the spin image of Fig. 4.8(a) which shows that the 

maximum spin signal is above the oxygen. The presence of oxygen on the surface 

causes a modification of the electronic structure of Fe(001). The exchange splitting 

of the Fe d bands and the hybridization between the oxygen p orbitals and Fe d 

orbitals induces a splitting of the oxygen states that bond with Fe. These states are 

partially occupied for majority spins and almost unoccupied for minority spins 

[78]. This results in a positive spin polarization in the DOS at the Fermi level and 

an induced magnetic moment at the oxygen sites. 

Fig. 4.11: Charge density 
plots for O/Fe showing strong 
corrugation in the surface 
vacuum region. The 
maximum charge density lies 
above the oxygen adsorption 
sites. The figure is taken from 
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As shown in Fig. 4.8(a&b), there is an enhancement of the spin signal close 

to missing oxygen atoms. The situation is shown schematically in Fig. 4.13. 

However, the enhancement is observed only for the oxygen atom indicated as the 

brighter atom in Fig. 4.13. Since the surface is four-fold symmetric one would have 

expected the atoms at equivalent sites adjacent to the defect to have their spin 

polarization enhanced as well. This nonsymmetrical enhancement of the spin 

polarization close to the defects might be because of symmetry breaking. 

  

 

 

In the experiment, the direction of magnetization of the tip was fixed in the [100] 

direction which is parallel to the magnetization direction along the long axis of the 

Fe whisker. Firstly, the symmetry is broken by the magnetization of the whisker, 

Top view O 

Missing O 

O  with enhanced  
spin signal 

Fe 

O

Fe(S)

Fig. 4.12 Spin-density contours for the system  
O/2ML Fe/W(001), dashed lines represent 
negative spin density while full lines represent 
positive spin density. The figure is taken from 

Fig. 4.13: Schematic of spin 
signal around a missing O 
atom.The position of the missing 
O atom and the atom with an 
enhanced spin signal are indicated 
with the arrows. 
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which was always parallel to the [100] direction in the scanned area. Possibly via 

the spin orbit interaction, the oxygen atoms experience a different spin polarization 

as a function of their position with respect to the defect. Secondly, when the tip 

scans over a vacancy, due to the size of the defect there is a contribution to the 

spin-polarized tunneling current not only from the last apex atom of the tip but 

from adjacent tip atoms as well. Thus there might be non-perpendicular tunneling 

near such defects resulting in the only one of the adjacent atoms having an 

enhanced spin signal. 

 

4.4.3 Spin-resolved density of states of Fe(001)-p(1×1)O 

In order to clarify the origin of the features observed in the differential conductance 

spectrum, calculations of the electronic properties of the  Fe(001)-p(1×1)O system 

were performed using the scalar-relativistic Korringa-Kohn-Rostoker (KKR) Green 

function method [79, 80] with the local density approximation to density functional 

theory. The calculations were performed for a six layer Fe slab with an oxygen 

layer above the surface. The Vienna Ab initio Simulation Package (VASP) [81] 

was used for atomic relaxations and the results agree well with previous 

calculations and LEED measurements [68]. The calculations were done with the 

help of Dr. Arthur Ernst of the Max Planck Institute of Microstructure Physics in 

Halle, Germany. 

The DOS in the vacuum region and for the surface layer in the energy range used 

in the experiment is shown in Fig.4.14. The top curve in Fig.4.14 shows the DOS 

in the vacuum region (within the Tersoff-Hamann model), about 4Å above the 

surface of Fe(001)-p(1×1)O. This distance is close to the tip-sample separation in 

typical experimental settings. The black and red curves represent the DOS for spin 

up and spin down electrons, respectively. It is clear from the plots that the majority 

spin channel dominates the DOS in the vacuum region. This also confirms the fact 

that the adsorption of oxygen induces a positive spin polarization on the Fe surface. 

The main feature in the DOS is a peak at -0.6 eV and a smaller peak at 0.05 eV. In 

the experiment (see Fig.4.10) a sharp peak is observed in the differential 

conductance spectrum at -0.7V as well as a smaller peak very close to the Fermi 
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energy. A comparison of the total LDOS and the normalized dI/dV signal (shown 

in Fig. 4.15) show a qualitatively good agreement. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.14: Top: DOS in the third vacuum layer from calculations for O/Fe(001). The 
third vacuum layer lies about 4Å above the surface. The black and red curves 
represent the DOS for spin up and spin down electrons, respectively. Bottom: DOS 
for the surface layer. The spin up (spin down) DOS for Fe and O are indicated. 
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d orbital. 

The peak at 0.05eV originates from oxygen pz orbital. The bottom curve shows the 

DOS for spin up and spin down electrons for Fe and O in the surface layer. It 

shows that there is significant hybridization between the Fe d orbitals with the O p 

orbitals, mostly in the spin up channel. In particular, the pz orbital of oxygen 
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hybridizes with the dxy orbital of iron but due to the planar orientation of the dxy 

orbital, the main contribution in the vacuum is from the O pz orbital which is 

detected as the peak in the DOS at 0.05 eV. Similarly, the 2z
d orbital of Fe 

hybridizes with the px and py orbitals of O and the main contribution in the DOS in 

the vacuum comes from the 2
z

d orbital at -0.6 eV in the spin up channel.  

