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Abstract

A scanning tunneling microscope (STM) can provide electronic and topo-
graphic information of a (semi)conducting surface with atomic resolution.
In addition to electronic and topographic information, magnetic informa-
tion can also be obtained in case a magnetic STM tip is used. The goal
of the present work is to realize the extraction of magnetic information,
via so-called spin polarized STM (SP-STM), on the in-house Omicron low
temperature STM.

To this end, a stepped tungsten (W) crystal coated with a thin film of
Fe is studied. It is shown that deposition of 1.5 monolayers and subsequent
step flow growth of Fe could be achieved. The resulting materials system
consists of alternating double layers (DLs) and single layers (SLs) of Fe
on the W(110) surface. This system was investigated with two types of
magnetic tips.

The first type of magnetic tips used were rounded W tips coated with
Fe, resulting in an in-plane magnetization direction. With these tips dI/dV
maps are measured, showing a sharp contrast between the DLs and SLs Fe
on the crystal. Height differences between the DLs and SLs, caused by a
difference in local density of states between both surfaces, are also observed.
Furthermore, a triple contrast is also observed, which is caused by the DL
and two domains with different magnetization directions on the SLs.

The second type of magnetic tips used are bulk Cr tips, which exhibit
both in-plane and out-of-plane sensitivity. First results using these bulk Cr
tips show that a good spatial resolution can be achieved. In addition, a
contrast between different DLs of Fe is observed, indicating a difference in
their out-of-plane magnetization direction.

In conclusion, SP-STM has been successfully implemented on the low
temperature STM system with two different types of magnetic tips. Using
the Fe coated W(110) surface, tip magnetization directions can be charac-
terized, making future studies of samples with an initially unknown magne-
tization direction possible.
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Chapter 1

Introduction

Nowadays a world without semiconductor devices is unthinkable. LEDS,
solar cells and cell phones are only a few examples of the almost endless list
of applications where semiconductor materials are used. In information and
communication technology (ICT), data processing is performed electroni-
cally (by transistors), data transfer is done optically (by fibers), and data
storage (on hard drives or tapes) is done magnetically. Implementing these
functionalities into one single material would result in smaller and more
energy efficient ICT devices. Semiconductors are the only known materials
where these functions can be combined and tailored in a single material.

In the ongoing search for miniaturization in the semiconductor indus-
try, the size limit of existing technologies is approaching rapidly. In order
to produce smaller ICT devices, new methods have to be explored. One
promising possibility is the use of single spins as information bits. For this
purpose, so-called dilute magnetic semiconductors (DMSs) have attracted
great interest [1]. A DMS is a semiconductor (for example GaAs) doped with
magnetic atoms (for example Mn), resulting in a composite material with
magnetic properties (for example GaMnAs). It is proposed that the spin of
single Mn impurities in GaMnAs can be used as information bits [2]. This
necessitates measuring the magnetic and optical properties of semiconduc-
tor materials with subatomic resolution. A scanning tunneling microscope
(STM) is one useful tool in fundamental research and the development of
new materials.

First invented by Binnig and Rohrer in the early 80s [3], an STM uses an
atomically sharp tip, that is brought in close proximity to a sample surface.
If a bias voltage is applied between sample and tip, electrons will tunnel
from tip to sample, resulting in a net current. This tunneling current is
highly dependent on the tip-sample distance. If the tip is scanned over the
sample surface, while keeping the tunneling current constant by means of
a feedback loop, the surface can be imaged with atomic resolution. The
resulting image contains both topographic and electronic information from

1



1. Introduction

the sample surface.
In addition to this conventional mode of STM operation, it is also possi-

ble to obtain magnetic information from the sample under investigation. In
case an STM measurement is performed with a magnetic tip, information
on the magnetization of the sample surface can be obtained with atomic
resolution. This technique, known as spin polarized STM (SP-STM), was
first demonstrated by Wiesendanger [4] on an antiferromagnetic Cr(001)
surface.

The goal of the present work is to implement SP-STM in the existing
Omicron low temperature STM. Since dilute magnetic semiconductors have
a low magnetization compared to ferromagnetic metals, SP-STM is first
demonstrated on a metal surface. To this end, an Fe covered W(110) surface
is studied. The magnetic properties of this system are well known in the
literature [5–11], and thus this sample serves as an excellent first approach to
demonstrate SP-STM on the in house low temperature STM. Furthermore,
this sample can be used to characterize the magnetization direction of the tip
for future measurements. The magnetic tips are created by, either rounding
conventional sharp W tips and coating them with a thin film of Fe, or by
using bulk Cr tips.

Besides the topographic, electronic and magnetic information, an STM
can also be used to investigate the optical properties of a sample on the
atomic scale [12]. This technique is called scanning tunneling luminescence
and can be used simultaneously with SP-STM. Such a combined measure-
ment could yield topographic, electronic, magnetic and optical information
of a single dopant, and is the long term operational goal of the Omicron low
temperature STM.

The outline of this report is as follows: in Chapter 2, the basics and
theory of (SP-)STM are discussed. The experimental setup and preparation
steps prior to measurement, are treated in Chapter 3. The results obtained
during the measurements are discussed in Chapter 4, and summarized in
Chapter 5. Finally, an outlook towards future measurements is given in
Chapter 6.
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Chapter 2

Theory of Scanning
Tunneling Microscopy

The full theory of Scanning Tunneling Microscopy (STM) is very delicate
and lengthy [13] and thus beyond the scope of this report. Therefore, the
theory of STM that is presented in this chapter is limited to the, for this
current report, relevant scanning probe techniques. In the first section the
concept of one-dimensional electron tunneling is treated. The second sec-
tion describes the three-dimensional theory for STM, based on the Bardeen
approach [14], and the Tersoff and Hamann approximation [15]. After this
introduction to STM theory, several modes of operation of an STM are dis-
cussed. Finally, the working principle and basic theory of Spin Polarized
STM (SP-STM) is treated.

2.1 Electron Tunneling

This section describes the one-dimensional tunneling process. This theory
can be generalized to describe the three-dimensional case.

In the classical regime, an electron with mass m and energy E moving
with momentum pz in a potential U(z) is described by

p2z
2m

+ U(z) = E. (2.1)

However, on small length scales Newton’s law fails to describe the ob-
served physics. Instead, the electron motion is described by Schrödinger’s
equation:

− h̄2

2m

d2

dz2
ψ(z) + U(z)ψ(z) = Eψ(z), (2.2)

where h̄ is the reduced Planck’s constant and ψ the wave function of the elec-
tron. To describe the process of tunneling, consider the piecewise-constant
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2. Theory of Scanning Tunneling Microscopy

y(z)

Figure 2.1: Schematic picture of the one-dimensional tunneling process.
In the classical allowed region (E > U) the electron is propagating with
constant momentum p = h̄k. In the classical forbidden region (E < U) the
wave function decays exponentially with the distance z.

potential depicted in Figure 2.1. In the region where E > U the solution of
Equation 2.2 is given by

ψ(z) = ψ(0)e±ikz, (2.3)

where k =
√

2m(E − U)/h̄ is the wave vector. Since pz = h̄k, the electron is
thus moving with constant momentum equal to the classical case described in
Equation 2.1. In the classically forbidden region, where E < U Equation 2.2
has a non-zero solution given by

ψ(z) = ψ(0)e−κz, (2.4)

with the decay constant κ given by

κ =

√
2m(U − E)

h̄
. (2.5)

This expression describes an exponential decay of the wave function ψ(z) in-
side the classically forbidden region. The probability of observing an electron
at position z inside the barrier is proportional to |ψ(0)|2e−2κz. Using these
results, some basic features of a (one-dimensional) metal-vacuum-metal tun-
neling junction can be derived. The geometry and relevant energies are
depicted in Figure 2.2 where φ represents the work function of the metal.
The work function is defined as the energy required to remove an electron
from the bulk to the vacuum level. For simplicity, the tip and sample work
functions are assumed equal. Taking the vacuum level as the energy refe-
rence point, the Fermi level of the sample is given by EF = −φ. If one
neglects thermal excitation, the Fermi level of a metallic sample is defined
as the upper energy limit of occupied states. If a bias V is applied between
the sample and the tip (see Figure 2.2), the tip Fermi level is eV lower
than the sample Fermi level. An electron with energy En between EF,S and
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2.1. Electron Tunneling

eV

f

EF,T

EF,S

Evac

EN

Sample Tip

Figure 2.2: Schematic picture for one-dimensional electron tunneling. If a
bias is applied between a metallic sample (left) and the tip (right) a net
current will flow. Electron tunneling occurs from (occupied) sample states
with energies En between EF,S − eV and EF,S, into (free) tip states.

EF,S − eV can then tunnel through the vacuum barrier from the sample to
the tip, resulting in a net current. If the applied bias is much smaller than
the work function (eV << φ), the energy of the tunneling electrons En can
be approximated by En ≈ EF,S = −φ. The probability w of an electron
with energy En in sample state ψn tunneling from the sample to the tip is
then given by

w ∝ |ψn(0)|2e−2κs, (2.6)

where s is the distance between the sample and the tip, ψn(0) the nth sample
state at the sample surface and the decay constant κ in the vacuum barrier
region given by

κ =

√
2mφ

h̄
. (2.7)

The total tunneling current can be obtained by making a summation
over all sample states n between EF,S and EF,S − eV :

I ∝
EF,S∑

En=EF,S−eV
|ψn(0)|2e−2κs (2.8)

If the electron density of states remains constant in this energy interval
the expression above can be written in terms of the local density of states
(LDOS) of the sample ρS. The LDOS is the number of electrons per unit
volume per unit energy, at a given point in space z and at a given energy E
and is given by:

ρS(z, E) ≡ 1

ε

E∑
En=E−ε

|ψn(z)|2. (2.9)
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2. Theory of Scanning Tunneling Microscopy

for ε << E. The tunneling current can now be expressed in terms of the
LDOS of the sample:

I ∝ V ρS(0, EF,S)e−2κs ≈ V ρS(0, EF,S)e−1.025
√
φs (2.10)

where in the right expression φ and s are the numerical values of the work
function and the tip-sample distance, given in eV and angstroms, respec-
tively.

