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Abstract

Scanning Tunneling Microscopy (STM) is a versatile surface characterization tool that
is used in this thesis to observe both surface and subsurface nanostructures.

With STM one is able to observe subsurface noble-gas-filled nanocavities in a Cu(001)
substrate, when the nanocavities are positioned several nanometers below the surface.
In essence, the main principle is that electrons are injected by the STM tip into the
substrate and are reflected by the nanocavity back to the surface of the substrate, where
they are detected by the STM due to changes in the tunneling current. Quantum well
states are thus formed between the top facet of the nanocavity and the surface of
the substrate. The interference of injected and reflected electrons leads to complex
conductance patterns imaged by the STM for Ar, He, and Ne-filled nanocavities. These
patterns are strongly influenced by the band structure of the Cu(001) substrate, that
induces hot electron focusing in the 〈101〉 directions. Furthermore, STM images with
atomic resolution reveal a remarkable apparent c2×2 superstructure spreading in narrow
beams in the 〈100〉 directions at the Cu(001) surface. This apparent superstructure is
a Moiré pattern, also caused by the reflection of electrons by the nanocavity. The
detection of the Moiré pattern is tip-dependent.

Additionally, an outlook on Spin-Polarized Scanning Tunneling Microscopy (SP-STM)
on both surface and subsurface magnetic nanostructures is presented. Possibilities for
future research on magnetic nanoislands deposited on metallic substrates are discussed,
and the successful growth of these systems is demonstrated in line with reports in
literature. Similar to noble-gas-filled nanocavities, subsurface metallic nanoislands are
able to reflect electrons that are injected by a (nonmagnetic) STM tip. Preliminary
results are presented that show the interference of electrons that could be caused by
reflection of electrons by subsurface metallic nanoislands.
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Chapter 1

Introduction

Noble Prize winner Richard Feynman can be seen as one of the founding fathers of
the field of nanotechnology. In his famous lecture ”There’s Plenty of Room at the
Bottom” at the American Physical Society meeting in 1959 he presented his vision on
future nanoscale research. Feynman considered the manipulation of individual atoms
as a future tool to write information. In the lecture he poses the question what would
happen if we could arrange atoms one by one the way we want them [1].

Feynman probably did not expect that one of the first answers to this question would
be a nanoscale billboard. In 1990, Eigler et al. [2] published an example of nanoscale
manipulation that is known to a wide public. 35 xenon atoms on nickel form the logo of
technology company IBM, as is shown in figure 1.1. This example shows the versatility
of a Scanning Tunneling Microscope (STM), since both the moving of the atoms and the
imaging was done by an STM. An STM is a surface characterization tool that consists
of a tip that is positioned close to the surface of a sample. The distance between tip
and sample is one nanometer or smaller, so that electrons are able to ”tunnel” from
tip to sample or vice versa. Tunneling is a quantum-mechanical phenomenon in which
particles can pass a barrier that has a potential higher than the kinetic energy of the
particle. The electrons together form a tunneling current that is dependent on the
topography and electronic properties of the sample. Hence, when the STM tip scans
over the surface, the sample’s electronic properties and topography can be characterized
with atomic resolution.

The development of the Scanning Tunneling Microscope by Binnig and Rohrer was

Figure 1.1: Xe atoms on Ni(110). Both the logo and the image itself are made with the
use of a Scanning Tunneling Microscope. The picture is taken from Eigler et al. [2].
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8 Chapter 1 Introduction

awarded the Nobel Prize in Physics in 1986. According to the committee, the invention
of the STM revolutionized the field of surface science. In their Nobel Prize lecture [3]
Binnig and Rohrer state:

”Finally, we revert to the point where the STM originated: The performance
of a local experiment, at a preselected position and on a very small spatial
scale down to atomic dimensions. Besides imaging, it opens, quite generally,
new possibilities for experimenting, whether to study nondestructively or to
modify locally: Local high electric fields, extreme current densities, local
deformations, measurements of small forces down to those between individ-
ual atoms, just to name a few, ultimately to handle atoms and to modify
individual molecules, in short, to use the STM as a Feynman Machine. This
area has not yet reached adolescence.”

The IBM logo in figure 1.1 is hence good example of what the STM is capable of.
However, the strong point of an STM is the ability to image and locally probe the
surface of metals, semiconductors and insulators on atomic scale [4]. The STM is
therefore used in a wide variety of research fields, such as surface science, materials
science, surface chemistry, electrochemistry, biology and metrology [4].

In this work the versatility of the STM is used to observe both surface and subsurface
nanostructures. The thesis consists of two related topics, of which the first is subsurface
nanostructures, described in chapter 3. Since the STM is usually quite insensitive to the
electronic structure of the inner layers of a sample [5, 6], only few studies are published
that use the unexpected possibility to observe subsurface structures. Chapter 4 mainly
discusses nanostructures on the surface of a substrate. Apart from a short preface given
below, in each respective chapter an elaborate introduction is written and presented
results will be placed in the context of their corresponding research field. Chapter 2
provides an introduction to surface microscopy and spectroscopy.

As already mentioned, chapter 3 discusses subsurface nanocavities that are filled by
noble gases. With Scanning Tunneling Microscopy one is able to observe these nanoscale
structures even if they are buried nanometers deep under the surface of a sample. In
essence, the main principle is that electrons are injected by an STM tip and are reflected
by a subsurface structure back to the surface of the substrate, so that they hence can be
detected by the STM. Interference of injected and reflected electrons leads to complex
conductance patterns imaged by the STM. The interference is strongly influenced by
the electronic properties of the Cu(001) substrate. Results for Ar-filled nanocavities in
Cu(001) were published by Kurnosikov et al. [7], and this article forms the starting
point of new results that are presented in chapter 3. Not only Ar nanocavities will
be investigated, but also He and Ne are used as noble gas to show the universality of
the inference. The observed interference features of the different noble gases will be
discussed and related to the band structure of Cu. Furthermore, results with atomic
resolution will be presented that show a remarkable apparent c2× 2 superstructure at
the Cu(001) surface. It will be shown that this apparent superstructure is a Moiré
pattern caused by the reflection of electrons by the nanocavity. The detection of this
Moiré pattern is tip-dependent. The results in this part are included in a recently
submitted article [8].
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Chapter 4 gives an outlook on Spin-Polarized Scanning Tunneling Microscopy (SP-
STM) on both surface and subsurface magnetic nanostructures and has a more specula-
tive character. For SP-STM the tip and the sample are magnetized and form a magnetic
tunnel junction. Differences in the magnetization orientation between tip and sample
lead to changes in conductance. With this method magnetic samples can be analyzed.
In this chapter possibilities for future research on magnetic nanoislands deposited on
metallic substrates are discussed. Results on the growth of magnetic nanoislands will be
presented, without addressing spin-polarization. Also a pilot study on subsurface metal-
lic and magnetic nanoislands is presented. Similar to the noble-gas-filled nanocavities of
chapter 3, these subsurface nanoislands are able to reflect electrons that are injected by
a (nonmagnetic) STM tip. Preliminary results are shown that describe the interference
of electrons caused by reflection by the embedded metallic nanoislands. The ultimate
objective for future research is to investigate the influence of spin-polarization on the
interference patterns caused by subsurface magnetic nanoislands.
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Chapter 2

Surface Microscopy and
Spectroscopy

In this chapter two methods for surface microscopy and spectroscopy will be described.
In section 2.1 and section 2.2 Scanning Tunneling Microscopy (STM) is explained. Spin-
Polarized Scanning Tunneling Microscopy (SP-STM) is the magnetic mode of STM that
is explained in section 2.3. The experimental setup is briefly discussed in section 2.4.
The last section of this chapter considers X-ray Photoelectron Spectroscopy, which is
a surface analysis technique that is used to obtain additional information to the STM
results.

2.1 Basics of Scanning Tunneling Microscopy

2.1.1 Main principles

The principle of Scanning Tunneling Microscopy (STM) can be derived by looking at
all terms in its name. Microscopy indicates that STM focuses on small objects, in
fact these objects can have the size of nanometers or even smaller. The term scanning
implies that the STM investigates a sample by moving over the surface of the sample.
The physical phenomenon that is used to investigate the surface is tunneling. This is a
quantum-mechanical property that electrons are able to pass an ultrathin barrier with
a potential higher than their kinetic energy. When a bias voltage is applied over the
barrier, a net tunneling current is achieved. The probability that the electrons can pass
the barrier is not only dependent on the width of the barrier, but also on properties of
the materials on both sides of the barrier. The tunneling phenomenon will be described
in section 2.1.2.