Figure 4.16 shows the spin resolved DOS for the surface plane in wider energy 

range, displaying the orbital contributions to the features in the DOS and the 

possible hybridizations between Fe d orbitals with O p orbitals. In the majority spin 

channel there is strong hybridization between O px, py orbitals with Fe 22x y
d

−
while 

the pz orbitals of O hybridize with the dxy orbitals of Fe for states below the Fermi 

level. Very close to the Fermi level the O pz orbitals hybridize with the Fe dxy 

orbitals as already shown in Fig. 4.13. In the minority spin channel the main 

hybridization occurs between the dxy, 2
z

d of Fe and pz orbitals of O for states above 

the Fermi level. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 4.15: comparison of the total DOS and differential conductivity spectrum of 
the Fe(001)-p(1×1)O surface. 
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Fig.4.16: Spin resolved DOS for the surface layer for a wider energy range. The 
oxygen and iron orbitals responsible for the features in the DOS are indicated by 
arrows. 
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The difference in the spin signal between the O and Fe sites in the atomically 

resolved spin images have been evaluated for different voltages (from -1V to +1V). 

This difference shows a strong dependence on the applied voltage. This is shown in 

Fig. 4.17. It is small and positive, decreases as the voltages increases and is smaller 

for more negative voltages with the maximum at 0.1V. No change of sign was 

observed within the voltage range in the experiment. 

 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

The spin polarization in the vacuum region as a function of the energy, obtained 

from the spin-resolved DOS in Fig.4.14 is shown in Fig.4.18, where the spin 

polarization is defined as 

                                                          
↓↑

↓↑

+

−
=

nn

nn
P                                               (4.1) 

and )(↓↑n are the spin up (spin down) DOS, respectively. The curve shows a similar 

trend as in Fig.4.17 except for the maximum which occurs at 0.4 eV in Fig.4.18. It 

also confirms that the spin polarization on the Fe(001)-p(1×1)O surface is positive. 

The deviation may be due to effects of tip spin polarization which is often treated 

as a constant within the Tersoff-Hamann approximation. 
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atomically resolved Sp- STM 
images of Fe(001)-p(1×1)O 
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Fig.4.18: Spin polarization as a function of energy, calculated from the DOS in the 
region above the surface (4Å above the surface)  

 

In summary, it has been shown that with the help of atomically resolved STM data 

in conjunction with charge density plots, the atomic registry of the Fe(001)-

p(1×1)O surface could be identified in real space. The O atoms are imaged as 

protrusions in the four-fold hollow sites of the surface. The spin-resolved LDOS 

measured with Sp-STS agrees well with first principle calculations that also show 

significant hybridization between the O p orbitals and Fe d orbitals which induces a 

spin polarization of the oxygen states. The STS measurements were able to detect 

features at -0.6 eV and 0.05 eV in the majority band of the Fe(001)-p(1×1)O 

surface that were up to now inaccessible by other conventional spectroscopies like 

photoemission. The spin polarization of the tunneling current measured from the 

surface depends on the bias voltage. It is positive and the highest value occurs at 

0.1 V, close to the surface feature detected at 0.05 eV on this surface. The positive 

surface spin polarization is mainly due to the oxygen pz orbitals close to the Fermi 

level in the majority band. 
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Chapter 5 

Mn Films on Fe(001)-p(1x1)O 

Antiferromagnetic thin film materials are widely used in modern magnetic storage 

devices and will play a major role in next generation storage devices like magnetic 

random access memories (MRAMs). Understanding the structural as well as 

magnetic properties of these films, especially when they are in contact with a 

ferromagnet, is of utmost importance in understanding the properties of the devices 

incorporating them. 

5.1    Properties of Mn on Fe(001) 

Bulk manganese has a complex structure and exhibits different phases which show 

different magnetic behavior depending on the ambient conditions [82]. The stable 

bulk phase at temperatures up to 1000 K is the complex cubic α-Mn which has 58 

atoms per unit cell [83] and shows antiferromagnetism below its Néel temperature 

of 95K [84]. Between 1000 K and 1370 K cubic β-Mn with 20 atoms per unit cell 

is the stable phase. Face centered cubic (fcc) γ-Mn exists between 1370 K and 1410 

K while body centered cubic (bcc) δ-Mn exists between 1410 K and the melting 

point 1518 K [85]. Due to these high temperatures it is extremely difficult to 

characterize bulk Mn materials with the above structures. By choosing an 

appropriate substrate, different structural phases of Mn can be stabilized at room 

temperature by epitaxy. On Fe(001), Mn stabilizes in a body centered tetragonal 

(bct) structure assuming the in-plane lattice constant of the Fe(001) substrate 

(a=b=2.866Å) and an out-of-plane lattice constant of c=3.228Å [86]. The bct 

structure persists up to thicknesses between 10 ML to 25 ML depending on the 

deposition conditions [87] with a resulting structural transition [88, 89] altering the 

layer-by-layer growth mode  to three dimensional growth. Above this thickness 

there is a transition to α-Mn [90]. The MEED intensity during the growth showed 
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only two or three maxima following the initial drop in the MEED curve after which 

it stayed constant until the transition to α-Mn The disappearance of the MEED 

oscillations was attributed to a change of growth mode from layer-by-layer to step 

flow [91]. The films show layerwise antiferromagnetic order [92], i.e. adjacent 

atomic planes couple antiferromagnetically. In this Chapter, the growth, surface 

structure and magnetic properties of Mn films grown on Fe(001)-p(1×1)O will be 

presented and the results compared to that of Mn films grown on the clean Fe(001) 

surface.  

 
5.2    Growth and structure of Mn on Fe(001)-p(1×1)O 

 The Mn films are grown by electron beam evaporation of Mn flakes contained in a 

Mo crucible in a water-cooled evaporator. The growth is monitored by MEED 

while AES is used to check the composition and the cleanliness of the surface. 