2.2 Bardeen’s Formalism and the Tersoff Hamman
Approximation

Although Equation 2.10 provides a basic understanding of one-dimensional
electron tunneling, it fails to describe the three-dimensional tunneling pro-
cesses appearing in STM. This section describes a widely used theory of
three-dimensional tunneling. This theory was first developed by Bardeen
[14] and later further expanded by Tersoff and Hamann [15]. Due to its
simplicity compared to alternative models, that of Tersoff and Hamann for
the three-dimensional tunneling process is the most widely used model for
STM.

Instead of solving the three-dimensional tunneling system as a whole,
Bardeen considers the two subsystems (tip and sample) separately and cal-
culates the tunneling current through perturbation theory [16]. The wave
functions of the unperturbed systems are well known, and the electron trans-
fer rate can then be calculated. Bardeen showed that the tunneling matrix
element M is determined by the overlap of the two wave functions at an
arbitrary separation surface between the two systems [14]:

M =
h̄

2m

∫
z=z0

(
ψ∗S
∂ψT

∂z
− ψT

∂ψ∗S
∂z

)
dA. (2.11)

where A is the separation surface between sample and tip at location z =
z0, while ψS and ψT are the wave functions of the sample and the tip,
respectively. The probability w for an electron tunneling from the sample
to the tip is determined by the Fermi golden rule. For an electron in state
ψS at energy ES tunneling to state ψT with energy ET, Fermi’s golden rule
states:

w =
2π

h̄
|M |2δ(ES − ET). (2.12)

The δ function in this equation indicates that only elastic tunneling is con-
sidered, i.e. states of equal energy. Similar to the one-dimensional case,
the tunneling current can be evaluated by summing over all sample states
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2.2. Bardeen’s Formalism and the Tersoff Hamman Approximation

n between EF,S and EF,S − eV :

I =
2πe

h̄

EF,S∑
ES=EF,S−eV

f(ES)[1− f(ES + eV )]|M |2δ(ES − ET), (2.13)

where f(ES) are the number of occupied sample states with energy ES, and
[1 − f(ES + eV ] are the number of free tip states with energy ET. The
Fermi-Dirac distribution function f is given by:

f(E) =
1

1 + e
E−EF
kBT

, (2.14)

where kB is Boltzmann’s constant. For low temperatures (kBT << E) the
Fermi-Dirac distribution can be approximated by a step function. If, in
addition, the applied bias V is much smaller than the Fermi energy EF,
Equation 2.13 reduces to:

I =
2π

h̄
e2V

EF,S∑
ES=EF,S−eV

|M |2δ(ES − EF,S)δ(ET − EF,T), (2.15)

where EF,S and EF,T are the Fermi level of the sample and tip, respectively.
This expression can alternatively be given in integral form:

I =
4πe

h̄

eV∫
0

ρS(EF,S − eV + ε)ρT(EF,T + ε)|M |2dε, (2.16)

where ρS and ρT are the LDOS of the sample and the tip, respectively. Equa-
tion 2.16 in combination with Figure 2.3 provides a schematic representation
of the tunneling process.

Taking Equation 2.16 as a starting point, Tersoff and Hamann calculated
the tunneling matrix element M . In their calculations the tip is assumed to
be locally spherical, and the wave functions ψT are approximated by s-wave
solutions of a spherical-potential-well. Using these assumptions Tersoff and
Hamann showed that the tunneling current (in case of a constant tip LDOS
ρT) is proportional to [15]:

I ∝ V ρS(0, EF,S)e−2κs, (2.17)

where ρS(0, EF,S) is the LDOS at the sample surface at the Fermi energy.
Apparently, using these approximations, the tunneling current shows the
same exponential dependence on the tip-sample distance s as shown for the
one-dimensional case, Equation 2.10. This exponential dependence can be
used to explain the regularly achieved atomic resolution in STM. This is
schematically shown in Figure 2.4, where a tip apex is represented by single
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2. Theory of Scanning Tunneling Microscopy

eV|M|
2

rS rT

EF,S

EF,T

Figure 2.3: Three-dimensional electron tunneling according to Bardeen, see
also Equation 2.16. The tunneling current is proportional to the LDOS of
the sample and the tip, and the tunneling matrix element M .

atoms. The exponential dependence on the tip-sample distance implies that
the tunneling current is in good approximation determined by the outer
atom of the tip. Since the sample surface is effectively scanned by the
outer atom of the tip, this results in the atomic resolution that is regularly
observed in STM measurement.

2.3 Modes of Operation

There are two main modes of imaging a surface with STM: constant height
and constant current imaging. In the constant height mode the vertical
position of the tip is not modulated while the tip is scanned over the surface.
Because of the lack of a feedback system to regulate the tip-sample distance
this allows for fast scanning. However, if the surface is irregular, so-called
tip crashes can occur: the tip and the sample will have physical contact,
modifying both the tip and the sample surface upon impact.

During the constant current mode, the tunneling current is kept constant
by means of a feedback loop. The tip-sample distance is controlled by a piezo
element, and the surface is scanned by two additional piezo elements. The
resulting image is referred to as a topographic image of the surface. Note
however, that these images contain both topographic and electronic infor-
mation. The topographic images are accompanied by so-called current maps
that depict the evolution of the the tunneling current during measurement.
Although the tunneling current is kept constant, small variations in the tun-
neling current are still present due to the finite response time of the feedback
loop. The resulting current maps can be used as an additional source of in-
formation. As an example, consider an atomic step on the sample surface.
In the topographic image this will appear as a Heaviside function, while the
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2.3. Modes of Operation

Tunneling
Current

Figure 2.4: Schematic represen-
tation of a tip apex, whit indi-
vidual atoms shown. Due to the
exponential dependence on tip-
sample distance, the tunneling
current mainly runs through the
outermost atom of the tip, mak-
ing atomic resolution in STM
possible.

current map will display a single sharp peak. In this way, the current maps
represent the derivative of the topographic image with respect to the vertical
coordinate z and can thus be used in the analysis of the topographic image.

Using an STM it is also possible to image the LDOS of the sample. This
can be derived from Equation 2.17 by taking the derivative with respect to
V :

dI

dV

∣∣∣∣
eV

∝ ρs(EF,S + ε) e−2κz. (2.18)

Extracting the LDOS of the sample yields:

ρS(EF,S + ε) ∝ dI

dV

∣∣∣∣
eV

e2κ(ε)z. (2.19)

Furthermore, if the tip-sample distance is assumed to be constant, the LDOS
of the sample is directly proportional to dI/dV . In practice, there are two
main techniques to measure dI/dV .

The first technique is measuring a so-called current imaging tunneling
spectroscopy (CITS) map. The surface is scanned as in the constant current
mode, however, at discrete points in the scan the feedback loop is switched
off and an I(V ) curve is taken. By taking the derivative with respect to
V at each voltage of the I(V ) curve and at each point of the CITS map,
the LDOS of the sample at each point and voltage is obtained. Note that
in reality the tip-sample distance is not constant, so there is a crosstalk
between the CITS map and the topography.

The second technique is to use a lock-in amplifier to obtain dI/dV at the
tunneling bias voltage. Using this technique it is possible to obtain dI/dV
simultaneously with the topographic image, making it a faster technique
compared to the CITS maps described above. However, the value of dI/dV
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2. Theory of Scanning Tunneling Microscopy

Tip

Sample

EF EF

ρ
h

(E) ρ
i

(E) ρ
h

(E) ρ
i

(E)

(a) parallel configuration

Tip

Sample

EF EF

ρ
h

(E) ρ
i

(E) ρ
h

(E) ρ
i

(E)

(b) anti-parallel configuration

Figure 2.5: Schematic graph of the Stoner model. The total tunneling cur-
rent depends on the degree of polarization of the tip and the sample, and
their relative orientation. In the graph, the applied bias voltage is small
compared to the Fermi energy.

is only obtained at the tunneling bias voltage, in contrast to the CITS map
described above where an entire voltage range is scanned. More technical
details concerning the lock-in amplifier can be found in Section 3.2.

2.4 Spin Polarized Tunneling

Briefly after the invention of STM it was realized that tunneling with spin
polarized electrons can be used to probe the magnetic structure of the sample
under investigation [4]. The most commonly used approach to achieve spin
polarized STM (SP-STM) is by using two ferromagnetic electrodes for the
tunneling process. In ferromagnetic materials the electron bands can split
into spin-up and spin-down bands. As described by the Stoner model [17],
this occurs if the relative gain in exchange interaction is larger than the
loss in kinetic energy. Due to this spin-splitting of the electron bands, the
LDOS of spin-up (ρ↑) and spin-down electrons (ρ↓) at the Fermi level can
differ substantially. This is schematically shown in Figure 2.5. This leads
to a spin polarization P at the Fermi level given by:

P (EF) =
ρ↑(EF)− ρ↓(EF)

ρ↑(EF) + ρ↓(EF)
, (2.20)

where P is between 0 and 1. In a tunneling experiment the total tunneling
current depends on the degree of polarization of both sample and tip, and
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2.4. Spin Polarized Tunneling

their relative orientation. This is qualitatively depicted in Figure 2.5 for
parallel (a) and anti-parallel (b) alignment between tip and sample. The
change in tunneling current due to magnetic effects has been quantified
by Wortmann et al. [18]. In their article, the Tersoff and Hamann theory
(Section 2.2) has been extended to include the effects of spin polarization. In
their derivation they assume low temperature and small bias voltage. The
tunneling current can then be written as:

I(V, θ) ∝ ρTρ̃S(EF + eV ) + ~mT · ~̃mS(EF + eV ), (2.21)

where ρ̃S is the energy integrated LDOS of the sample and ~̃mS is the energy
integrated sample magnetization given by:

~̃mS(EF + eV ) =

∫
~mS(ε)dε. (2.22)

The total tunneling current given by Equation 2.21 now includes the
effect of polarization, given by the inner product between the tip magneti-
zation ~mT and the energy integrated sample magnetization ~̃mS. The total
tunneling current can be rewritten with Equation 2.20, resulting in:

I(V, θ) = I0 + Isp = I0(1 + PTPS cos θ), (2.23)

with I0 the non-spin-polarized tunneling current, Isp the tunneling current of
spin-polarized electrons and θ the angle between the magnetization direction
of the tip and the sample.