In figure 2.1 a schematic picture of the STM is shown. As an example, the sample in
the figure consists of a substrate with partly an extra layer on top. The vacuum in
between the STM tip and the sample is the potential barrier. The tunneling current
is thus depending on the distance between the tip and the sample and the electronic
properties of both tip and sample. When one assumes the electronic properties of the

11



12 Chapter 2 Surface Microscopy and Spectroscopy

N a n o c a v i t y

S T M  t i p

S u b s t r a t e

e -

Figure 2.1: Schematic picture of a Scanning Tunneling Microscope. The sample consists
of a substrate with partly an extra layer on top of it. When a bias voltage is applied,
a tunneling current is established between tip and sample. The injection or extraction
of the current is depending on the polarity of the bias voltage.

tip to be constant, the tunneling current is depending on the sample: one can observe
both changes in topography and in electronic properties of the sample. A digital system
can map the topography and current as the tip scans the surface at a distance of one
nanometer or smaller. To prevent touching the surface, a feedback loop based on the
tunneling current can be applied. Under optimal conditions, STM images can obtain
subatomic resolution in the z-direction and atomic resolution in lateral directions, which
makes STM a powerful tool for surface science. These conditions can include ultrahigh
vacuum (UHV) and functioning at low temperature (at liquid nitrogen temperature
and liquid helium temperature). The system is then abbreviated to LT-STM: Low
Temperature Scanning Tunneling Microscope.

In this chapter first the principles of tunneling will be discussed in one dimension
(section 2.1.2) and three dimensions (section 2.1.3). In section 2.2 the operation modes
of the STM are explained. Spin-Polarized Scanning Tunneling Microscopy is described
in section 2.3.

2.1.2 One-Dimensional Tunneling

As mentioned above, Scanning Tunneling Microscopy is based on electron tunneling.
This is a phenomenon at nanoscale where a particle or wave has a non-vanishing prob-
ability to penetrate and pass a potential barrier with an energy higher than the kinetic
energy of the particle or wave. This behavior is described in quantum mechanics, but
violates classic mechanics. An example is a system where two metallic solid samples are
brought together, as shown in figure 2.2(a) and (b). In both samples electrons fill all
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Figure 2.2: Energy scheme of two metallic solid samples brought together. (a) The solids
are described independently (b) When the solids are brought in close position, they
become one system with the Fermi energy at the same energy level. For simplification,
φ1 = φ2 is assumed. EV ac is the vacuum level and EC is the bottom of the conduction
band.

states up to the Fermi energy, EF , when temperature T = 0 is assumed. Both samples
have a characteristic work function. The work function, φ, describes the energy that is
required to remove an electron from the solid sample to a point outside the solid and
can thus be defined as the energy needed to move an electron from the Fermi energy
level into vacuum.

The quantum mechanical behavior is described by the well-known Schrödinger equation:

[
− h̄2

2m
∇2 + V

]
Ψ(x, t) = ih̄

∂Ψ(x, t)
∂t

(2.1)

where Ψ(x, t) is the wavefunction, V is a potential, m is the mass of the particle, h̄ is
the Planck constant. By separation of variables a time-independent version of equation
2.1 in one dimension (1D) can be derived:

[
− h̄2

2m

d2

dz2
+ V (z)

]
ψ(z) = Eψ(z) (2.2)
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E F , 1

E V a c

E F , 2

E V a c

V a c u u mT i p S a m p l e
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Figure 2.3: Energy scheme of tip and sample with a bias voltage applied. When one
assumes ∆φ = φ2 − φ1 = 0, the energy difference between tip and sample becomes
eVb. Electrons in the energy range from EF,T −eVb to EF,T can tunnel to corresponding
states in the sample. However, the tunneling probability is approximately exponentially
dependent on the barrier height as is shown in equation 2.4 and equation 2.5.

where ψ(z) is the time-independent wavefunction and E is the energy of the particle.
The spatial coordinate is chosen to be z to correspond to the vertical representation
of a tip-sample system. When the solids are brought together closely, the vacuum in
between functions as a tunneling barrier. Solid 1 represents the tip and solid 2 can
represent the sample (which consists of a metallic substrate). The solutions of the
time-independent Schrödinger equation inside the barrier have the form:

ψ(z) = ψ(0) exp(−kz) (2.3)

where

k =

√
2m(V −E)

h̄
(2.4)

where V is the barrier potential and, in this case, (V −E) = φ1 = φ2. The probability
ω of observing an electron after the barrier can be described by:

ω ∼ |ψ(d)|2 = |ψ(0)|2 exp(−2kd) (2.5)

where d is the barrier width. From this formula one can conclude that in 1D approxi-
mation the tunneling current decays exponentially with increasing tip-sample distance.
However, when the work functions are assumed to be equal, the net current is zero.
Applying a bias voltage will result in a net current. That situation is shown in figure
2.3. The bias voltage causes an energy difference eVb between tip and sample. This
is the driving force for the tunneling current, since the Fermi level of one solid will be
raised or lowered depending on the polarity of Vb. Elastic tunneling is assumed, which
means that the initial, Eµ, and final energy state, Eν , have equal energy. Inelastic tun-
neling, as in Inelastic Electron Tunneling Spectroscopy (IETS), is neglected. Inelastic
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tunneling is tunneling between two states with different energy, when energy is lost
to phonons, plasmons and the like. Only electrons with energies between the Fermi
levels of the two materials can tunnel, due to the constraint that electrons must occupy
a filled state in the negative material and an unfilled state must exist in the positive
material for the electron’s energy level. Therefore, the tunneling current includes all
sample states in the energy interval eVb:

I ∼ exp(−2kd)
EF∑

Eµ=EF−eVb

|ψµ(0)|2 (2.6)

where |ψµ(0)|2 are sample states at the surface and k can still be defined as equation
2.4 when eVb << φ. This equation is based on how the polarity in the STM is defined.
In this report, for positive Vb unfilled electronic states of the sample participate in
tunneling, so E > EF , and for negative Vb filled electronic states of the sample, E < EF ,
determine the tunneling current. Equation 2.6 expresses the exponential dependence
of the tunneling current, I, with respect to the vertical separation, d, between tip and
sample. Even the smallest changes in distance can be detected and a subÅngström
vertical resolution can be obtained in principle.

Equation 2.6 can also be rewritten to an integral form by replacing the summation of
discrete states:

I ∼
∫ EF

EF−eVb

∑
µ

δ (Eµ −E) |ψµ(0)|2 dE =
∫ EF

EF−eVb

n(0, E)dE (2.7)

with n(0, E) describing the local density of states (LDOS). Although this equation is
derived for small bias voltage, it can also be applied to higher voltages [9]. In the
above-mentioned derivation also the density of states of the tip can be integrated. The
tunneling current is then determined by the convolution of the DOS of the tip (T) and
sample (S), which is also figuratively sketched in figure 2.3:

I ∼
∫ EF

EF−eVb

nS(E − eVb) · nT (E)dE (2.8)

2.1.3 Tunneling Current at Atomic Level

In section 2.1.2 one-dimensional tunneling is described which is in approximation the
basic principle of an STM. When the tunneling current for different positions is mea-
sured, an STM image can be built. As long as the sample’s features are on a nanometer
scale or larger, STM images can be interpreted as a surface topography map. However,
this interpretation fails on smaller, atomic scale. As derived in equation 2.6, the image
could be interpreted as a plot of constant surface charge density contours. The problem
of the latter interpretation is that only electrons near the Fermi energy contribute to the
tunneling current, whereas all electrons with E < EF contribute to the charge density
[10]. A more sophisticated atomic-level quantum-mechanical model is needed.
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Bardeen’s Perturbation Approach

The starting point is the derivation of the tunneling current through a metal-insulator-
metal junction. The frequently used theoretical method for the understanding of these
tunnel junctions is the time-dependent perturbation approach developed by Bardeen [11].
Bardeen considers the two metals as two separate subsystems first. The electronic states
of the subsystems can be obtained by solving the Schrödinger equation. The rate, ωµν ,
of an electron in the state ψµ with energy Eµ tunneling to a state ψν at energy level
Eν in the other metal is given by Fermi’s Golden Rule:

ωµν =
2π

h̄
δ (Eν −Eµ) |Mµν |2 (2.9)

where the tunneling matrix, Mµν , is the amplitude of the electron transfer and δ is the
Kronecker delta. Mµν is determined by the overlap of the surface wavefunctions of the
two subsystems. The tunneling matrix element can then be determined by solving a
surface integral on a surface separating the two subsystems:

Mµν =
h̄2

2m

∫
dS · (ψ∗µ∇ψµ − ψ∗ν∇ψν

)
(2.10)

The tunneling current can be derived by integrating over all relevant states:

I =
4πe

h̄

∫∞
−∞ [f(EF − eVb + ε)− f(EF + ε)]×

nS(EF − eVb + ε) · nT (EF + ε) |M |2 dε (2.11)

where f(E) is the Fermi function, and nT (E) and nS(E) are the density of states (DOS)
of respectively the tip and the sample. When one assumes low temperature and small
bias voltage, equation 2.11 can be simplified to:

I =
4πe

h̄

∫ eVb

0
nS(EF − eVb + ε) · nT (EF + ε) |M |2 dε (2.12)

The equation above can also be described as a sum over states:

I =
2πe

h̄
eVb

∑
µν

|Mµν |2 δ(EF −Eµ)δ(EF − Eν) (2.13)

Tersoff and Hamann’s s-Wave Model

The question is now how to calculate the tunneling matrix elements Mµν . Basically, the
wavefunctions in the tip and sample should be known to do so. A well-known model is
the s-wave tip model by Tersoff and Hamann [5, 6]. Tersoff and Hamann presented a
theory for vacuum tunneling between a real solid surface and a model STM tip with a
locally spherical tip as shown in figure 2.4. In this picture the tip has an arbitrary shape
and is located at a distance d from the sample surface. Close to the surface the tip is
assumed to have a locally spherical shape with radius R around a center of curvature
r0. The wavefunctions of the tip are supposed to be spherically symmetric s-orbitals.
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Figure 2.4: Schematic picture of the tunneling geometry as used in the Tersoff-Hamann
model [5, 6]. The tip has an arbitrary shape but is assumed to be locally spherical with
radius R, being close to the sample surface and having s-wave tip wavefunctions.

Therefore this approximation is also known as the spherical tip approximation. Under
this assumption, the tunneling current equation is simplified.

The matrix elements in this approximation are [5]:

Mµν ∼ R exp(kR)ψν(r0) (2.14)

Based on equation 2.13, the resulting current becomes:

I ∼ R2Vb

k4
nT (EF ) exp(2kR)

∑
ν

|ψ(r0)|2 δ(Eν − EF ) (2.15)

As already defined in equation 2.6 and equation 2.7, the summation is by definition the
LDOS of the sample at Fermi level. In a simplified form, the dependence of the current
on the DOS of the sample observed at position r0, can be rewritten to a dependence
on the DOS of the sample at its surface, position 0:

I ∼ VbnS(r0, EF )
∼ VbnS(0, EF ) exp(−2k(R + d)) (2.16)

where 0 is a coordinate at the sample’s surface. Therefore, in the s-wave model, a
constant-current STM image is a LDOS contour of the bare surface at Fermi energy,
taken at the center of curvature of the tip r0.

Other Possible Tip Wavefunctions

The Tersoff-Hamann approximation is very convenient, and gives a simple picture of
the STM’s operation. There are, however, situations in which one needs to include
more details of the electronic structure of the tip to understand the experiments. A
problem of the Tersoff-Hamann model is that for most metallic surfaces it does not
explain atomic resolution. Small periodic structures, such as the atomic spacing for
many metals, are not picked up by an s-wave tip, due to the large spherical orbitals.
Baratoff [12] was the first to suggest the influence of a single dangling bond at the tip’s
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Figure 2.5: Schematic figure in one dimension of the constant current and constant
height mode. The black line denotes the vertical position of the tip. (a) In the constant
current mode feedback maintains a constant current between tip and sample. (b) In
the constant height mode the current is measured at a fixed vertical position of the tip
with no (or limited) feedback.

apex on atomic resolution. Later, calculations showed that for W clusters, which is a
frequently used tip metal, there is a dz-like state protruding from the tip’s apex with
an energy close to the Fermi level. Also other localized states give better resolution
than the spherically symmetric s-state. The discussion of the influence of possible tip
states on the resolution of the tunneling current is well described by Chen [13]. He also
listed the LDOS at Fermi energy for W: 3.1% s-state, 12% p-state, and 85% d-state.
Therefore, on the surface of W, the wavefunctions as tails of bulk states are dominated
by d-states. These d-state analyses are very relevant in practice, since many of the
materials commonly used for tips are transition metals with valence d-electrons.

2.2 Operational Modes

The STM is a versatile surface characterization tool that not only can determine the
sample’s topography, but also can be applied for analysis of the electronic properties of
the sample. Four different operational modes of the STM are used in the thesis:

− Constant current mode (in section 2.2.1)
− Constant height mode (in section 2.2.2)
− Scanning tunneling spectroscopy (in section 2.2.3)
− Differential conductance mapping (in section 2.2.4)

2.2.1 Constant Current Mode

As is stated in equation 2.6 the current is exponentially decreasing for increasing dis-
tance d between tip and sample. In the constant current mode, obviously the tunneling
current is kept constant while the tip is scanning over the surface. A feedback mecha-
nism is enabled that maintains a specified current value while a constant bias voltage
is applied between the tip and the sample. As the tip scans over the sample surface,
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the vertical position of the tip is altered to maintain the constant separation. An STM
image in constant current mode gives the relative vertical position of the tip, ∆z, for
each point (x, y) of the map. This principle is sketched in figure 2.5(a). Such an image
can be interpreted as a topography map of the sample’s surface, though also spatial
changes in the electronic properties can cause differences in the tunneling current and
thus variation in the vertical tip position. The electronic structure is hidden in equation
2.6 in the sum over states. Therefore, the image can also be interpreted as a constant
charge density profile [10]. However, in first approximation images in the constant
current mode can be seen as topography maps.

2.2.2 Constant Height Mode

In contrast to the constant current mode, now the height is maintained constant. This
results in a variation in tunneling current that is mapped for each position (x, y). No
(or limited) feedback is needed to keep the height constant, so that faster scan rates
are possible. The constant height mode with no feedback is sketched in figure 2.5(b).
Similar to the constant current mode, the variation in tunneling current is due to
both changes in sample topography and changes in sample conductivity. Caution with
interpretation goes for all operational modes, since the tunneling current is depending
on many parameters such as the tip-sample distance, electronic density of states of both
tip and sample, and magnetization, as will be described in section 2.3. In case of a small
tip-sample separation and relatively sharp tip, atomic resolution can be achieved in this
mode for the STM setup used in this thesis.

In this thesis, images in constant height mode are referred to as current maps.

2.2.3 Scanning Tunneling Spectroscopy

Scanning Tunneling Spectroscopy (STS) provides information about the electronic struc-
ture of the sample by probing the local density of states as a function of energy.

In an STS experiment the tip position is fixed above the surface, and the current is
measured as a function of bias voltage. A small ac bias voltage ∆V is added to the
dc bias voltage. The resulting current modulation is amplified by means of a lock-in
technique. In this manner the differential conductivity dI/dV as a function of bias
voltage can be measured directly.

Differentiating the tunneling current in equation 2.7 with respect to the bias voltage
leads to:

dI

dV
∼ nS (d, EF + eVb) (2.17)

Therefore the differential conductivity is related directly to the LDOS of the sample at
an energy selected by the applied bias voltage. In the STM setup of this thesis, the
polarity of the bias voltage is defined in a way that for positive (negative) bias voltage
the unoccupied (occupied) states of the sample are inspected. However, equation 2.17
neglects the role of the electronic structure of the tip. Interpretation of STS results is
hence not trivial.
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2.2.4 Differential Conductance Mapping

It is not only possible to do STS measurements at a single point, but also to map the
spatial variation of the differential conductance. The result is a differential conductance
map and this is often abbreviated to conductance map. The difference with STS is that
the bias voltage is fixed: V0. For every position (x, y) of the map, the conductance is
measured at a fixed height:

dI

dV

∣∣∣∣
Vb=V0

(2.18)

The direct relation between STS results and differential conductance maps will be ad-
dressed in this thesis.