During deposition the pressure stayed below 5.0×10-10 mbar. The substrate was 

kept at 800C during the deposition of Mn on Fe(001) and Fe(001)-p(1×1)O, 

respectively.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.1: MEED intensity oscillations for (a) Mn on Fe(001)-p(1×1)O and (b) Mn on clean 
Fe(001) deposited at 800C.  
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Typical MEED intensity curves are displayed in Fig. 5.1. The periodic oscillations 

in the MEED specular spot intensity indicate a layer-by-layer growth mode. There 

are more oscillations in the MEED curve for the deposition of Mn on Fe(001)-

p(1×1)O (Fig. 5.1(a)) than on the clean Fe(001) surface whose MEED curve (Fig. 

5.1(b)) shows only two oscillations. One can therefore infer from the MEED 

intensity oscillations that there is improved layer-by-layer growth on the Fe(001)-

p(1×1)O surface compared to the clean Fe(001) surface. Comparison of the Auger 

peak heights for O, Mn and Fe as a function of Mn thickness (Fig. 5.2) shows that 

the oxygen intensity is almost invariant. This implies that the oxygen stays on the 

surface where it acts as a surfactant extending the layer-by-layer growth regime. 

While the Mn AES signal increases with Mn thickness, the Fe signal decreases 

almost to zero showing that there is little or no alloying or segregation in the 

system. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.2: O (510eV), Mn (589eV) and Fe (703eV) Auger peak heights as a function 
of Mn film thickness on the Fe(001)-p(1×1)O surface. 
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distance between the protrusions is approximately 3.1 Å. This distance is consistent 

with the 3.14 Å in-plane lattice parameter of MnO(001), which is the separation of 

Mn atoms on the surface. The protrusions seen in the STM image are most likely 

Mn atoms.  Ab initio calculations by Momida and Oguchi [93] for the MnO(001) 

surface show that the surface  presents a rumpled relaxation whereby the O is 

displaced inward compared to the Mn. The schematic in Fig. 5.3 shows a two 

dimensional MnO(001) lattice. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3: Atomically resolved constant current topography of 8ML Mn on Fe(001)-
p(1×1)O. The blue line is a guide to the eye indicating a shift of half a lattice 
constant in the atomic rows from terrace A to terrace B, typical of bcc metals. The 
schematic shows a representation of the two-dimensional MnO lattice. 
 

 

In addition to acting as a surfactant, the oxygen induces a reconstruction on 

the surface which has been observed for the first time in both LEED and STM. 

Analysis of the LEED pattern in Fig. 5.4 identifies the reconstruction in matrix 

notation as 
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  consisting of two subpatterns.  The unit cell calculated by  

adopting the lattice of bcc iron has dimensions a
*=24.32 Å, b

*=4.05 Å. This is 

indeed observed in atomic resolution STM images (see Fig. 5.5 (a) and (b)), where 

one observes a network of protrusions rotated 450 with respect to the surface and 

orthogonal to each other. The reconstruction is oxygen-induced as the surface of 
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manganese films grown on clean Fe(001) only show a different reconstruction for 

thicknesses greater than 14 ML, which marks the transition to α-Mn [90].  Possibly 

the reconstruction lines observed in the STM images could be due to excess oxygen 

on the surface.  

 

  
 
 
 
 
 
 
 
 
 
 
 
 
                              
Fig. 5.4: LEED pattern for 9.4 ML Mn on Fe(001)-p(1×1)O taken at 55eV. The blue and 
red circles in (b) are a guide to the eye for the position of the missing spots after careful 
analysis of the original LEED pattern shown in (a). The green arrows represent the lattice 
vectors for the (1×1) substrate basis while the blue and red arrows represent the lattice 
vectors of the reconstruction. 
 
 
 
 

 
 
 
 
  
 
 
 
 
 
                                
 Fig. 5.5: (a) Atomic resolution STM image of 9.4 ML Mn on Fe(001)-p(1×1)O with It 
=13.7nA, Vgap=20mV (b) Real space model of the surface obtained from a simulation of 
the LEED pattern in Fig. 5.4. The blue and black rectangles represent the unit cell of the 
reconstruction for the two subpatterns, respectively. The small green squares represent the 
1×1 substrate unit cell. 
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5.3   Magnetic structure of Mn films on Fe(001)-p(1×1)O 

The topography and corresponding spin signal of 9.4 ML Mn on Fe(001)-p(1×1)O 

are displayed in Fig 5.6 (a) and (b), respectively. The topography shows large Mn 

terraces (separated by monatomic steps) containing rectangular islands with 

rounded edges. Three different Mn layers are exposed to the surface. In the spin 

image, an alternating black-white contrast is observed between adjacent Mn atomic 

planes. This is indication of a layerwise antiferromagnetic order similar to that for 

Mn films on clean Fe(001), i.e. the magnetic moments couple ferromagnetically 

within one layer and antiferromagnetically between adjacent Mn atomic planes. 