One way to measure the magnetization of the sample directly is by mea-
suring the effect on the tunneling current of the spin-polarized electrons. An
STM operated in constant-current mode (Section 2.3) measures the energy
integrated LDOS of the sample ρ̃S. A spin-polarized STM is also sensitive
to the energy integrated sample magnetization ~̃mS. Note that ρ̃S always
increases with increasing bias voltage, while ~̃mS, due to its vector charac-
ter, may stay constant, or even change sign. Therefore I0 will be generally
higher than the spin-polarized contribution Isp, making a direct observation
of magnetic effects in the tunneling current very difficult.

The difficulties arising in constant current SP-STM can be overcome by
measuring the differential conductivity dI/dV . Taking the derivative with
respect to V in Equation 2.21 results in [18]:

dI

dV
∝ ρTρS(EF + eV ) + ~mT · ~mS(EF + eV ). (2.24)

Comparison with Equation 2.21 reveals that the differential conductivity
dI/dV is directly proportional to the sample LDOS ρS and the local sample
magnetization ~mS at the applied bias voltage. The bias voltage can therefore
be chosen to maximize ~mS over ρS to assure maximum magnetic contrast.
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2. Theory of Scanning Tunneling Microscopy

Equation 2.24 can be rewritten in terms of the polarization P resulting in
the following expression for the differential conductivity:

dI

dV
∝ I0(1 + PTPS cos θ). (2.25)
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Chapter 3

Experimental Setup

This chapter describes the experimental setup and the tip and sample prepa-
ration steps prior to measurement. In Section 3.1 the Omicron low tempe-
rature STM is discussed. The general preparation steps for producing clean
and sharp W tips are treated in Section 3.3. In order to produce mag-
netic tips and sample, deposition of Fe is necessary. The deposition of Fe
is discussed in Section 3.4, followed by the preparation of magnetic tips in
Section 3.5. Finally, the (magnetic) sample properties and preparation steps
are discussed in Section 3.6.

3.1 Low Temperature STM

The STM used during the experiments is a commercially available Omicron
low temperature STM and is schematically shown in Figure 3.1. The STM
system consist of three parts: the load lock (where the samples and tips
are introduced in the Ultra High Vacuum (UHV) system), the preparation
chamber (where in situ tip and sample preparations are performed, see Sec-
tion 3.3 - 3.6), and finally the STM chamber with the cryostat where the
actual measurements are performed.

The load lock is used to insert up to three samples and/or tips at a time
into the UHV system. The load lock is connected to a turbo pump, capable
of achieving pressures down to ∼10−8 mbar. If this pressure is reached,
the freshly loaded tips and/or samples can be inserted into the preparation
chamber using a magnetic manipulator.

In the preparation chamber the tips and samples are in situ prepared for
measurements in the STM chamber. Typical pressures in the preparation
chamber are ∼10−10 mbar, achieved by a turbo pump and an ion getter
pump. After the in situ preparation steps the tips and/or samples can be
introduced into a carousel of the STM chamber, which can hold up to six
samples and/or tips.

The STM chamber is pumped by an ion getter pump, and reaches pres-
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Load lock

Preparation chamber

Magnetic manipulators

LN Input/Output

(outer vessel)
2

LN /LHe Input

(inner vessel)
2

STM chamber

Wobble stick

Figure 3.1: Schematic drawing of the Omicron low temperature STM. Im-
portant parts of the setup are indicated in the drawing. See the main text
for more details.

Magnetic holder

Movement of the tip

Figure 3.2: Illustration of the extraction of the tip from the tip holder, by
means of a magnetic z-piezo stage. This drawing was kindly provided by
A.P. Wijnheijmer.
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3.2. Lock-In Amplifier

sures down to 10−12 mbar. Since an ion getter pump has no moving parts
it can be kept operational during STM measurements. In contrast, the
turbo pump used in the preparation chamber needs to be turned off prior
to measurement. The STM head, which houses the tip and the sample du-
ring measurement, is placed inside a cryostat, enabling measurements at low
temperature. The cryostat consists of two vessels: the outer vessel, which is
always filled with liquid nitrogen (LN2), and an inner vessel that can be filled
with either LN2 (corresponding to 77 K) or liquid helium (corresponding to
4 K). Prior to measurement, the tip holder is placed inside the STM head,
where a magnetic z-piezo stage is used to extract the tip from its holder.
This is schematically depicted in Figure 3.2. Subsequently, the empty tip
holder is removed from the STM head, opening the possibility of inserting
a sample inside the STM head.

3.2 Lock-In Amplifier

This section discusses the lock-in amplifier used for simultaneously mea-
suring dI/dV and the topographic image as described in Section 2.3. The
working principle of the lock-in technique is schematically depicted in Fi-
gure 3.3. A small AC voltage is superimposed on the applied bias voltage.
The tunneling current will react to this AC oscillation, and will oscillate
at the same frequency as the AC modulation. The frequency of the AC
modulation is typically higher than the maximum frequency of the feedback
loop, otherwise the oscillation in the tunneling current is canceled by the
feedback loop of the STM system. The value of dI/dV can now be obtained
by using the lock-in amplifier. The lock-in amplifier is used to extract the
part of the tunneling current which is at the exact frequency of the reference
signal, and in-phase with the bias voltage modulation. The output signal of
the lock-in amplifier is directly proportional to dI/dV .

The lock-in amplifier used during the experiments is an Ametek Model
5210 Dual Phase Lock-in Amplifier [19]. The lock-in amplifier is supplied
with two input signals, and produces an output signal which in this case
is proportional to dI/dV . The lock-in amplifier uses a frequency refe-
rence signal Vref and a signal input Vsig. In our case the reference sig-
nal is the applied voltage modulation, supplied by an internal oscillator
in the lock-in amplifier. The voltage modulation Vref can be written as
Vref = Vm cos(ωmt+φm), where Vm is the modulation amplitude, ωm is the
modulation frequency and φm the phase of the voltage modulation. The
input signal of the lock-in amplifier is the, to a voltage converted, tunne-
ling current. The tunneling current will respond to the voltage modulation,
and Vsig will therefore oscillate at the same frequency. Vsig can be written
as Vsig = Vs cos(ωst + φs), where Vs is the amplitude of the signal, ωs the
frequency of the signal, and φs the phase of the signal. In order to remove
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V
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DV

DI

Figure 3.3: Schematic graph of the working principle of the lock-in tech-
nique. A small AC voltage ∆V (red line) is superimposed on the applied
bias voltage. The resulting oscillation in the current ∆I (green line) is mea-
sured with the lock-in amplifier and is directly proportional to dI/dV .

any unwanted noise in the input signal Vsig, a bandpass filter is applied with
a frequency equal to the reference frequency. After this filtering so-called
phase sensitive detection (PSD) is applied. The reference and input signal
are multiplied in the lock-in amplifier resulting in a lock-in signal VPSD given
by:

VPSD = VsVm cos(ωmt+ φm) cos(ωst+ φs)

= VsVm cos((ωm + ωs)t+ φm + φs)

+ VsVm cos((ωm − ωs)t+ φm − φs).
(3.1)

This AC signal, consisting of the sum and difference frequency of ωm and ωs,
is then passed through a low-pass filter. This filter rejects the AC signals,
unless ωm = ωs. In that case the output signal VPSD will be given by:

VPSD = VmVs cos(φm − φs). (3.2)

Note that the output signal VPSD will be maximized if the voltage modu-
lation and the signal response are in-phase: φm = φs. In practice this is
achieved by setting the phase difference between the voltage modulation
and the tunneling current to zero. Note that this procedure is applied when
the tip is not in tunneling contact, to exclude any phase differences induced
by the sample.

Using some basic calculus it can be shown that the lock-in output signal
VPSD is proportional to dI/dV . The tunneling current is a function of the
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3.3. General Tip Preparation

applied voltage, which consists of a DC voltage and a voltage modulation:
V (t) = V0 + Vm cos(ωt). If the voltage modulation is small compared to the
applied bias voltage the tunneling current I(V ) = I(V0 +Vm cos(ωt)) can be
Taylor expanded resulting in:

I(V ) = I(V0) + Vm cos(ωmt)
dI

dV
+

1

2
V 2
m cos2(ωmt)

d2I

dV 2
+ . . .

= I(V0) + Vm cos(ωmt)
dI

dV
+

1

4
V 2
m

d2I

dV 2
+

1

4
V 2
m cos(2ωmt)

d2I

dV 2
+ . . .

(3.3)

This equation shows that phase sensitive detection at the modulation fre-
quency ωm results in a lock-in output signal VPSD given by:

VPSD ∝ Vm
dI

dV
. (3.4)

Note that the second derivative of the tunneling current with respect to
the voltage can be obtained when twice the reference frequency is extracted
from the tunneling. This option, known as the 2f-mode, is also available in
this model of the lock-in amplifier.