2.3 Spin-Polarized Scanning Tunneling Microscopy

Beside detection of structural and electronic properties of a sample an STM allows
us to detect magnetic properties of the sample. In addition to atomic resolution, an
STM can thus also have spin sensitivity. The name of this field is Spin-Polarized
Scanning Tunneling Microscopy (SP-STM). When both tip and sample are magnetized,
the system can be seen as a magnetic tunnel junction (MTJ), and its related tunneling
magnetoresistance (TMR) is a widely researched field. For this purpose, the tip has
to be magnetized, corresponding to the orientation of the magnetization of the sample.
The tip can be either ferromagnetically or antiferromagnetically magnetized. In TMR,
the tunneling current will be higher in the parallel magnetization orientation of tip and
sample than in the antiparallel case.

For a ferromagnetic sample, the electronic bands for spin-up and spin-down are split and
gain or lose energy compared to the nonmagnetic case. Since the bands shift in energy,
the DOS at Fermi level changes. Therefore, the number of states that are available for
tunneling to or from the tip is different for both spin orientations. The polarization, P ,
is defined as:

PT,S(EF ) =
n↑T,S(EF )− n↓T,S(EF )

n↑T,S(EF ) + n↓T,S(EF )
(2.19)

where ↑ and ↓ represent the spin orientation and T, S denote the respective tip or
sample. The tunneling current then becomes [14]:

I(θ) = I0 [1 + PT PS cos(θ)] (2.20)

where θ denotes the angle between the magnetization orientation of tip and sample.
Thus the tunneling current is highest in parallel configuration of tip and sample and
lowest in anti-parallel configuration.

The tunneling current in equation 2.20 can be split into an unpolarized part, I0, and a
spin-polarized part, ISP [15]. This derivation of the tunneling current for SP-STM is
based on the Bardeen approach and the Tersoff and Hamann s-wave model. For the tip
the DOS and magnetization are assumed to be constant. Wortmann et al. [15] define
mT as the spin-polarized part of the DOS of the tip. This is the difference in DOS
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between the spin-up part and spin-down part multiplied by a vector that accounts for
the orientation of the magnetization, eT

M :

mT =
(
n↑T − n↓T

)
eT

M (2.21)

where nT is the spin-polarized tip DOS and ↑↓ denote the spin orientation.

When one assumes low bias voltage and low temperature, the tunneling current can be
calculated [15]:

I = I0 + ISP (θ)
∼ nT ñS + mT m̃S (2.22)

where ñS is the DOS of the sample integrated over energy, and m̃S is the integrated
spin-polarized DOS of the sample (the tilde, ∼, denotes that the DOS is integrated over
the relevant energy interval). The dI/dV signal is then easily derived:

dI

dV
∼ nT nS + mTmS (2.23)

2.4 Experimental Setup and Sample Preparation

A LT-STM setup is used from Omicron. The setup is shown in figure 2.6(a) and
2.6(b).The system consists of multiple chambers to conduct STM measurements and to
facilitate the preparation of sample and tip in situ. The setup was specially designed for
deposition of (magnetic) material on the tip. The four chambers are listed below:

− Load lock chamber: chamber that is used to insert and extract tips and samples
from the setup in high vacuum to normal pressure and vice versa.

− Preparation chamber: chamber that can be seen in figure 2.6(b) on the right and
is designed for the cleaning of tip and sample as described below.

− MBE chamber: chamber that is on the left in figure 2.6(b). In this chamber one
can deposit materials from five different sources on the substrate by Molecular Beam
Epitaxy (MBE). The sample can be cooled or heated during deposition. For surface
characterization LEED and XPS is present in the chamber. LEED is Low Energy
Electron Diffraction and can be used to determine the structure of the surface. XPS
is X-ray Photoelectron Spectroscopy and this is explained in section 2.5.

− STM chamber: chamber that is shown in figure 2.6(a). A stage containing the tip
and the sample is cooled by an inner and outer cryostat. Using liquid nitrogen and
liquid helium the temperature in the chamber goes down to respectively T ≈ 77 K
and T ≈ 4 K. All measurements are done at T ≈ 77 K unless a different temperature
is mentioned explicitly. The ultrahigh vacuum system has a base pressure below
5 · 10−11 mbar in this STM chamber.

The above-mentioned chambers are separated by valves.
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Figure 2.6: Pictures of the STM setup: (a) view on the STM chamber (b) view on the
MBE chamber on the left and the preparation chamber on the right. The hemisphere
is the hemispherical analyzer of the X-ray Photoemission Spectroscopy setup that is
connected to the MBE chamber (c) Picture of a sample holder including sample on the
left and a tip holder with tip on the right (d) Scanning Electron Microscopy (SEM)
picture of a tip where the diameter of the tip stem is 0.3 mm.

In figure 2.6(c) on the left a sample in a holder is shown. Scanning Tunneling Mi-
croscopy requires clean surfaces and therefore the sample is prepared by sputtering and
subsequently annealing. When a sample is sputtered, the surface is bombarded by noble
gas ions. The most common noble gas used for sputtering is argon. These Ar ions blow
away substrate material. After most contaminations are removed by sputtering, the
crystalline order of the surface is restored by annealing. The sample is then heated to
a temperature high enough for effective diffusion. This temperature is measured by a
thermocouple.

In figure 2.6(c) on the right a tip in its corresponding holder can be seen. Tips are
made by electrochemical etching ex situ and the result is shown in a Scanning Electron
Microscopy picture, figure 2.6(d). The tip material is tungsten and its base is of the
order of 0.3 mm. For cleaning of the tip, a homemade tool has been installed in the
preparation chamber. The tool heats the tip by electron bombardment and is powerful
enough to effectively melt the tip resulting in a blunt shape of the tip apex.
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2.5 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a spectroscopic technique which allows qual-
itative as well as quantitative analysis of the chemical state of atoms present in the top
nanometers of a sample’s surface [16]. Furthermore, this analysis is element specific. It
is also known as ESCA: Electron Spectroscopy for Chemical Analysis [17].

The basic principle of XPS is that X-rays hit the sample’s surface. These X-rays are
generated by bombarding an anode material with highly energetic electrons. The X-ray
photons have a specific energy depending on the anode material defined by:

Eph = h̄ω (2.24)

where Eph is the photon energy, h̄ is the Planck constant and ω is the frequency of the
radiation. A twin anode X-ray source is incorporated in the STM setup, so that Al Kα

(h̄ω=1486.6 eV) and Mg Kα (h̄ω=1253.6 eV) lines are available. The X-ray photons are
absorbed by atoms in the sample and this leads to ionization and the emission of a core
electron. The emitted electron will have a certain kinetic energy that is the remainder
of the photon energy when the binding energy and the sample’s work function are
subtracted. The binding energy is the energy to move the electron from a core level to
the Fermi energy. The work function is used to emit the electron from the Fermi level
to the vacuum:

hν = Ebin + φS + Ekin (2.25)

The emitted electrons then move through an analyzer, in this case a hemispherical
analyzer (HSA) that is shown in figure 2.6(a). The HSA consists of a pair of concentric
hemispherical electrodes between which there is a gap for the electrons to pass. A
potential difference between the electrodes selects electrons with a particular kinetic
energy, because electrons with a higher (lower) kinetic energy will collide with the
outer (inner) hemispherical electrodes. In this way the flux of emitted electrons as a
function of kinetic energy can be measured when the voltages between the electrodes is
changed. The electrons that have passed the HSA hit the detector and the number of
electrons is measured.

It is possible to calculate the binding energy without knowing the work function of
the sample. As the Fermi energy is equal for sample and detector, the energy of the
electrons relative to the Fermi level is equal:

Ekin + φS = E′
kin + φD (2.26)

where φD is the work function of the detector and E′
kin is the kinetic energy of electrons

in the detector. When equation 2.25 and 2.26 are combined, the binding energy can be
derived:

Ebin = h̄ω − E′
kin − φD (2.27)

The typical XPS spectrum is then a plot of the number of electrons detected (counts)
versus the binding energy. Each element produces a set of XPS peaks at characteristic
binding energy values. The peaks correspond to the electron configuration within the
atoms. Elements in the top of a surface can be identified based on this ”fingerprint”.
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Figure 2.7: XPS measurement of Cu(001) sample that is sputtered with Ar. The
different peaks are related to the corresponding electronic level of Cu. As the argon
concentration is small compared to the amount of Cu, argon peaks are not visible in
this measurement.