The presence of the oxygen layer does not disturb the layerwise antiferromagnetic 

order between adjacent Mn atomic planes, rather, there is an enhancement of the 

spin contrast compared to the case for Mn on the clean Fe surface [55]. For similar 

tunneling conditions, the spin contrast is about two times larger for Mn films on 

Fe(001)-p(1×1)O compared to clean Fe(001) .  
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Fig. 5.6: Constant current topography (a) 
and corresponding spin image (b) for 9.4 
ML Mn on Fe(001)-p(1×1)O obtained 
simultaneously. The tunneling parameters 
used were It = 3nA, V = 0.05V. (c) Spin 
image of the topography in Fig. 5.3 
showing spin contrast at the atomic scale. 
MR is the magnetization direction of the 
ring. 
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This enhancement of the spin contrast can be attributed to an increased tunneling 

magnetoresistance (TMR) in the presence of oxygen on the surface. There is a 

contribution to the spin-polarized tunneling current from the oxygen p-states which 

become spin-polarized due to hybridization with Mn 3d-states [94, 95]. Fig. 5.6 (c) 

shows atomically resolved spin image of adjacent Mn atomic layers where the spin 

contrast is clearly visible at the atomic scale. The atoms on the upper terrace appear 

much brighter than those on the lower terrace, meaning their moments are opposite 

to the moment of the atoms on the lower terrace. 

 

5.3.1  Topologically-induced magnetic frustrations 

Where the Mn film overgrows a substrate Fe step, the layerwise 

antiferronagnetic order is interrupted. The presence of the Fe step causes n Mn 

layers to grow on the upper side while n+1 layers grow on the lower side of the 

step edge. The vertical lattice mismatch between body-centered tetragonal (bct) Mn 

and bcc Fe leads to the formation of subatomic steps on the Mn film surface at the 

position of the Fe step. This has consequences on the magnetic order in the film. 

Since the moments on both sides of the step edge are aligned in the same direction 

by the Fe substrate, an ideal layerwise antiferromagnetic order is not possible 

around the step edge. This leads to magnetic frustrations, as the spin polarizations 

of the Mn layers that meet at such steps are opposite [54, 56], a situation similar to 

a 1800 domain wall. The situation is shown in Fig. 5.8 for the topography (a) and 

corresponding spin signal (c) of 5 ML Mn overgrowing a monatomic step on the 

Fe(001)-p(1×1)O substrate. An iron step can be seen at the position indicated by 

the black arrows in the topography. There is a thickness difference of one ML 

across the buried Fe step. In the spin signal there is the usual layerwise magnetic 

contrast between adjacent Mn layers separated by a monatomic step to the right of 

the image, but in addition, along the buried Fe step (indicated by the arrows to the 

left of the image) a reversal of the spin contrast is observed. The line profile shown 

in Fig 5.8 (b) is taken along the blue rectangle in Fig. 5.8 (a). It represents the 

average of about 25 lines scans. The line shows a step of monatomic height, 

roughly 1.6 Å between adjacent Mn layers, and a step of subatomic height (0.3 Å) 

at the position of the underlying Fe step, which arises as a result of the lattice 
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mismatch between Mn and Fe. Figure 5.8 (d) shows the line profile across the 

frustrated region along the green rectangle in Fig 5.8 (c). It represents the average 

of 40 different line scans. The average line profile across the frustrated region for a 

film of thickness 6 ML (not shown) is presented in Fig 5.8 (e). The film thickness 

and the corresponding width of the frustrated regions are indicated in the figures.  

To determine the width of such frustrated regions the line profile across the region 

is fitted to the standard profile of a 1800 domain wall [96]. For a one-dimensional 

1800 domain wall, neglecting the stray field and considering only the exchange 

interaction and the magneto-crystalline anisotropy, the profile across the wall can 

be approximated by a tanh-function [97] 

                                                 ( )wxtanhxm /    )( ∝                                               (5.1) 

where m(x) is the projection of the magnetization along a direction perpendicular to 

the domain wall, and the domain wall width, 2w is defined as shown in Fig. 5.7 by 

the intersections of the tangent at m(0) with the saturation lines.  

 

 

 

 

 

 

  

 

 

Fig. 5.7: Wall profile for a one-dimensional 1800 domain wall modeled with the 
tanh-function in equation (5.1). 
 

 

 The green curves in Fig 5.8 (d) and (e) are the fits of the line profiles across the 

frustrated region with a tanh-function for the 5 ML and 6 ML Mn films, 

respectively. The calculated wall widths are 3.1 ± 0.1 nm and 4.0 ± 0.1 nm for the 

5 ML and 6 ML films, respectively. Though we could not perform a systematic 

thickness dependence of the width of the frustrated region (not in all cases could 

we obtain films with buried Fe steps visible on the surface), we observe that the 
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width of the frustrated region obtained in our experiment are wider compared to 

those for Mn films on clean Fe for similar film thickness. For 5.5 ML Mn on clean 

Fe(001) the measured width of the frustrated region is 1.6±0.3 nm [54]. This 

difference may be due to some oxygen at the buried step edge which could reduce 

the pining of the Mn moments or modify the exchange within the frustrated region. 

The presence of some oxygen at the buried step edge causes frustration to be less 

localized compared to the case without any oxygen. This would result in a wider 

width of the frustrated region as schematically drawn in Fig. 5.9. 

 

               

 

 

 

 

 

 

             
 

 

 

 

 

 

 

 

 

 
 
 
Fig. 5.8: (a) Topography of 5ML Mn on Fe(001)-p(1×1)O showing a buried Fe step 
indicated by the arrows The numbers indicate the layer height. (b) Line scan taken along 
the blue rectangle in (a).   (c) Spin image for the corresponding topography in (a) showing 
a frustrated region across the buried Fe step. (d) Line scan across the frustrated region. The 
green curve is a fit to the profile using a tanh function. (e) Line profile across the frustrated 
region of a 6ML Mn film. 
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Nevertheless, the trend that in thicker Mn films the frustrated regions at the surface 

are wider is also found for Mn films grown with Oxygen as a surfactant. 