3.3 General Tip Preparation

This section describes the steps to reproducibly prepare a non-magnetic
sharp and clean STM tip. The tips used for the demonstration of spin-
polarized STM are discussed in Section 3.5.

The non-magnetic tips used throughout this report are tungsten (W)
tips, made out of a 99.97% pure poly-crystaline tungsten wire with a diame-
ter of 250µm. The tungsten wire is first electrochemically etched, discussed
in the first subsection, followed by an in situ tip preparation, described in
the second subsection.

3.3.1 Tip Etching

Prior to the etching process, a tungsten wire is placed inside a tip holder, and
cut at a length of approximately 7 mm. The cut off wire and the tip holder
are then cleaned in an ultrasonic bath, after which the wire is electrochemi-
cally etched in a 2.0 molar KOH solution. The etching setup is schematically
depicted in Figure 3.4. Approximately 2 mm of the wire is submerged in the
etchant, and a voltage of roughly 6 V is applied between the tungsten wire
and a platinum-iridium (90% / 10%) spiral. The spiral acts as the counter
electrode during the etching process resulting in the following reaction:

W (s) + 2OH−(aq) + 2H2O(l)→WO2−
4 (aq) + 3H2(g). (3.5)
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WO jet4
2-

H bubbles2

Figure 3.4: Schematic drawing of the setup used for electrochemically et-
ching sharp STM tips.

The tungsten wire and the spiral are separated by a glass plate to avoid
contact between hydrogen bubbles and the wire. The WO2−

4 sinks down the
tungsten wire, partially shielding the wire from the etchant. As a result, the
tungsten wire is etched substantially faster at the meniscus formed by the
etchant-air interface, compared to the submerged part of the wire. To avoid
a possible meniscus collapse during the final stages of the etching process,
the wire is pulled out of the etchant at three quarters of the etching process.
The wire is then reinserted into the etchant, resulting in a new meniscus,
which remains stable till the end of the etching process. In the final stage
of the etching, the wire will eventually break at the vertical position where
it is at its thinnest, yielding a sharp tip, suitable for use in an STM. At
this point the etching is stopped automatically by a fast switch. To check
whether the etching process was successfull, the tip is investigated by an
optical microscope. If this inspection is satisfying, the tip and holder are
introduced into the preparation chamber of the STM for further preparation.
A typical scanning electron microscope (SEM) image of a sharp W tip is
shown in Figure 3.5.

3.3.2 In Situ Tip Preparation

The first step during the in situ tip preparation is heating the tip and its
holder at approximately 550 K for 30 minutes. During this baking pro-
cess, contaminants such as water and organic sediments are evaporated and
pumped away to prevent contamination of the STM chamber.

After the baking process an oxide layer still remains on the tip. In order
to remove this layer, the tip is first heated locally, by bringing it in ohmic
contact with a conducting plate. Driving a current through the plate and
the tip results in heating of the tip, due to the high electrical resistance
of the point contact between the plate and the tip. The tip glows orange,
corresponding to a temperature of about 1200 - 1400 K. This glowing of the
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100 mm

(a) 200×

100 nm

(b) 40,000×

Figure 3.5: Two scanning electron microscope (SEM) images of W tips. a)
200× magnification of a sharp tip. b) 40,000× magnification of the same tip
as in a). At high magnification the image is somewhat blurred due to the
technical challenges when imaging a sharp tip. The tip is found to have an
apex that is at least smaller than 50 nm.

tip is maintained for 20 minutes to remove the oxide layer and thus further
sharpen the tip.

The final step in the preparation process is bombarding the tip with ar-
gon ions (Ar+) for another 20 minutes for further cleaning and mechanically
stabilizing the tip.

3.4 Fe Deposition

In order to deposit Fe on the samples and tips used for SP-STM, three
Omicron EFM3 evaporators are installed on the preparation chamber of the
Omicron LT-STM. Currently, only one evaporator, set up for Fe deposition
is used. Prior to the Fe deposition, the Fe evaporator is calibrated. The
deposition rate of the Fe evaporator at a flux of 5 nA is determined by using
the results shown in Figure 3.6. This graph shows a 50×50 nm2 area of
the W(110) surface where Fe was deposited at a flux of 5 nA for 10 s. No
post-annealing was applied, thus suppressing the step flow growth of the Fe.
The coverage of Fe was determined, by manually marking the Fe grains and
summing over all grains, resulting in a Fe coverage of 30 %. Assuming a
linear time dependence [20], a depostion rate of 0.03 ML/s was determined
at a flux of 5 nA.

3.5 Magnetic Tip Preparation

Observing spin-polarized tunneling requires an STM tip with spin sensiti-
vity. In this section two types of spin sensitive tips are discussed. In the
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Figure 3.6: 50×50 nm2 topographic image of the W(110) surface, after 10 s
Fe deposition at a 5 nA evaporation flux. The total Fe coverage was deter-
mined by manually marking the Fe grains, resulting in a total coverage of
30 %. Using this information a deposition rate of 0.03 ML/s at 5 nA flux is
determined.

first subsection the preparation of round W tips, coated with Fe is treated.
In the second subsection the preparation of bulk Cr tips is discussed.

3.5.1 Iron Coated Round Tungsten Tips

Rounding W tips and coating them with Fe, results in an in-plane tip mag-
netization, due to the in-plane anisotropy of the thin Fe film. [11]. There
are two methods for obtaining a round STM tip. The first method is an et-
ching method. In the case of W tips, sharp tips are electro-chemically etched
(Section 3.3). If the etching procedure is continued briefly after drop-off, the
sharp tip will be rounded. A total of 19 tips that have been rounded this
way have been inspected in a Scanning Electron Microscope (SEM). The
average radius of curvature of the tips is found to be 500±150 nm [20]. A
major drawback of the etching procedure described above is that it is per-
formed ex situ, resulting in a high number of contaminants on the tip apex
that have to be removed in situ.
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Figure 3.7: Two diagrams depicting the working principle of the tip oven.
In the heating mode (a) a current runs through the filament, while the tip
is at high positive bias (typically +800 V). Electrons will accelerate towards
the tip, heating the tip upon impact. In the field emission mode (b) the
filament is at high bias voltage, while the tip is grounded. Electrons are
extracted from the tip, and the resulting field emission current, which is in
the order of several nA, is obtained by measuring the potential difference
over a 1 MΩ resistor.

To enable in situ rounding of the W tips, a tip oven has been installed in
the preparation chamber of the LT-STM. The tip is placed inside a nozzle,
where a filament is present. The tip oven has two operational modes: elec-
tron beam heating of the tip and field emission. Both modes of operation are
schematically depicted in Figure 3.7. During the heating step (Figure 3.7a)
a current flows through the filament (typically 5 A), while a high bias vol-
tage (typically +800 V) is applied to the tip. Electrons will be accelerated
from the filament towards the tip, losing their energy upon impact, thereby
heating the tip. At high enough wattage this will melt the tip, resulting in
a round tip apex. In the field emission mode (Figure 3.7b) the filament is
at high bias voltage (typically +1-2 kV), while the tip is grounded. Elec-
trons are extracted from the tip, and the resulting field emission current,
which is in the order of several nA, is determined by measuring the potential
difference over a 1 MΩ resistor.

The first step of the tip rounding procedure is measuring the field emis-
sion of the sharp tip. Subsequently, the tip is heated for about 10 s at a
maximum power of 10 W. After the heating step, the field emission is mea-
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100 nm
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Figure 3.8: Two SEM images of rounded W tips. a) an ex situ etched round
tip and b) an in situ e-beam rounded tip.

sured again. The field emission is strongly dependent on the geometry of the
tip apex; for a sharp tip, the electric field lines are concentrated on a small
area, while for a (more) round tip, the electric field lines are distributed
over a larger area. Therefore, the field emission at a certain voltage, will
be lower if the tip is rounded by the electron beam heating. The heating
and field emission steps are repeated until no field emission is observed up
to 2 kV applied filament voltage. Due to the high melting point of W, any
contaminants that are still present on the tip will be removed well before
the melting of the tip apex. This results in a clean pure W tip apex, in
contrast to the etched round tips. The radius of curvature of these tips was
determined by inspecting a total of 17 rounded tips in the SEM. The average
radius of curvature of the tips was found to be 150±70 nm.

In practice, the use of e-beam rounded tips is preferable. Since the tip
apex is melted in situ during this procedure, the tip apex is cleaner compared
to the etched round tips. Furthermore, the tip radius of e-beam rounded
tips is smaller compared to the etched round tips. A large tip radius might
reduce the resolution when imaging not perfectly flat surfaces. To compare
the two rounding procedures, SEM pictures of a typical etched round tip
and a tip rounded by e-beam heating are shown in Figure 3.8.

After the rounding procedure and further (in situ) tip preparation steps,
the tip is covered with a thin layer of Fe (typically 7 ML) to obtain a ferro-
magnetic tip with an in-plane magnetization. After the Fe deposition, the
tip is moved to the STM chamber as quickly as possible to avoid contami-
nation.