The electrons that are excited and escape without any energy loss contribute to the
characteristic peaks in the XPS spectrum. Electrons that are scattered inelastically,
lose energy and create the background level of the spectrum. Also Auger electrons are
observed in XPS spectra. When an electron is removed from a core level of an atom,
leaving a hole, an electron from a higher energy level may fall into the vacancy, resulting
in a release of energy. Although sometimes this energy is released in the form of an
emitted photon, the energy can also be transferred to another electron, which is ejected
from the atom. This second ejected electron is called an Auger electron. An example
of an XPS measurement is shown in figure 2.7. XPS is performed on a Cu(001) sample
that is sputtered with Ar. As will be explained later in chapter 3, traces of Ar should
be visible in this spectrum. However, the amount of Ar is relatively low, so that no
peaks are observed.

A limitation of XPS is that it can only detect elements with an atomic number higher
than Z = 2. This means that helium (Z = 2) cannot be detected, since XPS is not
sensitive to its s-state valence electrons.



Chapter 3

Subsurface Nanocavities

3.1 Basics of Subsurface Nanocavities by STM

3.1.1 Scanning Tunneling Microscopy on Subsurface Structures

Detection of subsurface structures by Scanning Tunneling Microscopy is interesting
from a theoretical point of view. In section 2.1.3 Tersoff and Hamann’s model [5, 6]
is discussed that simplifies the expression for the tunneling current by assuming only
s-waves for the tip. Result of the model is equation 2.16, that is repeated below:

I ∼ VbnS(0, EF ) exp(−2kd)

where I is the tunneling current, Vb is the bias voltage, k is a decay constant defined
by equation 2.4, d is the distance between the tip and the sample, and nS(0, EF ) is the
density of states at the Fermi energy at a position at the sample (S) right below the
STM tip. This last term indicates that the tunneling current is only depending on the
density of states at the surface of the sample near the vacuum and is not influenced by
bulk states. As Tersoff and Hamann showed for the Au(110) surface [5, 6], STM images
are usually quite insensitive to the electronic structure of inner layers of the sample.
However, it was already shown that subsurface structures (possibly resulting in Moiré
patterns) and bulk defects can be observed by STM. Moreover, corrugation amplitudes
induced by subsurface structures are often larger than those of atomic structures.

With Scanning Tunneling Microscopy one is able to observe nanoscale structures even
if they are buried several nanometers deep under the surface of a sample. In essence,
the main principle is that electrons are injected by an STM tip and are reflected by a
subsurface structure towards the surface, so that they hence can be observed by the
STM. A straightforward example is reflection by pointlike defects which is theoretically
described by e.g. Avotina [18, 19, 20]. These pointlike defects can be categorized as
zero-dimensional (0D) reflectors. Pointlike Ir impurities in Cu(001) and Ir chains (1D
reflectors) have been observed by Heinze et al. [21]. Another example of a detectable
subsurface system is a sample that consists of thin metallic overlayers deposited on a
different substrate, e.g., a semiconductor. The interface between the overlayers and the
substrate can reflect electrons which can be observed by an STM, as experimentally

25
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Figure 3.1: Conductance map on a Cu(001) substrate with three Ar-filled nanocavity
under the surface as observed by Kurnosikov et al. [7]. Electrons that are reflected by
the subsurface nanocavities cause interference patterns that are observed by the STM.
The size of the image is 35×35 nm and the measurement parameters are Vb = 0.220 V
and I = 2.0 nA.

observed by Altfeder et al. [22] and Yu et al. [23] for instance. Calculations on such a
system (two-dimensional reflectors) have been done by Hörmandinger et al. [24]. When
the substrate would be a metal with a different lattice constant than the overlayers,
Moiré patterns can be seen in STM images. Kobayashi [25, 26, 27] describes these
patterns theoretically.

According to my best knowledge, Schmid et al. [28] published in 1996 the first results of
a three-dimensional (3D) subsurface reflector that was detected by Scanning Tunneling
Microscopy. Argon-filled nanocavities with the size of several nanometers were created
under the surface of a Al(111) crystal. Schmid et al. [28, 29] showed patterns by con-
structive or destructive interference of the electron wave functions after reflection. A
quantum well was formed in between the STM tip at the sample’s surface and the in-
terface between the substrate and reflector. The experimental results consist of spatial
changes of the measured height and oscillations in STS measurements. Scattering cal-
culations reproduced the results, and depth, size and shape of the Ar-filled nanocavity
could be deduced. Schmid et al. also changed the substrate material into Cu(001) and
Cu(111). For these systems only ring-shaped interference patterns were observed, but
no indication of quantum well states was obtained. According to the authors, the sub-
surface reflectors were too small, maybe even pointlike, and therefore were not able to
effectively induce a quantum well. However, Kurnosikov et al. [7] showed the presence
of quantum well states due to the presence of Ar-filled nanocavities in Cu(001), which
have the size of several nanometers. They presented a variety of experimental proof of
probing the quantum wells induced above the nanocavity, of which 3.1 is an example.
More insight was gained into the reflection by the nanocavity and electronic properties
of the substrate. A simulation model was included to analyze the system. Kurnosikov’s
article was also the groundwork for a chapter in a PhD thesis by Adam [30].
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Figure 3.2: Basic sketch of the reflection of electrons by subsurface noble-gas-filled
nanocavities.

The results obtained in this group [7] inspired to explore the research field of observing
subsurface nanocavities by STM. Several questions were untouched that are discussed
in this chapter and are the motivation for a new publication [8], such as: Can the
size of the nanocavity be increased in order to make the observed interference features
more pronounced? Can experimental proof be obtained to demonstrate the presence of
argon in the sample? Are the results unique for argon or can the interference patterns
be found in other systems? Are there more patterns or features present, other than the
features published already?

These questions will be answered in this chapter. In this paragraph (section 3.1) the
basics of observing subsurface nanocavities by STM will be explained and the relevance
of this field is discussed. In section 3.2 the growth of these systems is examined. All
features that can be observed by STM are listed and explained in 3.3. As will be made
clear in this chapter, the observed features strongly depend on the electronic properties
of the Cu(001) crystalline substrate. These properties are discussed in 3.4. The empha-
sis of this chapter is on the last paragraph (section 3.5), describing a new feature of the
subsurface nanocavities that is revealed and explained. When atomic resolution is ob-
tained, an apparent superstructure in the 〈100〉 directions becomes visible. In contrast
with other features, this interesting structure is not located above the nanocavities,
but nanometers away from its position. This section is presented last, since preceding
paragraphs contribute to the understanding of the apparent superstructure.

3.1.2 Observation of Subsurface Noble-gas-filled Nanocavities

The main phenomenon causing the interference patterns is the reflection of electrons by
the subsurface nanocavities. This situation is sketched in figure 3.2. The substrate is a
metallic crystal, in this case Cu(001). In the substrate a nanocavity is embedded that is
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filled with a noble gas, such as argon. Depending on growth parameters, the width and
the depth of the nanocavities are several nanometers. The growth is determined by a
sequence of sputtering and annealing that is explained in section 3.2. The consequence
of this growth method is that the nanocavities are randomly spatially distributed and
vary in depth. Since the noble gas nanocavity is less conductive than the metallic
substrate, the interface of the substrate and nanocavity is able to reflect electrons. Hot
electrons are injected by the STM tip as is shown in the figure. The position of the
tip at the substrate’s surface is denoted by rs. All positions at the interface between
the substrate and the nanocavity that are able to effectively reflect electrons are given
by ri. The figure shows that the electrons can be reflected into multiple directions.
The electrons that are reflected by the nanocavity into the direction of the tip can be
detected. In chapter 2 it is shown that the tunneling rate, ωµν , of a tip electron in the
state ψµ with energy Eµ tunneling to a state ψν at energy level Eν in the substrate
metal is given by Fermi’s Golden Rule, equation 2.9:

ωµν =
2π

h̄
δ (Eν −Eµ) |Mµν |2

where the tunneling matrix, Mµν , is the amplitude of the electron transfer. Mµν is
determined by the overlap of the surface wavefunctions of the tip and the substrate.
The tunneling matrix element can then be determined by solving a surface integral,
equation 2.10, on the separation surface:

Mµν =
h̄2

2m

∫
dS · (ψ∗µ∇ψµ − ψ∗ν∇ψν

)

From this equation it can be concluded that the tunneling current is depending on
the wavefunctions of the reflected electrons in the substrate and the wavefunctions of
injected electrons by the tip. Therefore the interference of injected electrons and the
assembly of reflected wavefunctions is detected by the STM.