 

In the atomically resolved topography of Fig. 5.10(a), the reconstruction 

mesh does not seem to follow a particular pattern but rather consists of lines that 

run along <110> directions. As stated before, this reconstruction results from 

excess oxygen on the surface. Since the direction of magnetization of the ring is 

well-defined (along the [100] direction of the whisker) the spin contrast represents 

difference in orientation of the moments with respect to this direction. On a single 

terrace, assuming that the moments point in same direction, a difference in 

intensity in the spin signal can result from a difference in the magnitude of the local 

moments. In the spin image in Fig. 5.10 (b) there is a difference in the intensity of 

the spin signal along the reconstruction lines, higher along the [-110] direction 

compared to the [110] direction. This suggests that the magnitudes of the induced 

moments on the oxygen atoms along the reconstruction lines are different in these 

directions.  

 

 

 

 

 

 

Fig.5.9: Top: Schematic of 
step-induced frustration in Mn 
on Fe(001). The frustration is 
localized at the step edge 
Bottom: The frustration 
becomes less localized due to 
some O at the step edge 
leading to a wider frustrated 
region 
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Fig. 5.10: Atomically resolved topography (a) and corresponding spin image (b) of 
8ML Mn on Fe(001)-p(1×1)O taken at It =40nA, Vgap=20mV. MR  denotes the 
direction of magnetization of the ring. 
 

 

 

5.3.2 Voltage dependence of the spin contrast  

 
The variation of the spin contrast as a function of the sample bias is shown in Fig. 

5.11. A spin contrast was obtained for the whole range of voltages (-1 V to +1 V) 

used in the experiment. The spin contrast increases with decreasing voltage for 

positive sample bias voltage with the maximum spin contrast observed around 

0.1V. A change of sign of the contrast occurs at -0.4 V while for the case of Mn on 

clean Fe(001) the change of sign occurs at -0.2V [55]. This shift is as a result of the 

enhanced spin contrast observed on the Fe(001)-p(1×1)O surface. The shape of the 

spin contrast as a function of sample bias shows a similar behavior as for Mn on 

Fe(001).  Ab initio calculations on the Mn/Fe(001) system showed that the shape of 

the spin contrast as a function of bias voltage depends on the Fe bulk bands: e.g., 

nearly free electrons [55]. The same bulk bands can be used here to explain the 

similarity in the behavior of the spin contrast for Mn/Fe(001)-p(1×1)O and 

Mn/Fe(001). The insets in Fig. 5.11 show the spin images acquired at -0.5V and 
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+0.5V, respectively, where the change of sign in the spin contrast shows up as a 

reversal of the contrast in the spin images.  

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Scanning tunneling spectroscopy measurements have been performed on 

the 8ML Mn film using a ferromagnetic ring electrode as the probe tip. In the 

experiment, the tip was stabilized with a tunneling current of 1 nA and a bias 

voltage of -1V. The differential conductivity dI/dV was measured directly by 

modulating the bias voltage with a 30mV signal at 6.5 kHz and detecting the 

resulting changes in the differential conductivity with a phase-sensitive lock-in 

amplifier. The measurements were performed on a single terrace and the 

magnetization of the ring was not switched during the process. The normalized 

differential conductance spectrum is presented in Fig. 5.12. A peak can be seen 

around -0.7V. Since the differential conductance is proportional to the local density 

of states, it means a bulk band edge or a surface state may be present at this 

voltage. For Mn films deposited on clean Fe(001), Yamada et al. [56] observed a 

pronounced peak at +0.8V and a smaller peak at -0.5 V. In their calculations of the 

band structure of Mn films on Fe(001), Yamada et al. [56] found that the peak at 
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Fig. 5.11: Variation of magnetic 
contrast as a function of sample 
bias voltage for 7ML Mn on 
Fe(001)-p(1×1)O. The insets 
show the spin images at -0.5V 
and +0.5V respectively. In the 
experiment, the voltage was 
ramped from -1V to -0.05V and 
from +1V to +0.05V with the 
feedback loop on. 
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+0.8 V is caused by two surface states at 0.25 eV and 0.5 eV. The absence of this 

peak in our experiment is probably caused by the influence of oxygen on the above 

mentioned surface states. The peak observed at -0.7 V is close to the one observed 

at -0.5V in ref. [56]. This feature is not much influenced by oxygen and is most 

likely not a surface state. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.12: Normalized dI/dV spectra for 8 ML Mn of Fe(001)-p(1x1)O using a  
ferromagnetic ring  electrode 
 

 
 

 

Summary 

In this Chapter, it has been shown that the growth of Mn can be improved by 

growing on Fe(001)-p(1×1)O, where the O acts as a surfactant during the growth 

process. The Mn films still show layerwise antiferromagnetic order similar to films 

grown on clean Fe(001) but with an enhanced spin contrast observed between 

adjacent atomic planes. This enhancement of the spin contrast is attributed to an 

increase in the TMR for the oxygen covered surface. There is a contribution to the 

spin-polarized tunneling current from the oxygen p-states which become spin-
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polarized due to hybridization with Mn 3d-states. In addition, the voltage 

dependence of the spin contrast show a similar trend as for Mn films grown on 

clean Fe(001). Magnetic frustrations are observed on the surface where the film 

overgrows a buried substrate step edge. The frustrated regions observed here are 

wider compared to those observed for Mn films on clean Fe. This is attributed to 

the presence of some oxygen at the buried step edge which causes the frustration to 

be less localized. The evidence of some oxygen at the step edge on Fe(001)-

p(1×1)O can be seen in Fig. 4.3(a). 
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Chapter 6 
 

Mn on Cu3Au(100) 

Apart from having different complex phases in the bulk, Mn also possesses the 

largest atomic magnetic moment among the 3d metals (about 5 µB). Its magnetic 

properties have thus attracted a lot of attention in recent years especially with the 

advent of modern deposition techniques whereby different structural phases could 

be stabilized by epitaxy on well-chosen substrates. In this Chapter the magnetic 

properties of face-centered tetragonal (fct) Mn grown on Cu3Au(100) will be 

studied using spin-polarized STM. 