3.5.2 Chromium tips

In order to produce tips with an out-of-plane sensitivity bulk Cr rods can
be used. Schlenhoff et al. [21] recently showed that bulk Cr tips exhibit a
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Polymer
Tube

Etch
residue

Figure 3.9: Schematic drawing
of the final step in the etching
procedure of bulk Cr tips. A
polymer tube (shown in yellow)
is used to partially shield the Cr
rod from the etchant. During
etching a red residue is formed,
that has to be removed several
times by cleaning in an ultra-
sonic bath.

magnetization direction which is in between in-plane and out-of-plane. Fur-
thermore, since Cr is an antiferromagnetic material bulk Cr tips exhibit no
stray field, thus minimizing the influences of the tip on the sample magne-
tization structure. The procedure for preparing Cr tips differs substantially
from W tips. Due to the vulnerability of Cr, it is not possible to pull wires
from bulk Cr, as is done with W. Therefore, square rods are cut out of a Cr
foil, with typical dimensions of 0.5×0.5×10 mm3. The obtained Cr rods are
then etched in a 2.0 molar KOH solution using the same setup described in
Section 3.3 and depicted in Figure 3.4. However, in contrast to the W wire
the reaction products do not sink down the rod, and thus the rods are not
partially shielded from the etchant. This results in a homogeneous etching
of the submerged part of the Cr rods. Furthermore, a red residue is formed
along the wire, which has to be removed multiple times during etching by
cleaning the tip in an ultrasonic bath. As a first step, the rods are pre-etched
to reduce their diameter. The lower part of the Cr rod is then inserted into a
polymer tube, to partially shield the rod from the etchant. Without the use
of the polymer tube the submerged part of the Cr rod is completely etched
away without breaking. Furthermore, in (the exceptional) case that a drop-
off does occur, the submerged part of the wire which is coated with the red
residue will not sink, resulting in an unknown shape of the tip apex. The
polymer tube used during etching, is entirely submerged, shielding the rod
from slightly under the meniscus down, shown schematically in Figure 3.9.
If the Cr rod is entirely covered by the polymer tube, the current produced
by the etching reaction is below the sensitivity of the electronics of the et-
ching setup. Therefore, the submerged part of the Cr rod is not completely
covered by the polymer tube. In addition to shielding the rod from the
etchant, the polymer tube increases the mass of the submerged part of the
Cr rod, facilitating the drop-off. After drop-off the Cr tip is inspected with
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Figure 3.10: Two SEM images of a bulk Cr tip, with an apex of about
100 nm.

an optical microscope to check if the etching procedure was successful. The
tip is then inserted into the UHV system and prepared in situ similar to the
W tips, described in Section 3.3. SEM images of a bulk Cr tip are shown in
Figure 3.10. The Cr tip in these images has an apex of about 100 nm.

3.6 W(110) Sample

3.6.1 Sample Properties

In order to observe SP-STM a W(110) surface was studied. The W crystal
used during the experiments has a slight miscut with respect to the [110]-
direction, resulting in a stepped sample surface. Typical terrace widths are
5-10 nm. The height of a terrace is one mono layer (ML), corresponding to
2.3 Å (1/

√
2 times the W lattice constant α=3.16 Å [22]) for a W(110) sur-

face. To generate a magnetic sample surface, thin films of Fe are deposited
on the W(110) surface. This system has been intensively studied by other
groups [5–9], and the magnetic properties of this system are well known,
making it a very useful sample for a first demonstration of SP-STM and
future tip characterization.

In the experiments described throughout this report, 1-2 ML of Fe are
deposited on the W(110) surface. In case the sample is annealed after the
deposition of Fe, step flow growth occurs [23] resulting in alternating sin-
gle layers (SLs) and double layers (DLs) Fe on the W(110) substrate, see
Figure 3.11a. The magnetization of the Fe layers has previously been stu-
died [10], and it was shown that the SLs of Fe have an in-plane magnetiza-
tion, while the DLs of Fe have an out-of-plane magnetization, with respect
to the sample surface. Furthermore, adjacent DLs of Fe are antiferromag-
netic ordered, resulting in a sample magnetization shown schematically in
Figure 3.11. These features make this an ideal sample for demonstrating SP-
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Figure 3.11: The W(110) surface coated with 1.5 ML of Fe. The topography
of the sample is indicated by the blue line and the underlying W(110) sub-
strate is given by the red line. Step flow growth results in alternating SLs
(black areas) and DLs (gray areas) of Fe, see a). The magnetization of the
SLs of Fe is in-plane, while the DLs have an out-of-plane magnetization. The
DLs are antiferromagnetically ordered, resulting in a sample magnetization
as schematically depicted in b).

STM with (anti)ferromagnetic tips. In the next subsection the preparation
steps for the Fe covered W(110) surface are treated.

3.6.2 Magnetic Sample Preparation

Since W is very reactive under ambient conditions, the crystal is in situ
cleaned under UHV conditions. For this purpose a high temperature elec-
tron beam heater has been developed and installed into the preparation
chamber of the LT-STM [20]. A current is directed through a filament,
emitting electrons, which are accelerated by a high electric field toward the
sample, where the high energy electrons heat the sample upon impact. The
cleaning procedure of the crystal, mainly consists of two steps. The first step
is continuously heating (about 3 hours) of the sample surface at ∼1700 K
under an oxygen atmosphere (5·10−7 mbar). This step removes any carbon
contaminants in the crystal. The second step is flashing the crystal repea-
tedly at ∼2500 K in UHV conditions. The flashing step typically consists
of ten pulses of 20 seconds flashing at 2500 K. This step removes any oxide
layers present on the W surface. Depending on the condition of the crystal
these steps are repeated up to 20 times for a crystal that has been exposed to
ambient conditions, to about 4 times after a successful STM measurement.
A more detailed scheme for cleaning the W crystal can be found in [20].

After the cleaning procedure Fe is deposited on the sample, and subse-
quently post-annealed at ∼ 800 K for 20 minutes to induce step flow growth.
After these steps the sample is moved to the STM chamber, and placed
inside the STM head.
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Chapter 4

Results

4.1 Introduction

This chapter will discuss the results obtained during the experiments with
the Omicron low temperature STM. First some topographic results are
discussed showing that 1.5 ML Fe has been successfully deposited on the
W(110) crystal. After this proof of principle, dI/dV measurements are
shown. The dI/dV contrast observed between SLs and DLs Fe on the crys-
tal is discussed, followed by a measurement where a triple contrast is visible
in the dI/dV map. Since the only material that is deposited on the crystal
is Fe, for simplicity, single and double layers of Fe are designated SLs or DLs
in the remainder of the text. Finally, preliminary results using bulk Cr tips
are discussed.

4.2 Step Flow Growth of 1.5 ML Fe on W(110)

Prior to measurement the W crystal was cleaned, see Section 3.6, and Fe
was deposited for 50 s at a flux of 5 nA resulting in 1.5 ML Fe on the W(110)
crystal, see Section 3.4. The crystal was then placed inside the STM, cooled
down to 77 K and investigated with a 7 ML Fe coated round W tip. In
Figure 4.1 a 30×30 nm2 topographic image of the surface is shown. In this
case, no post-annealing was applied after the deposition of Fe. This results
in island formation on the second ML Fe [23], resulting in the speckled
surface in Figure 4.1.

In order to induce step flow growth [10], the crystal was post-annealed
at 600 K for 5 min after the deposition. Figure 4.2 shows a 30×25 nm2 graph
of the crystal, measured at a tunneling current of It=100 pA and a sam-
ple voltage of VS=+0.7 V. The blue line underneath the topographic image
represents a height profile along the bottom part of the image. In the topo-
graphy image two types of surfaces can be distinguished: a somewhat speck-
led surface and a smooth surface. Note here, that the speckled structure is
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Figure 4.1: 30× 30 nm2 topographic image of the 1.5 ML Fe covered W(110)
surface. After the deposition of Fe, no post-annealing was applied. All the
speckles are 1 ML high and are Fe islands. It is well known [23] that Fe
island formation occurs in the second ML.

W substrate

Figure 4.2: 30×25 nm2 topographic image of the W(110) crystal, with
1.5 ML Fe deposited and 5 min. post-annealing at 600 K. The measure-
ment was performed with a tunneling current It=100 pA and a sample bias
VS=+0.7 V. Underneath the image a reconstruction of the sample is shown.
The blue line indicates a height profile and the red line depicts the underly-
ing W substrate. The gray rectangles in the image represent atomic layers
of Fe.
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Figure 4.3: Analysis of a CITS measurement performed on the sample sur-
face shown in Figure 4.2. a) dI/dV map at a sample bias voltage VS=-0.35 V.
It is visible from this image that there is a contrast between DLs and SLs
on the W substrate. The values for dI/dV were averaged on the DLs (blue
rectangles) and the SLs (red rectangles). b) Graph depicting the result of
the dI/dV averaging. Although visible in the dI/dV map in a), no clear
difference is observed between the DLs and SLs.

also reflected in the height profile underneath the image. It is reported in
literature [10] that the speckled surfaces are SLs, while the smooth terraces
are DLs. Using this information the sample structure can be reconstructed.
In Figure 4.2 gray rectangles indicate the atomic layers of Fe, and the red
line depicts the underlying W substrate. These graphs clearly indicate that
about 1.5 ML Fe has successfully been deposited on the W(110) surface.

A CITS map has been measured simultaneously with the topography
image. The I-V curves of the CITS map were then further processed to
obtain dI/dV maps at each voltage. Figure 4.3a shows a typical dI/dV map
at a sample bias voltage VS=-0.35 V. It can be seen in this image that there
is a (small) contrast between the SLs and DLs on the crystal. To analyze the
relation between this contrast and the applied bias voltage, dI/dV values
have been averaged for several SL areas (given by the blue rectangles) and
DL areas (given by the red rectangles). The results of this averaging are
shown in Figure 4.3b, where the averaged dI/dV values have been plotted
against the applied bias voltage. It can be seen from this graph that there is
no clear difference in dI/dV between the SLs and DLs on the W substrate.
This in contrast to the literature, where well defined differences in dI/dV
between SLs and DLs were observed [10].