More insight is given when one looks at the energy diagram in one dimension. This
diagram is shown in figure 3.3. This figure is an expansion of figure 2.3 in chapter 2. The
diagram shows the energy levels in the STM tip, the vacuum barrier, the substrate, and
the nanocavity. The Fermi energy of the bulk of the tip and the bulk of the substrate
are indicated by EF,T and EF,S , where the subscript S and T denote respectively the
substrate and the tip. The difference between these two energy levels is given by eVb.
The potential of the noble-gas-filled nanocavity is assumed to be as high as the vacuum
energy level. This system resembles a one-dimensional quantum well where the well is
the metal in between the substrate’s interface with the vacuum (rs) and the substrate’s
interface with the nanocavity (ri). The depth of the nanocavity is then the width of
the quantum well, where the depth is defined as the distance from the substrate surface
to the top of the nanocavity.

The confinement of electrons in one dimension gives rise to discrete resonant quantum
well states as is shown in the figure. These quantum well states are defined by construc-
tive interference. Since the potential of the barrier and nanocavity are not infinite, the
wavefunctions have decaying tails into both the vacuum and the nanocavity, as is known
for a finite square well [31]. In this situation elastic tunneling is assumed, so that the
electrons that are injected from the tip into the quantum well have an energy EF,S +eVb
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Figure 3.3: One-dimensional energy diagram of the injection of electrons by the STM
tip and the reflection by the nanocavity, resulting in a one-dimensional quantum well.
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Figure 3.4: Conductance map on subsurface Ar nanocavities in Cu(001). The size is
50×50 nm, Vb = 0.4 V, I = 5.0 nA.

relative to the bottom of the quantum well. As the bias voltage is increased, the energy
of the injected electrons will reach the energy of a higher quantum well state. A new
state then becomes available, which results in a rise in the measured conductance. This
diagram, figure 3.3, is a description of the constant height mode, because if the bias
voltage changes, the distance between tip and substrate is assumed the same.

The conductance measured by the STM tip at position rs is the assembly of reflected
electrons for all reflecting points in space, ri, at the interface between the substrate
and the nanocavity. When the tip is scanning the surface, it observes a changing con-
ductance for different positions rs. When this conductance is mapped for a defined
surface area, interesting interference patterns are revealed. An example of such a char-
acteristic conductance map is shown in figure 3.4. The black (white) spots in the
conductance map denote locations with lower (higher) conductance than the normal
substrate. The inference patterns are centered above the location of the nanocavities
[28]. The nanocavities are randomly distributed, though roughly have the same size
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typically. The different interference patterns can be caused by different size and shape,
but are mainly attributed to variation in depth [7]. More results will be discussed in
section 3.3 about the different characterization methods and the corresponding observed
features.

In figure 3.4 clearly a fourfold symmetry is visible in the interference patterns. This sym-
metry is caused by the anisotropy of the electronic properties of the metallic substrate,
Cu(001). The three-dimensional shape of the subsurface reflector creates the possibil-
ity to investigate electron propagation in the substrate material. Electrons scattered
at different positions on the reflector’s surface will be reflected to different directions.
By varying the lateral tip position, it is possible to observe symmetric patterns that
can be related to the band structure of Cu. The electronic properties and their rela-
tion to the injection, reflection and propagation of hot electrons will be discussed in
section 3.4. The influence of the electronic structure of Cu is also incorporated in a
phenomenological simulation model [7] that will be briefly discussed in appendix D.

3.1.3 Relevance

Beside the fundamental interest of detection of subsurface structures by Scanning Tun-
neling Microscopy (section 3.1.1), there are more reasons to conduct this research. As
mentioned above, the subsurface nanocavities are three-dimensional reflectors, so far
only observed by Schmid et al. [28, 29] and Kurnosikov et al. [7]. Due to its nanoscale
size, the nanocavities bear resemblance both to a pointlike (0D) reflector and to a pla-
nar (2D) reflector. Since the nanocavities are located at a depth of at least several
nanometers [7], the electron scattering that is observed is due to bulk states. Although
there is a large amount of STM studies concerning electron scattering of the surface
state electrons, only little experimental work has been reported on the scattering of
bulk states [30]. Also the possibility to investigate the anisotropy of the crystal’s band
structure by STM in this way opens new insights. Interference patterns have symmetric
shapes following the electronic anisotropy of the substrate metal.

In a more practical view, the detection of subsurface noble-gas-filled nanocavities shows
possible side effects of sputtering and annealing as method to clean a crystal, as de-
scribed in section 2.4. It might also be of importance when thin films are deposited by
sputtering. Schmid [28] suggests that systems used as conduction lines in integrated
circuits, for instance Al and AlCu, can have lowered electron transport when these
systems are deposited by sputtering.

3.2 Formation of Subsurface Nanocavities

In this paragraph first the formation of subsurface noble-gas-filled nanocavities is ex-
plained (section 3.2.1). Secondly, the resulting shape of the nanocavity is discussed in
section 3.2.2. Thirdly, the presence of noble gas in the Cu(001) substrate is proven by
X-ray Photoelectron Spectroscopy in section 3.2.3.
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3.2.1 Formation of Nanocavities by Sputtering and Annealing

As described in section 2.4, sputtering and annealing can be used to clean a crystal.
By sputtering, the top layers of the crystal are removed and annealing to high temper-
atures will smoothen the surface. The effect of these processes is depending on several
parameters, such as sputtering voltage, current and time and annealing temperature
and time.

When a sample is sputtered, the surface is bombarded by noble gas ions. These ions
blow away substrate material. The higher the sputtering voltage, the higher the kinetic
energy of the ions. In this chapter a side effect of this proces is used. During the
bombardment, noble gas ions can also be implanted nanometers deep in the metallic
crystal. After sputtering, the crystalline order of the surface is restored by annealing.
The annealing induces diffusion of the noble gas atoms. Result of this diffusion can be
the aggregation of the noble gas and thus the formation of noble-gas-filled nanocavities.
Another consequence of the diffusion can be that argon is transferred to the sample’s
surface and is evaporated. So the higher the annealing temperature, the larger the
nanocavities, but also the larger the amount of argon that is lost.

The above-mentioned ”formation recipe” has been varied with two objectives: the first
goal is to ensure that the presence of the observed effects is directly related to the
amount of noble gas, the second goal is to be able to tune the size and density of the
nanocavities to obtain the most pronounced effects. Here, density means the number
of nanocavities per unit of surface area.

In figure 3.5 the results for two formation recipes are shown, denoted by the grey boxes.
The size of figure 3.5(a) and 3.5(c) is 100×100 nm and the size of figure 3.5(b) and
3.5(d) is 30×30 nm for good comparison of the two recipes. Figure 3.5(a) and 3.5(b)
are conductance maps of a sample that is sputtered for 10 minutes at 2.0 kV and
subsequently annealed at 970 K for 5 minutes. This recipe results in a low density of
nanocavities that are also very small: the width of the interference pattern is ≈ 5 nm.
One should keep in mind that more Ar might be present in the substrate, but that
this Ar is not clustered into nanoscale cavities and hence is not able to cause reflection
patterns. An example of a high density of nanocavities is figure 3.5(c). The recipe
for this sample is sputtering for 30 minutes at 4.8 kV and annealing to 980 K for 5
minutes. Another sample with a high density and large interference patterns of about
≈ 10 nm in diameter is shown in figure 3.5(d). The sample of figure 3.5(d) is grown in
a similar way as figure 3.5(c). The sample is sputtered at 4.9 kV for 30 minutes and is
annealed in three steps of each 5 minutes: first the sample is heated to 960 K, then up
to 990 K and the last step is annealing up to 1020 K. As can be clearly seen from the
figures, the interference patterns have indeed a large size for a large amount of noble gas.
The details that are mentioned above are not crucial for understanding the interference
phenomena induced by the presence of nanocavities. However, one can conclude that
the ”formation recipe” can thus be changed to tune the density of nanocavities and the
size of the nanocavities.