 

6.1  Growth of Mn on Cu3Au(100) 

The ordered Cu3Au(100) crystal has a L12 structure below 630K [98] with 

alternating planes of CuAu and Cu perpendicular to the <100> directions. It is 

composed of four interpenetrating simple cubic sublattices located at r1=(0,0,0), 

r2=(1/2,1/2,0), r3=(1/2,0,1/2) and r4=(0,1/2,1/2) [99] (see Fig. 6.1). With a lattice 

constant of a0=3.75Å [100], the misfit with fcc Mn is quite small (~0.6%) enabling 

Mn to grow pseudomorphically on the surface.  

 

 
 
 
 
 
 
 
 
                                        

                                                                              
 

 
Fig. 6.1: Ordered structure of Cu3Au(100) showing the chemical ordering at the surface. 
The LEED pattern on the right shows the c(2x2) surface after cycles of Ar+ sputtering and 
annealing as described in the text. The orientation of the crystal is indicated by the labels 
on LEED pattern. 

[001]

[010]
E=80 eV 



 61 

The Cu3Au substrate is prepared by cycles of Ar ion bombardment and 

annealing after loading into the preparation chamber. Initially, the substrate is 

sputtered with 2.0 keV Ar ions for several hours followed by annealing for 

approximately 10 min at 750K and moderate annealing at 525K for about 30 min. 

This process was repeated until the AES showed no traces of oxygen or carbon and 

a sharp c(2x2) LEED pattern (see Fig. 6.1) characteristic of the ordered 

Cu3Au(100) surface was observed.  

Lin et al. [101] have studied the growth of Mn layers on Cu3Au(100) at 

room temperature and at low temperature. Using MEED, it was established that at 

room temperature the growth proceeds layer-by-layer up to 6-7 ML followed by 

step flow growth mode. It was also shown by LEED-I(V) measurements that the 

films grown at room temperature undergo a structural transition from fcc to fct 

between 12-14 ML. We have grown 21 ML Mn on Cu3Au(100) at room 

temperature. The choice of this thickness is based on the fact that exchange bias 

was observed for the system 21ML Fe / 14ML Mn / Cu3Au(100)  [101] with a 

blocking temperature of up to 280K, which is an indirect indication of an 

antiferromagnetic structure for the Mn films. It is thus expected that Mn films of up 

to 21ML on Cu3Au(100) would have an antiferromagnetic structure with Néel 

temperature higher than room temperature, hence possible to investigate in real 

space with our room temperature spin-polarized STM. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6.2: MEED oscillations during the deposition of 21 ML Mn on Cu3Au(100). The 
oscillations persist up to 9ML after which the intensity increases monotonically, indicating 
a change of growth mode from layer-by-layer to step flow. 
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The MEED intensity oscillations for 21 ML Mn / Cu3Au(100) is shown in Fig. 6.2. 

The periodic oscillations of the specular beam intensity signify layer-by-layer 

growth. In this case the oscillations persist up to 9 ML after which there is a 

monotonic increase in the intensity, implying a possible change of growth mode 

from layer-by-layer to step flow mode. 

 

6.1.1 Surface structure of Mn films on Cu3Au(100) 

The constant current STM image of a 21 ML Mn film on Cu3Au(100) in Fig. 6.3 

shows large terraces of several hundred nanometers wide with a pattern which 

consists of grid lines running approximately along the <100> directions. The 

almost rectangular units have side lengths of approximately 15 nm to 20 nm and 

heights about 1.0 Å. A similar tartan pattern was observed for Fe films grown on 

Cu3Au(100) [102].  

 

 

 

 

 

 

 

 

 

 

 

 

 

The pattern results from defects induced during the structural transition.  

For smaller film thickness the Mn grows assuming the structure of the Cu3Au(100) 

substrate. At larger thickness, due to the lattice mismatch between bulk Mn (a = 

3.796 Å, c = 3.59 Å [103]) and Cu3Au(100) (a = 3.75 Å [100]) the Mn film 

undergoes a tetragonal distortion in the direction of the surface normal. This 

Fig. 6.3: Constant current topography of 21 ML Mn on Cu3Au(100) acquired at 
I=4 nA, V=0.11V 
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induces an in-plane relaxation that causes the formation of the dislocation pattern 

on the surface [101].   

 

6.2 Magnetic order of Mn films on Cu3Au(100) 

The topography and corresponding spin signal of a 21 ML Mn film on Cu3Au(100) 

is shown in Fig. 6.4. The dislocation pattern described in section 6.1.1 is still 

observed. Using line scans we can determine the relative height between layers in 

terms of monatomic height in the topography. The average line profile taken along 

the rectangle in Fig. 6.4 (a) is shown in Fig. 6.4 (c). The relative height difference 

between the layers in the topography is indicated in the line profile. It is 

approximately 3 atomic layers (if we consider the single layer height as 1.8 Å 

[101]). 
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Fig. 6.4: Topography (a) and 
corresponding spin signal (b) 
for 21 ML Mn on Cu3Au(100) 
taken at I = 4.0 nA, V = 0.1V. 
MR is the magnetization 
direction of the ring.  The 
dislocation pattern also shows 
up in the spin signal as 
crosstalk. (c) Average line 
profile taken along the blue 
rectangle in (a). 
 