One possible explanation for the fact that this is not observed in our
measurement could be the used voltage setpoint during scanning. It is pos-
sible that there is a large difference in dI/dV between the SLs and DLs
at the applied bias voltage during scanning (VS=+0.7 V). In that case, the
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distance between the tip and the sample will be different on top of a SL
and DL, in order to maintain a constant tunneling current. Therefore, the
I-V curves of the CITS are taken at a different height above the sample for
the SLs and DLs, thus influencing the differences in dI/dV between both
surfaces during measurement. For future CITS measurements on this sam-
ple, an applied bias voltage in the order of 1 V or higher should be chosen,
in order to prevent the crosstalk between tip-sample distance and dI/dV
maps.

4.3 dI/dV Contrast Between Single and Double
Layers Fe on W(110)

In this section the results obtained with the lock-in amplifier are discussed.
The first measurements were performed on a 1.25 ML Fe covered W(110) sur-
face with an etched round W tip coated with 9 ML Fe, see Section 3.5. Two
measurements of the same surface area were performed. The first measure-
ment is shown in Figure 4.4. The left image (a) is a 40× 40 nm2 topographic
image measured with a tunneling current It=200 pA and a sample bias vol-
tage Vs=+1.0 V. In the image a total of 10 terraces are visible. The right
image (b) shows the simultaneously obtained dI/dV map with the lock-in
technique. Using the step edges from the topography image it can be de-
duced that the bright areas represent DLs on the crystal and brown areas
correspond to SLs on the W substrate.

The same area of the crystal was also examined with a sample bias
voltage Vs=-0.3 V. The results are shown in Figure 4.5. The left image is
a topographic image with tunneling current It=200 pA. The right image
is the dI/dV map at Vs=-0.3 V obtained through the lock-in technique.
The dI/dV map is almost identical to the dI/dV map in Figure 4.4b. The
topographic image shows additional height differences between adjacent DLs
and SLs on the same terrace, indicated for example by the black arrow. This
height difference is due to a large difference in LDOS between SLs and DLs.
If the LDOS on the SLs is higher, more sample states for tunneling are
available, resulting in a higher tunneling current at a given height. The
feedback-loop of the LT-STM system will then retract the tip, in order to
maintain a constant value for the tunneling current. This explains why
SLs appear higher than DLs on the same terrace. Such height differences
have previously been observed on a stepped Cr(100) surface [4], where an
additional height difference due to magnetic effects was observed.

To illustrate the effect of the additional height differences, height pro-
files have been obtained from the topographic images in Figure 4.4 and
Figure 4.5, respectively. These height profiles are shown in Figure 4.6 and
Figure 4.7, respectively. The blue lines represent the height profiles and the
red lines in these figures indicate the underlying W substrate. The beige
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rectangles correspond to the DLs, while brown rectangles represent the SLs.
In Figure 4.7 green rectangles represent the height difference between SLs
and DLs, most probably caused by an LDOS effect.

Note that the observed contrast between SLs and DLs does not necessa-
rily imply the observation of spin polarized tunneling. The contrast between
SLs and DLs was also observed with uncoated W tips, and this contrast dif-
ference was also reported in the literature [10]. This implies an electronic
contrast, rather than a spin polarized effect. In order to be sure that spin
polarized tunneling is observed three contrasts should be visible in our sam-
ple system. What we are looking for is a contrast between (electronic)
equivalent surfaces, for example between different SLs, in combination with
an other contrast on the DLs. Such a combination of contrasts can not be
explained by an electronic effect only, and thus indicates the observation of
spin polarized tunneling.
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(a) Topography (b) dI/dV

Figure 4.4: 40× 40 nm2 images of the 1.25 ML Fe covered W(110) surface.
a) Topographic image measured with tunneling current It=200 pA and sam-
ple voltage Vs=+1.0 V. b) dI/dV image obtained simultaneously with the
topographic image in (a). Brown areas correspond to SLs on the crystal,
bright areas are the DLs.

(a) Topography (b) dI/dV

Figure 4.5: a) Topographic image of the same area as Figure 4.4, measured
with tunneling current It=200 pA and sample voltage Vs=-0.3 V. Note that
a height difference is observed between DLs and SLs on the same terrace,
see for example the black arrows in this figure and Figure 4.4. The observed
height differences may be due to a difference in LDOS between SLs and
DLs. b) dI/dV image measured simultaneously with the topographic image
in (a). The dI/dV image is almost identical to Figure 4.4b.
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Figure 4.6: Height profile corresponding to Figure 4.4 along the blue line in
the dI/dV inset. Underneath the height profile, a red line is used to indicate
the underlying W substrate. Beige rectangles are used for DLs and brown
rectangles for SLs Fe.
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Figure 4.7: Height profile corresponding to Figure 4.5 along the blue line
in the dI/dV inset. Underneath the height profile, a red line is used to
indicate the underlying W substrate. Furthermore, beige rectangles are
used for DLs and brown rectangles for SLs Fe. Green rectangles represent
the height difference between adjacent DLs and SLs on the same terrace due
to a difference in LDOS.
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4.4 Spin Polarized Measurements

Another set of measurements was performed on the 1.25 ML Fe covered
W crystal measured with a 9 ML Fe covered e-beam rounded W tip, see
Section 3.5. Figure 4.8 shows a topography image of a 60×60 nm2 area
of the sample, measured with a tunneling current It=100 pA and a sample
bias voltage Vs=+0.7 V. Blue lines are used to indicate the step edges. Note
that, similar to Figure 4.5a, additional height differences can be observed
in the image. The red arrow in Figure 4.8 is used to indicated one of these
additional height differences.

In addition to the topography information in Figure 4.8, dI/dV images
were simultaneously obtained using the lock-in amplifier. Figure 4.10 shows
a dI/dV image measured at a sample bias voltage Vs=+0.7 V. The blue lines
in the graph indicate the topographic step edges of the sample, while the
red lines indicate the underlying W(110) substrate representing a transition
from DL to SL on the sample. Note that the red arrow used in Figure 4.8
to indicate an additional height difference on the terrace corresponds to a
DL-SL transition.

In Figure 4.10 three different contrasts can be observed: dark regions,
corresponding to SLs, intermediate terraces, corresponding to DLs, and fi-
nally bright terraces, again corresponding to SLs. As an example, consider
the terrace containing the red arrow in Figure 4.10. On this terrace all
three contrasts are visible. The terrace starts (moving upward) with a DL,
followed by a bright and a dark SL. Thus, there is a change in contrast
on the same SL. This change in contrast on the same SL can be explained
by assuming a change of magnetization direction along the SL terrace re-
sulting in two distinct areas separated by a domain wall. Green lines in
Figure 4.10 are used to indicate the domain walls between SLs on the same
terrace. Note that the observed contrast between adjacent SLs is in accor-
dance with the in-plane sensitivity of the Fe coated round W tip, used for
these measurements [11].

Note that, although magnetic contrast has been previously observed on
the (out-of-plane) DLs of this sample system [10], no reports were made on
the observation of magnetic contrast on the (in-plane) SLs.

Using the measurements above, and assuming a certain magnetization
direction for the tip, it is now possible to reconstruct the magnetic ordering
of the sample. Since there is no contrast between the different DLs in Fi-
gure 4.10 the tip magnetization is assumed to be in-plane. For the DLs an
antiferromagnetic ordering between adjacent DLs has been assumed [10],
while the magnetization direction of the SLs has been (arbitrarily) chosen
along the terraces. Using these assumptions a possible magnetic ordering
of the sample magnetizations is shown in Figure 4.12 and Figure 4.13. Fi-
gure 4.12 is a three-dimensional graph of the sample surface, where the step
edges are indicated and numbered from 1 to 10, similar to Figure 4.8 and
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Figure 4.10. The colors of the arrows indicating the sample magnetization
direction are chosen such as to match the contrast observed in the dI/dV
map in Figure 4.10. Figure 4.13 is a schematic height profile of the sample.
The possible magnetization directions are, similar to the three-dimensional
graph in Figure 4.12, indicated by colored arrows. Note once more, that
these figures represent a possible magnetic ordering of the sample. The in-
plane magnetization on the SLs has been chosen along the terraces. However,
it is difficult to predict the magnetization direction of the SLs. The magneti-
zation direction is determined by the magnetic anisotropy of the SL, which is
in turn determined by several factors. For example, the crystal structure of
the material, the strain due to the lattice misfit between Fe and W, and the
shape of the layer all contribute to the preferential magnetization direction
of the SL, making it very difficult to predict the magnetization direction of
the SLs. Without a better calibration of the direction of magnetization of
the tip it is not possible to exclude other magnetic orderings of the sample.
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Figure 4.8: 60×60 nm2 topographic image of the W(110) surface, with
1.25 ML Fe deposited. The measurement was performed with a tunneling
current of It=100 pA and a sample bias Vs=+0.7 V.
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Figure 4.9: The same measurement as shown in Figure 4.8. Blue lines are
used to indicate the step edges. Note that additional height differences are
visible in the image, similar to Figure 4.5a. As an example, one of these
additional height differences is indicated by the red arrow.
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Figure 4.10: dI/dV map of the area in Figure 4.8, measured simultaneously
with the lock-in amplifier.
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Figure 4.11: The same image as in Figure 4.10. Blue lines indicate the
step edges. Red lines indicate the underlying W substrate, and therefore
the boundary between DLs and SLs. Note that the red arrow in Figure 4.9
corresponds to one of these DL-SL boundaries. In the bottom and top part
of the image three different dI/dV contrasts are observed: dark terraces
(SLs), intermediate terraces (DLs) and bright terraces (again SLs). Green
lines are used to mark domain walls on the same SL.
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Figure 4.12: Three-dimensional view of the sample area shown in Figure 4.8.
Colored arrows are used to mark the possible sample magnetization direc-
tions. The colors have been chosen as to match the contrast in Figure 4.10.
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Figure 4.13: Schematic representation of the possible magnetic ordering of
the sample surface. Colored arrows are used to mark the different sample
magnetization directions. The colors have been chosen as to match the
contrast in Figure 4.10.
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4.5 Preliminary Results with Bulk Cr Tips

In this section the first results obtained using bulk Cr tips are discussed.
Bulk Cr tips were prepared according to the steps in Section 3.5, and a
1.8 ML covered W(110) surface was studied. First it is shown that good
spatial resolution can be achieved with bulk Cr tips, followed by a result
where a magnetic contrast is observed on the DLs, proving that bulk Cr
tips can be used to measure an out-of-plane magnetization.