The above results are obtained for Ar in Cu(001). However, one can also sputter the
metallic crystal with a different noble gas. The objective of this change is to show the
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Figure 3.5: Conductance maps for different ”formation recipes” of Ar in Cu(001). Fig-
ure (a) and (b) are images of the same sample that is prepared for a low bias voltage
and a low annealing time resulting in a low spatial density of nanocavities and a small
size of the nanocavities, causing small interference patterns. The grey box denotes that
both pictures belong to the same ”formation recipe”. The two lower pictures are both
grown according to ”formation recipes” resulting in large nanoislands with a high spa-
tial density. To compare the recipes the size of figure (a) and (c) is 100×100 nm and
the size of figure (b) and (d) is 30×30 nm. The bias voltage and tunneling current in
the pictures is (a,b) Vb = 0.4 V, I = 2.34 nA (c) Vb = 0.5 V, I = 5.0 nA (d) Vb = 1.4
V, I = 5.0 nA. In figure (b) and (d) unknown adatoms are observed at the Cu(001)
surface.

universality of the nanocavity principle, i.e., the observed interference patterns are not
characteristic for argon, but other noble gases can be used as reflector. To achieve bigger
nanocavities, He (Z = 2) and Ne (Z = 10) are selected to be implanted instead of Ar
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Figure 3.6: Conductance map for Ne in Cu(001) sample. The size of the figure is
50×50 nm and the copper substrate is sputtered with neon at 4.9 kV for 30 min and
is subsequently annealed for 5 minutes at 990 K and for 2.5 minutes at 1010 K. The
line in the middle of the figure is a Cu edge dislocation, that might be induced by the
presence of nanocavities. The measurement parameters are Vb = 0.505 V, I = 5.19 nA.

(Z = 18), where Z is the atomic number. Since He and Ne have a lower atomic number,
they have lower mass and smaller size, are therefore are supposed to be implanted easier
than Ar. An example for Ne in Cu(001) is shown in figure 3.6. When implanting Ne
and He, similar formation of nanocavities should take place. The result in figure 3.6
shows patterns similar to conductance maps for Ar in Cu(001) samples. The diameter
of the interference patterns in figure 3.6 is ≈ 12 nm and, on average, Ne and He
nanocavities show bigger patterns than Ar. Additional results for He and Ne in the rest
of this chapter will support this conclusion. However, the optimal sputtering parameters
and annealing temperature regime can be different compared to Ar in Cu(001) due to
different diffusion and interaction of the implanted atoms. Analyzing these phenomena
is, however, beyond the scope of this thesis.

3.2.2 Shape of Nanocavity

As suggested in section 3.1.1, the nanocavity is a three-dimensional reflector. The shape
of the nanocavity can be calculated using the Wulff construction [32], that minimizes
the interface energy while keeping the volume constant. For the case of nanocavities in a
metallic crystal, the theoretical shape of the nanocavity can be obtained from Schmid et
al. [28]. As Kurnosikov et al. [7] warn, the shape of the nanocavity could be dependent
on its size and statistical deviation in the shape could be the case. Therefore, figure
3.7 is an approximation of the shape and its real form could be far more complicated,
though the shape of the Wulff construction is the basis for further modeling. The shape
consists of different facets that can reflect electrons. The top facet is the (001) facet
and the facets with a 45◦ angle are the {011} facets. The {111} facets have in principle
a hexagonal shape. Since the top facet is supposed to be parallel to the substrate’s
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Figure 3.7: Wulff construction of the shape of a nanocavity. a, c, and l are parameters
to describe its shape.

surface, the nanocavity can be considered as an intermediate between a pointlike and
a flat reflector, (001) plane, due to its finite size.

Since the shape of the nanocavity is symmetric and consists of only three kinds of facets,
the form can be described using three parameters [7]:

− l, the lateral size of the facet along the (110) direction.
− the ratio δ = 2a

l , where 2a is the effective reduction in length due to the truncated
corner by the (011) facet.

− γ = c
l , where c is the length of the (110) facet, determines not only its shape, but

also the asymmetry of the (111) facet.

These parameters can be used in a model to define the nanocavity’s shape and to
investigate its influence on the interference pattern. Such a simulation model is proposed
by Kurnosikov et al. [7] and its main features are described in appendix D. The
model uses a phenomenological description of physical processes that play a role in the
observation of subsurface nanocavities, such as the injection of electrons by the tip,
propagation of the electrons through the substrate and reflection by the nanocavity.
The model calculates the resulting interference of the reflected electrons. Although
the model is not part of the work in this thesis, some simulations will be used for
interpretation of the experimental results. However, one should keep in mind that
simulations of the model might contain systematic deviations from the true physics,
due to the phenomenological approach and rather crude assumptions. The model can
help in giving more insight into basic properties of the nanocavities and the resulting
interference pattern. For instance, results of the simulation of conductance maps as
a function of varying shape parameters are shown in figure 3.8 and 3.9 and will be
discussed below.

In figure 3.8 the interference pattern is simulated for three different lengths l: 0.5 nm, 3
nm, and 10 nm. The size of the image is 15×15 nm and all other parameters are fixed:
δ = 0.4, γ = 1 and depth d = 9.1 nm. One can conclude that the size of the (001) facet
strongly influences the interference pattern. For small top facets, the pattern is full of



3.2 Formation of Subsurface Nanocavities 35

l  =  1  n m l  =  3  n m l  =  1 0  n m

Figure 3.8: Simulation of conductance maps for different lengths l. Image taken from
Kurnosikov et al. [7].

d  =  0 d  =  1

Figure 3.9: Simulation for different ratios δ. Image taken from Kurnosikov et al. [7].

detail, though for large facets all details are averaged out and an almost homogeneous
distribution of the differential conductance is visible.

In figure 3.9 conductance maps are simulated for two limits of δ that describes the top
face truncation: δ = 0 and δ = 1. The δ = 0 situation corresponds to the situation
where there are no {011} facets and this results in a square shape with sides along the
[110] and [110] directions of the crystal. The case of δ = 1 has the smallest possible
{111} facets and the pattern seems to be rotated by an angle of 45◦ compared to the
δ = 0 results. These simulations can be used for interpretation of the experimental
results.

3.2.3 Proof of Presence of Argon by X-ray Photoelectron Spectroscopy

In order to obtain exclusive proof of the presence of argon in the Cu(001) substrate
after sputtering and annealing, we have conducted X-ray Photoemission Spectroscopy
(XPS) experiments. A short introduction into XPS can be read in section 2.5. Results
of an XPS measurement for a large energy range on a Ar-sputtered Cu(001) sample
are shown in figure 2.7 in that section. In that figure only features of the electron
configuration of the Cu are visible, since the amount of argon compared to the amount
of copper is relatively small.

To acquire more information on the Ar 2p peaks, XPS is done in a smaller energy
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Figure 3.10: XPS measurement of Ar in Cu(001) sample for four different annealing
procedures: (I) no annealing, (II) annealing up to T = 1000 K, (III) annealing at
T = 1050 K, (IV) annealing at T = 1075 K. The Ar 2p3/2 (left) and 2p1/2 (right) peaks
are indicated by the vertical stripes. For the better visibility a vertical offset has been
applied to the curves. The cross-section on the right shows an explanatory sketch of the
four different situations where the grey (black) circles represent copper (argon) atoms.

range and for a longer measurement time. The argon is implanted by sputtering the
Cu(001) crystal with a sputtering voltage of 5.0 kV for 35 minutes. After sputtering
the sample is annealed sequentially. The results are shown in figure 3.10. Four different
measurements are displayed in the graph:

− I: sample after sputtering as described above;
− II: sample after annealing up to T = 1000 K for 5 minutes;
− III: sample after additional annealing at T = 1050 K for 15 minutes;
− IV: sample after additional annealing at T = 1075 K for 20 minutes;

On the right the corresponding cross-sectional situations are sketched. After only sput-
tering of the sample (I) the argon nanocavities are supposed to be small, in a large
quantity and distributed in the Cu(001) crystal. After annealing (II and III) the argon
aggregates and forms bigger nanocavities, though also part of the argon is lost by dif-
fusion to the surface. When the annealing temperature (IV) is too high, no argon is
detected and is supposed to be diffused to the surface. This can be seen in figure 3.10
(IV) where no peaks can be observed.

Also a clear shift in the binding energy of both Ar 2p peaks can be seen in figure
3.10 for measurement I to III. This shift is also observed by Biswas et al. [33]. They
conducted an XPS and LEED study on argon-sputtered Al(111) and also the formation
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of subsurface argon-filled nanocavities is expected as is the case in this thesis. The
systematic shift in the Ar core level binding energy is related to an increase in size of
the subsurface nanocavities.