  5.4Å 

MR 

<100> 



 64 

In the spin image shown in Fig 6.4 (b), a contrast is observed between Mn planes 

three monolayers apart i.e. between even and odd layers. This agrees with a 

layerwise antiferromagnetic order within this region of the film. Large contrasts are 

also observed around the step edges of the Mn film in the spin signal. This artifact 

induced by the STM operation is not of magnetic origin but is caused by 

nonperpendicular tunneling between the ring and the sample at the high step edge 

or may be due to the finite response time of the feedback loop.  

For an ideal layerwise antiferromagnet, the spin signal should alternate 

between even and odd layers. In our experiments for 21 ML Mn / Cu3Au(100), this 

was not always the case, as a deviation from the ideal layerwise antiferromagnetic 

order was observed in some cases. In the situation depicted in Fig. 6.5, a contrast is 

observed on Mn planes separated by an even number of layers as seen in the 

regions marked 3 and 5 in the lower part of Fig. 6.5 (b), or no contrast between 

layers separated by one ML as in the regions marked 3 and 4 around the middle of 

the same figure. The separation between Mn atomic planes is indicated by the 

numbers on the figures (the layer separation was obtained from line scans not 

shown here). One also observes a contrast in some areas where the layer height is 

the same as in the regions marked 3 in the upper part of Fig. 6.5 (b). The above 

observations suggest that there exist an antiferromagnetic domain boundary within 

the film as indicated by the blue line in the spin image. Such domains may result 

from the coalescence of islands of different thicknesses as the film grows thicker. 

The scenario is depicted schematically in Fig. 6.5 (c), where the arrows indicate the 

direction of magnetization in the different Mn layers and the domain boundary is in 

the middle. In the initial growth stage of the film at room temperature, there is an 

absence of long range magnetic order since the Néel temperature is lower than the 

growth temperature. As the film grows thicker its Néel temperature increases above 

the growth temperature and the film undergoes a transition to the antiferromagnetic 

state. During this transition stage there is the tendency to form antiferromagnetic 

domains within the film. 

The deviation from the ideal layerwise antiferromagnetic order is thought to 

come from local anisotropies due to the surface topography. This might result from 
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the dislocation pattern which forms as a consequence of the tetragonal distortion 

during the fcc to fct phase transition. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Fig. 6.5: (a) Topography of 21 ML Mn on Cu3Au(100). The numbers in the figure 
indicate the number of layers between Mn atomic planes. (b) Spin signal for the 
topography in (a). The blue line indicates possible antiferromagnetic domain wall 
in the film. MR is the direction of magnetization of the ring. The tunneling 
parameters used were I = 4.0 nA, V = 0.05V. (c) Schematic of the possible scenario 
that leads to formation of the antiferromagnetic domains observed in (b). 
 
 

In the case for Mn on Fe(001) or Fe(001)-p(1×1)O with the unidirectional 

magnetic anisotropy provided by the underlying iron whisker, only two intensities 

are detected in the spin signal representing two unique in-plane orientations of the 
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however, there should exist four unique in-plane orientations of the Mn local 

magnetic moments due to the four-fold cubic symmetry of the Cu3Au(100) surface.  

Since SP-STM is sensitive to the projection of the sample surface magnetization 

onto the tip magnetization, one should observe four different contrasts in the spin 

image which represent two degenerate domains of the topological 

antiferromagnetic order with orientations perpendicular to each other [104, 105]. 

The situation is depicted schematically in Fig. 6.6, where Mt , MS1, MS2, denote the 

magnetization of the tip, magnetization in domain 1 and magnetization of domain 2 

(in the sample), respectively. In the experiment, the magnetization direction of the 

ring electrode is well-defined i.e. tangential to the periphery of the ring and in the 

[100] direction of the substrate, indicated by the red arrow MR in Fig. 6.5 (b). 

 

 

 

 

 

 

 

 

 

Only two contrast levels were observed in the spin images in the experiments as 

seen in Fig 6.4(b) and Fig. 6.5(b). This implies that either the magnetization 

direction of the ring was aligned with a 450 angle to the magnetization axis in the 

domains of topological antiferromagnet, or the areas scanned were not large 

enough to reveal the two orthogonal domains of topological antiferromagnetic 

order. The latter can be eliminated, as large area scans of the surface gave the same 

results. It is more likely that the magnetization direction of the ring is 450 oriented 

with respect to the spin direction of the antiferromagnetic domains. 
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Fig. 6.6: Schematic of the magnetization 
direction of the tip Mt with respect to two 
equivalent orthogonal domains MS1 and MS2 
on a surface with four-fold symmetry 
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6.2.1  p(2×2) Superstructure 

A closer look at the surface of the Mn films reveal that some terraces the Mn atoms 

arrange in a p(2×2) superstructure. The superstructure is more obvious in the spin 

signal than in the topographic STM images (Fig. 6.7 (a) and (b)). In Fig. 6.7 (c) and 

(d) the superstructure is shown in more detail, with the p(2×2) unit cell indicated 

by the blue square. This superstructure is also observed very weakly in LEED (Fig. 