Figure 4.14 shows a 20×20 nm2 topographic image of the crystal surface.
This measurement was performed with a tunneling current of It=500 pA and
applied sample voltage of VS=+0.5 V. A total of five terraces, all with a DL
of Fe on the W(110) surface are visible. On these DLs several structures
resembling a honeycomb are visible. As a guide to the eye, some of these
structures are marked by the transparent blue polygons. For reference, the
blue arrow indicates one of these structures without polygons. The width
of the honeycombs is about 1.4 nm, corresponding to 4-5 lattice constants
(3.16 Å for W and 2.87 Å for Fe). In addition to the honeycomb structures,
several (straight) lines can be identified. Transparent white lines in the left
bottom of the image are used to indicate a few of these lines. The distance
between the lines is about 3.7 Å, roughly corresponding to a single lattice
constant. Both structures (the honeycomb and the lines) are most probably
a surface reconstruction. For comparison, a measurement with a W tip is
shown in Figure 4.15. The measurement was performed with a tunneling
current of It=500 pA and applied sample voltage of VS=+0.7 V. This im-
age was obtained during a different measurement, however, the honeycomb
structure is also visible in this image. The size of the honeycombs is compa-
rable to the sizes measured in Figure 4.14. Comparing both images, it can
be seen that the lateral resolution of the bulk Cr tip (<0.5 nm) is comparable
to that of the W tip.

Figure 4.16 shows a 40×40 nm2 current image of a different area. As
mentioned in Section 2.3, the current image can be considered as the spatial
derivative of a topography image. The measurement was performed with
a tunneling current It=300 pA and sample bias voltage Vs=+200 mV. As
before, step edges are indicated by the blue lines, and red lines are used to
mark a boundary between DLs and SLs. On certain areas of the DLs, lines,
similar to Figure 4.14 are visible.

Using the lock-in amplifier, a dI/dV map was measured simultaneously
with the current image. The result is shown in Figure 4.17. Similar to
Figure 4.16, blue lines indicate step edges, and red lines mark the DL/SL
Fe boundaries. A clear difference in contrast is visible between the DLs
and SLs. The DLs are observed as dark areas, whereas the SLs are the
bright areas in the image. Although some areas of the DLs appear brighter
that others (indicated by the arrow for example), no clear contrast could
be derived from this image. This implies that the only contrast observed is
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between SLs and DLs, making it not possible to conclude whether magnetic
effects are observed in this image.

Figure 4.18 shows a 40×25 nm2 image of yet another area of the sur-
face, measured with a tunneling current It=150 pA, and sample voltage
Vs=-150 mV. The step edges have been indicated by the blue lines.

A dI/dV map was measured simultaneously with the topographic image.
The dI/dV map is shown in Figure 4.19. Similar to Figure 4.18, blue lines
are used to indicate the step edges. The topography image and the current
image (not shown) were used to determine the DL and SL areas on the
W substrate. Red lines are used to indicate the DL/SL boundaries on the
W(110) surface. The SLs are the brown areas in the image, and the DLs
appear either (dark) brown or bright. Thus, a contrast is observed between
the different DLs, suggesting that a magnetic effect is visible in this dI/dV
map. Apparently, the bulk Cr tip used for these measurements is sensitive
to the out-of-plane direction, which is consistent with the literature [21].
Assuming a tip magnetization direction pointing out of the page, the possible
directions of the out-of-plane magnetization of the sample are indicated by
the black and white symbols. Note that the observed contrasts are not
as sharp as the results with Fe coated W tips shown in Figure 4.10. The
observed (magnetic) contrast in dI/dV is described by Equation 2.25, and
depends on the degree of spin polarization of the tip. Although not clearly
visible in the images, the measurement was done with a double tip. This was
revealed by careful inspection of several adsorbates on the sample surface.
This could influence the spin polarization of the tip, thereby reducing the
observed magnetic contrast.

The preliminary results with bulk Cr tips shown in this section, prove
that SP-STM is possible with bulk Cr tips. Due to the out-of-plane sensi-
tivity of these tips, bulk Cr tips are an excellent addition to the Fe coated
round W tips exhibiting an in-plane sensitivity.
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Figure 4.14: 20×20 nm topographic image of the 1.8 ML Fe covered W(110)
surface, measured with It=500 pA and VS=+0.5 V. Several structures re-
sembling a honeycomb are visible. Transparent blue polygons are used as a
guide for the eye to indicate these structures. The transparent blue arrow
indicates one of these structures without the blue polygons drawn. Typical
widths of the honeycombs are 1.4 nm. Also, several lines on the surface can
be identified. Some of these lines are marked by the transparent white lines
in the left bottom of the image. The separation between these lines is about
3.7 Å. The polygons and lines are most probably surface reconstructions.

Figure 4.15: Similar honeycomb structures as in Figure 4.14 measured with
a conventional W tip, measured with It=500 pA and VS=+0.7 V. Comparing
this image with Figure 4.14 shows that the lateral resolution of the bulk Cr
tip (<0.5 nm) is similar to that of the W tip.
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Figure 4.16: 40×40 nm2 current image of the 1.8 ML Fe covered W(110)
surface, measured with a bulk Cr tip. The measurement was performed with
a tunneling current of It=300 pA and a sample bias of VS=+200 mV. Blue
lines are used to indicate the step edges, and red lines indicate the DL/SL
boundaries on the surface. On certain areas of the DLs, strain relaxation
networks similar to Figure 4.14 are visible.

Figure 4.17: dI/dV map of the area in Figure 4.16, measured simultaneously
with the lock-in amplifier. A contrast is observed between the DLs and SLs.
On some areas a small contrast change is observed on the DLs, indicated
for example by the black arrow. The changes are however too small to
conclusively say whether they are magnetic in origin.
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Figure 4.18: 40×25 nm2 topographic image of the 1.8 ML Fe covered W(110)
surface, measured with a bulk Cr tip. The measurement was performed with
a tunneling current of It=150 pA and a sample bias of VS=-150 mV. Blue
lines are used to indicate the step edges.

Figure 4.19: dI/dV map of the area in Figure 4.18, measured simultaneously
with the lock-in amplifier. Blue lines indicate the step edges. Red lines
indicate the boundary between DLs and SLs. SLs appear as brown areas,
the DLs appear either bright or dark. The contrast between different DLs
suggests a magnetic effect is visible in the dI/dV map. Possible directions
of the out-of-plane magnetization of the DLs are indicated in the image.
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Chapter 5

Summary

The main goal of this thesis was to demonstrate SP-STM on the in house
Omicron low temperature STM. To this end, a well documented approach
using a Fe coated W crystal was followed. The W crystal was polished by
the manufacturer with a slight miscut towards the [110]-direction, resulting
in a stepped sample surface. Depositing 1-2 MLs of Fe on this surface and
annealing at elevated temperatures (600-800 K) results in step flow growth
of Fe. Due to the stepped surface, alternating single layers (SLs) and double
layers (DLs) of Fe will form. Such a system was intensively studied by other
groups, and it is well known that alternating areas of in-plane (SLs) and out-
of-plane (DLs) sample magnetization will form in the case of a successful
step flow growth. In this report it was shown by analysis of topographic
STM images that the Fe/W(110) surface was successfully prepared.

The Fe/W(110) surface was studied by two types of magnetic tips in
order to demonstrate SP-STM. The first type of tips used were rounded W
tips coated with a thin layer of Fe. Conventional sharp W tips were either
rounded ex situ by continued electrochemically etching, or rounded in situ
by electron beam heating. These rounded tips were then coated with 7-9 MLs
Fe in order to produce magnetic tips with an in-plane magnetization. The
Fe/W(110) surface was measured with these tips, and a clear contrast in
dI/dV between the DLs and the SLs was observed. In the topography
image an additional height difference between the DLs and the SLs was
observed. This additional height difference is most likely electronic in origin
and caused by a (large) difference in LDOS between both types of surfaces.
Another measurement showed a triple contrast, where a change in contrast
on the same SL terrace was observed. Since a triple contrast can only be
explained by including magnetic effects, this demonstrates the observation
of SP-STM. The observed in-plane sensitivity on the SLs is in accordance
with the in-plane magnetization of the Fe coated round W tip used during
the measurement.

The second type of tips used were bulk Cr tips. These tips are sensitive to
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the out-of-plane magnetization direction. Sharp bulk Cr tips were prepared
using an alternative tip preparation method, and preliminary results using
these tips were obtained. The results showed that the bulk Cr tips have a
spatial resolution of < 0.5 nm, which is comparable to the resolution of the
conventionally used W tips. Furthermore, a clear contrast in dI/dV between
the SLs and DLs on the Fe/W(110) surface was observed. One measurement
showed a contrast between different DLs, due to a change in magnetization
direction between different DLs. This suggests an out-of-plane sensitivity of
the bulk Cr tip, which is in accordance with the canted tip magnetization
direction mentioned in the literature.