6.7 (e)). 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 

 

e) Fig. 6.7: Topography (a) and 
corresponding spin signal (b) showing 
p(2×2) superstructure of 21 ML Mn on 
Cu3Au(100). The image was taken at I = 
4.0 nA,   V = 0.5 V. (c) and (d) are 
zoomed-in sections of (a) and (b), 
respectively, to show the superstructure 
in detail. The blue square in (d) marks 
the (2×2) unit cell. (e) LEED pattern 
taken at 42 eV showing the p(2×2) 
superstructure.  
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From the theoretical analysis of Krüger et al. [106] on the magnetic structures of 

Mn at the (001) surface, it was found that there is only a tiny energy difference 

between the c(2×2) compensated and p(2×2) uncompensated magnetic 

configurations, with the c(2×2) being the most stable configuration. However, 

surface relaxation and/or reconstruction as well as structural imperfections might 

overcome this energy difference between these two configurations such that the 

p(2×2) uncompensated becomes the most stable configuration. The structural 

imperfections in our case for 21 ML Mn on Cu3Au(100) come from the surface 

relaxation  that occur during the formation of the dislocation pattern. The p(2×2) 

reconstruction was observed only on certain terraces, probably the reason why the 

LEED pattern is weak. The p(2×2) uncompensated configuration is thus believed to 

be the stable magnetic configuration for the case of 21 ML Mn/ Cu3Au(100). 

Moreover, the tetragonal distortion has been shown theoretically to originate from 

a directional property of the d-band bonding introduced by the antiferromagnetic 

ordering in γ-Mn [107, 108] i.e. it is a magnetically induced tetragonal lattice 

distortion. 
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Chapter 7 
 
 
Conclusion 
 
 
In the first part of this work, the Fe(001)-p(1×1)O surface was studied as well as 

the effect of the oxygen layer on the magnetism of Mn films grown on this surface. 

This was done by means of spin-polarized scanning tunneling microscopy 

operating in the differential magnetic mode at room temperature. By using a soft 

ferromagnetic material in the form of a ring for the STM electrode, in-plane 

sensitivity was achieved. With a coil wound around the ring, the magnetization of 

the ring is switched periodically by applying a high frequency alternating current 

through the coil. The resulting change in the tunneling current due to this reversal 

of tip magnetization is detected through a phase sensitive lock-in amplifier. This 

quantity which is a projection of the sample surface spin polarization onto the 

magnetization direction of the ring is a purely magnetic signal, separate from the 

average tunneling current (output from STM feedback loop) which is proportional 

to the surface topography. 

Atomically resolved STM topography images together with theoretical 

calculations [77] confirm for the first time the surface atomic registry of the 

Fe(001)-p(1×1)O surface in real space, which had been previously studied in 

reciprocal space by LEED [74]. The O atoms sit in the four-fold hollow sites on the 

surface and are imaged as protrusions at these sites in atomically resolved STM. 

The atomically resolved spin image shows reasonable agreement with spin density 

contours for the system obtained from theoretical calculations [77], where the 

maximum spin signal is obtained above the oxygen adsorption sites. The spin 

polarization of the tunneling current from this surface depends on the applied 

voltage. It decreases with increasing voltage with the highest value obtained for 
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+0.1V. Close to point defects (missing O atoms) on the surface the spin signal is 

enhanced locally. The differential conductance spectrum of the surface obtained 

from scanning tunneling spectroscopy identified a feature around -0.7 eV and 

another very close to the Fermi level. Ab initio calculations performed using the 

Koringa-Kohn-Rostoker method reveal that these features results from a 

hybridization of the oxygen p-orbitals with the iron d-orbitals. In particular, the 

positive spin polarization from this surface is mainly due to the presence of oxygen 

pz orbitals close to the Fermi level which was detected here for the first time with 

scanning tunneling spectroscopy. 

When Mn was grown on the Fe(001)-p(1×1)O surface, an improvement of  

the layer-by-layer growth compared to the case on clean Fe(001) was observed. 

The O was found to play a surfactant role in the growth process. The Sp-STM 

results revealed that the Mn films show layerwise antiferromagnetic order similar 

to the case for films on clean Fe(001). The difference in the spin-polarized 

tunneling current measured between adjacent Mn terraces (spin contrast) showed 

voltage dependence in the range -1 V to +1 V similar to the case on clean Fe but 

larger in absolute value. Magnetic frustrated regions were also found on the surface 

of Mn films on Fe(001)-p(1×1)O. These magnetic frustrations occur where the Mn 

film overgrows a step of the substrate. The width of the frustrated region for 5 ML 

and 6 ML Mn films on Fe(001)-p(1×1)O  were 3.1± 0.1nm and 4.0± 0.1nm, 

respectively, much larger than the 1.6 ± 0.3nm obtained for 5.5 ML Mn on Fe(001) 

[54]. The presence of some oxygen at the buried step edge causes the magnetic 

frustration to be less localized compared to the case without oxygen resulting in a 

wider frustrated region. 

In the second part of this study, it was shown directly that 21 ML fct Mn 

stabilized on Cu3Au(100) has an uncompensated antiferromagnetic structure using 

Sp-STM. A constant spin contrast was observed between Mn terraces separated by 

odd number of layers, indicating a layerwise antiferromagnetic order within the 

film. In some cases a deviation from the ideal layerwise antiferromagnetic order 

was found. A p(2×2) superstructure was observed on some terraces on the surface 

and is thought to be the stable magnetic configuration for 21 ML Mn on 

Cu3Au(100). 
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