The main result of this report is that SP-STM has been successfully
implemented on the in-house Omicron low temperature STM. The in-plane
magnetization of the Fe/W(110) system was measured using Fe coated round
W tips, and the out-of-plane sample magnetization was measured using a
bulk Cr tip. For future measurements on samples with an initially unknown
sample magnetization direction, the Fe/W(110) surface can be used to deter-
mine the magnetic sensitivity of the tip prior to measurement. After a suc-
cessful measurement, the Fe/W(110) surface can be used to check whether
the tip magnetization direction has been modified during measurement.
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Chapter 6

Outlook

In this report it is demonstrated that SP-STM is feasible using the in-house
Omicron low temperature STM. This opens up the possibility to investigate
a scope of magnetic samples, such as the dilute magnetic semiconductors
mentioned in the introduction of this report. For these samples the magne-
tization directions are initially unknown. Therefore, it is of key importance
to determine the magnetization direction of the tip prior to the measure-
ments. Although spin polarized STM was demonstrated in this report, a
complete characterization of the tip magnetization direction was not possi-
ble given the current sample. To remedy this, a new W crystal has been
ordered. Compared to the crystal studied throughout this report, the new
crystal has a smaller miscut angle (0.5◦) with respect to the [110]-direction,
resulting in larger terraces (∼30 nm). In Figure 6.1 the first topographic
results on this uncoated W(110) surface are shown.

In case the W(110) surface of the new crystal with the larger terraces
is coated with a thin layer of Fe, the surface will exhibit different magnetic
properties than the surface investigated in the current study. On the DLs
domain walls might appear perpendicular to the terraces, resulting in so-
called spin spirals. The magnetization direction on the DLs changes along

Figure 6.1: 100× 100 nm2 topo-
graphic image of the new W
crystal. The average terrace
width (∼30 nm) is larger on this
new crystal than on the crys-
tal studied throughout this re-
port (∼10 nm). The larger ter-
race width results in different
magnetic properties compared to
the old crystal when coating the
W(110) surface with Fe.
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the terrace from out-of-plane upward, to in-plane, to out-of-plane down-
ward, and so forth. This effect has been intensively studied and observed by
other groups, with different tip magnetization directions [11]. Since both
magnetization directions (in-plane and out-of-plane) can be observed on the
same (electronic) surface (the DL), this sample can be used to determine
the relative sensitivities [21] of the tip. This characterization of the magne-
tization direction is not possible with the crystal used in the current report.
The out-of-plane magnetization direction is restricted to the DLs, while the
in-plane magnetization is restricted to the SLs. In this case there is always
an additional electronic contrast due to the electronic differences between
the DL and SL.

In practice, the new crystal can be used to determine the sensitivity
of the tip (in-plane and/or out-of-plane) prior to measurements of a sam-
ple with an (initially) unknown magnetization direction. After the sample
has been measured, the new crystal can be used to check whether the tip
magnetization was altered during measurement.

For future measurements, it is proposed that SP-STM is operated si-
multaneously with Scanning Tunneling Luminescence (STL). As mentioned
briefly in the introduction, STL is the collection of light emitted from the
tunneling region. Our Omicron LT-STM allows for the collection of this
light, through a lens placed in close proximity to the tunneling region. On
metal surfaces, tunneling electrons produce surface plasmons. The surface
plasmons emit photons (upon relaxation) in the visible range of the spectrum
for most metals. On semiconductor surfaces, minority carriers (electrons for
p-type, holes for n-type) are injected into the material. The minority car-
riers then recombine with the majority carriers (holes for p-type, electrons
for n-type), emitting a photon with the bandgap energy.

Using STL it is possible to probe the optical properties of a sample with
potentially atomic resolution. This spatial resolution can not be achieved by
other techniques. Furthermore, operating STL and SP-STM simultaneously
allows for the observation of topographic, electronic, magnetic and optical
properties of the sample in one single measurement.

50



Chapter 7

Acknowledgments

I would like to thank everybody in the PSN group for a wonderful time. A
special thanks to my teammates from the PSN soccer team. I am sure that
you guys will do just fine with your new team captain, and I wish you all
the best.

Tijdens mijn afstuderen heb ik technische hulp gehad van Rian Hamhuis,
Rene van Veldhoven en Jos van Ruijven: heel erg bedankt daarvoor. Rian en
Rene wil ik ook bedanken voor de wekelijkse gezelligheid op de Borrel in de
’Salon’, en voor Jos: ik hoop dat de eendjes niet teveel uithongeren zonder
mijn wekelijkse restje brood. Peter Nouwens wil ik graag bedanken voor
zijn hulp tijdens de SEM metingen. Zonder Margriet en Annebee van het
secretariaat was het bureaucratische gedeelte van mijn afstuderen een stuk
minder soepel verlopen. Daarnaast zorgen jullie voor de bindende factor
binnen de vakgroep: bedankt voor een leuke tijd.

Ik wil graag mijn afstudeerhoogleraar Paul Koenraad bedanken voor
de mogelijkheid binnen PSN af te studeren. Jouw enthousiasme en open
manier van communiceren zorgen voor een goede sfeer binnen de vakgroep.
Daarnaast heb je vaak tijd vrij gemaakt voor ’vruchtvolle discussies’ over de
interpretatie van de metingen.

Toen ik enkele maanden met mijn afstuderen bezig was, is ’mijn PhD-
studentje’ Erwin Smakman begonnen aan zijn promotie. Ik heb jou de fijne
kneepjes van de LT-STM mogen leren, en heb onze samenwerking altijd heel
prettig gevonden. Na enkele weken waren de rollen echter omgedraaid, en
heb ik veel van jou mogen leren. De meeste metingen in mijn verslag hebben
wij samen gedaan, en ik wil je graag bedanken voor je inbreng, maar vooral
voor de gezelligheid, tijdens de metingen.

Verder wil ik Jens Garleff en Ineke Wijnheijmer van het LT-STM team
bedanken voor hun hulp. Jens was altijd bereid om mee te denken over tech-
nische problemen, en heeft in het lab ook meerdere malen meegeholpen met
de metingen. Ineke was tijdens het schrijven mijn verslag vaak beschikbaar
voor Coreldraw, MatLab of LaTeX assistentie. Hartelijk dank voor jullie

51



7. Acknowledgments

steun en gezelligheid.
Mijn werk op het kantoor was een stuk minder aangenaam geweest zon-

der het gezelschap van mijn kamergenoot Samuel Mauger. Omdat je ’eel
goede’ Nederlands kan, hoef ik niet over te stappen op het Engels. Dankzij
jou heb ik geleerd wat kantoor-humor inhoudt, en heb ik een heel arsenaal
Franse scheldwoorden onder de knie gekregen. Bedankt voor een leuke tijd,
en succes met je MatLab-script!

I would like to thank everybody else from the SPM group (Andrei, Mu-
rat, Joost, Juanita and Steven) for the useful discussions during the SPM-
meetings.

’Last but not least’ wil ik mijn directe begeleider Joris Keizer bedanken.
Op sommige dagen ging het meer van harte dan op andere, maar je was altijd
bereid mijn vragen te beantwoorden. In het lab waardeer ik je pragmatische
manier van werken, waar ik veel van heb geleerd. Tijdens mijn afstuderen
is het wel gelukt om spin polarized te tunnelen, maar dit was onmogelijk
geweest zonder al het voorwerk dat jij en Jens aan de LT-STM gedaan
hebben. Naast de leerzame kant van de begeleiding vond ik het vooral een
heel gezellig jaar. Je bent iemand die niet snel een blad voor de mond neemt,
en dat kan ik wel waarderen.

Naast alle steun binnen de vakgroep zijn er ook een aantal mensen in mijn
persoonlijke omgeving die ik wil bedanken. Ik wil graag mijn (schoon)ouders
bedanken voor alle steun, zowel emotioneel als financieel. Jullie interesse,
maar vooral vertrouwen in mij, hebben ervoor gezorgd dat ik zover gekomen
ben.

Tenslotte wil ik graag mijn vriendin Yvette van Male bedanken. Tijdens
mijn studie heb je mij altijd weten te stimuleren en inspireren. Verder ben
je een onmisbare steun geweest tijdens de mindere perioden gedurende mijn
studie. Zonder jou had dit boekje waarschijnlijk nog enkele jaartjes op zich
laten wachten, en daar ben ik je heel erg dankbaar voor.

52



Bibliography

[1] H. Ohno. Making Nonmagnetic Semiconductors Ferromagnetic. Sci-
ence, 281(5379):951–956, 1998.

[2] Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, and
D. D. Awschalom. Electrical spin injection in a ferromagnetic semicon-
ductor heterostructure. Nature, 402(6763):790–792, Dec 1999.

[3] G. Binnig, H. Rohrer, Ch. Gerber, and E. Weibel. Surface studies by
scanning tunneling microscopy. Phys. Rev. Lett., 49(1):57–61, Jul 1982.

[4] R. Wiesendanger, H.-J. Güntherodt, G. Güntherodt, R. J. Gambino,
and R. Ruf. Observation of vacuum tunneling of spin-polarized electrons
with the scanning tunneling microscope. Phys. Rev. Lett., 65(2):247–
250, Jul 1990.

[5] H. J. Elmers, J. Hauschild, and U. Gradmann. Onset of perpendicular
magnetization in nanostripe arrays of Fe on stepped W(110) surfaces.
Phys. Rev. B, 59(5):3688–3695, Feb 1999.

[6] J. Hauschild, U. Gradmann, and H. J. Elmers. Perpendicular magneti-
zation and dipolar antiferromagnetism in double layer nanostripe arrays
of Fe(110) on W(110). Applied Physics Letters, 72(24):3211–3213, 1998.

[7] Hans-Joachim Elmers, Jens Hauschild, and Ulrich Gradmann. Critical
behavior of the uniaxial ferromagnetic monolayer Fe(110) on W(110).
Phys. Rev. B, 54(21):15224–15233, Dec 1996.

[8] U. et. al. Gradmann. The ferromagnetic monolayer Fe(110) on W(110).
Hyperfine Interactions, 57:1845–1858, 1990.

[9] M. Przybylski and U. Gradmann. Ferromagnetic order in a Fe(110)
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