Both Citrin et al. [34] and Watson et al. [35] have studied the core level shift of noble
gas atoms implanted in noble metals. The shift of the core level binding energy, ∆Ebin,
can be defined as [34]:

∆Ebin = E0
bin(gas)− E0

bin(implanted) (3.1)

where the superscript 0 indicates that all energies have the same reference energy level
(as discussed by Watson et al. [35]). The shift is thus the difference between the binding
energy of argon in gas phase and the binding energy of argon filling a nanocavity
implanted in a metal. The gas phase binding energy of the 2p3/2 and 2p1/2 peak is
respectively 248.4 eV and 250.6 eV [33]. As can be seen in figure 3.10, Ebin(implanted)
has a lower value than Ebin(gas).

According to Watson et al. [35], two phenomena account for this shift. The first
contribution is the so-called chemical shift. The chemical shift is due to the compression
of an Ar atom when it is implanted, compared to the size of the atom in gas phase.
Especially the outer electron wavefunctions of the atom are compressed, resulting in an
increase in the Coulomb repulsion between the core and outer electrons. This repulsion
lowers the binding energy of an atom in a nanocavity.

The other contribution is the screening contribution, which is a consequence of using
XPS. During XPS a photon is absorbed by a core electron in the Ar atom and this
electron is then emitted, leaving a hole. The Ar ion is then positively charged after the
photoemission. In response to the positive charge surplus, conduction electrons in the
metallic crystal act to screen the hole. These electrons lower the effective attractive
potential of the nucleus and therefore lower the binding electron of the core electrons.
When the size of a nanocavity increases, the screening of Ar holes by the conduction
electrons from the metal becomes less effective. The binding energy of the argon core
level hence rises for larger size. This can be observed in figure 3.10, since the binding
energy is increased for situation I to III.

Beside the result that XPS measurements prove the presence of argon, it also confirms
that bigger nanocavities should be observed for longer annealing time. Biswas [33]
already showed that Ar nanocavities increase in size as a function of sputtering voltage.
Both trends correspond to the bigger interference patterns in conductance maps that
are observed for higher sputtering voltage and longer annealing time.

XPS measurements on a Ne in Cu(001) sample showed a very low signal and He cannot
be detected by XPS due to its low atomic number.
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3.3 Observed Interference Features

In section 2.2 four different operational modes are described. These modes are used to
characterize the nanocavities. In these modes different features can be observed that
will be described below:

Characterization mode Observed features
Constant current mode Shallow dip in height profile with a size larger than

the nanocavity.
Constant height mode Square pattern with sides along the [110] and[

110
]

directions. When atomic resolution is
achieved, a superstructure is visible in the 〈100〉
directions.

Scanning tunneling spectroscopy Oscillations as a function of bias voltage.
Differential conductance mapping Complex fourfold interference pattern.

3.3.1 Fourfold Symmetric Conductance Pattern

The operational mode that is described last in the above list, is the differential con-
ductance mapping mode. Figure 3.11 shows ten conductance maps of the same area
for varying bias voltage. The different patterns for nanocavities in one image can be
attributed to differences in size, shape and especially depth [7] of the nanocavities. The
depth of the nanocavity determines the width of the quantum well and thus whether
constructive or destructive interference of the electrons occurs for a certain bias voltage.
When the pattern is brighter (darker) than the surrounding Cu(001) surface, construc-
tive (destructive) interference is measured. In the middle of the patterns a fourfold
symmetry is visible. This symmetry can be related to the anisotropy of the band struc-
ture of Cu as will be explained in section 3.4. The pattern is surrounded by a contour
that is rather circular. The patterns are not affected by surface impurities, such as
surface adatoms. As a function of the bias voltage, a periodic change in the pattern
of each nanocavity can be observed, that will be discussed in the next section about
STS. In the figure the dotted box emphasizes the variation in conductance for the se-
lected nanocavity. The periodic variation is a direct proof of the presence of a quantum
well between the top surface of the nanocavity and the copper surface. For negative
bias voltage, similar conductance patterns can be observed. The observed interference
patterns in conductance maps can be simulated by Kurnosikov’s model as is shown in
appendix D.
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Figure 3.12: STS measurement on a He nanocavity in Cu(001). The dI/dV signal is
shown as a function of bias voltage. The red line shows the results of an STS measure-
ment on the Cu surface far from any nanocavity. This curve should be proportional to
the LDOS of Cu in approximation. The black line is the results of an STS measurement
centered on top of a nanocavity. The insets (a), (b), (c), and (d) are conductance maps
for 0.5 V to 0.8 V in steps of 0.1 V at I = 5.19 nA. The size of these conductance maps
is 50×50 nm. They show the corresponding periodic change in conductance.

3.3.2 Oscillations in Conductance versus Energy

Other important proof of the quantum well states is given by the STS results. A
typical result is shown in figure 3.12. In the figure results are shown for two STS
measurements: one above a nanocavity resulting in a dI/dV curve with a periodic
oscillation, and one at the Cu surface far away from any nanocavity resulting in a curve
that should be proportional to the LDOS of Cu (see equation 2.17) for low bias voltage.
The periodic change in the interference patterns in conductance maps such as figure
3.11 can be directly related to the oscillations in dI/dV signal. Namely, the differential
conductance maps show the dI

dV

∣∣
Vb

signal for every point of the map. The bright (dark)
area in a conductance map represents a higher (lower) conductance than the normal
Cu(001) surface and can be related to a dI/dV signal above the nanocavity that is
higher (lower) than the dI/dV signal of bare Cu(001) for that specific bias voltage. To
emphasize this relation, conductance maps on the He in Cu(001) sample are included
in figure 3.12.
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The depth of a nanocavity can be estimated based on STS measurements. From these
measurements the energy interval, ∆E, of one oscillation in the dI/dV signal can be
obtained. In figure 3.12 ∆E ≈ 0.2 eV. In appendix B the following equation is derived:

d =
π

∆E

∂E

∂k
(3.2)

where d is the depth of the nanocavity, E is the energy of the injected electrons and k
is the wavenumber of the electrons. The term ∂E

∂k is depending on the band structure,
E = E(k), of Cu in the [001] direction. The electronic properties of Cu will be described
in section 3.4, but in approximation an energy difference of 0.2 eV corresponds to a depth
of 15 nm. Other values can be easily calculated by applying the inverse proportionality
between ∆E and d in equation 3.2. The He nanocavity in figure 3.12 has thus an
approximate depth of 15 nm.

As can be seen in the insets of figure 3.12 the size of the interference pattern in the
conductance maps is larger than earlier results shown for Ne in Cu(001) (figure 3.6)
and Ar in Cu(001) (figure 3.4, 3.5, and 3.11). This confirms the suggestion in section
3.2 that noble gases with low atomic number have lower mass and smaller size, and
are therefore supposed to be implanted and diffuse more easily. The pattern does not
contain many details, as was predicted by the simulations in figure 3.8 for nanocavities
with large size.

However, the interpretation of the STS measurements is not as simple as is indicated
by equation 2.8, that describes the tunneling current as a convolution of the density
of states of the tip and the density of states of the sample. Namely, for negative bias
voltage the tip DOS dominates the dI/dV signal, and for positive bias voltage the
sample DOS is dominant [10, 36, 37, 38].

This effect is attributed to the energy dependent tunneling probability [38]. As is de-
scribed in figure 2.3 and equation 2.3 and 2.4, the tunneling probability is exponentially
depending on the effective barrier height, V − E, where V is the barrier height and E
is the energy of the electrons. This means that mostly electrons with E = EF tunnel
from the negatively biased electrode to the positively biased electrode [10]. Hence, for
the negative electrode a fixed contribution participates in the tunneling current, namely
filled states at Fermi level. When the bias voltage is varied, the electrons tunnel to the
empty states of the positively biased electrode as a function of voltage. Hence the DOS
of the positively biased electrode is determining the dI/dV signal.

Effectively, this means that for Vb < 0 the tip states are more dominant, while for Vb > 0
the dI/dV signal is more influenced by the empty sample states. This can be seen in
figure 3.13, which shows an STS experiment for the same He in Cu(001) sample but
now for a larger bias voltage regime. The green line (III) shows the STS experiment
above the nanocavity (II) minus the signal from the bare Cu(001) substrate (I). The
oscillations in the sample DOS are mainly observed for positive bias voltage.

This effect is also simulated by Ukraintsev [36]. Ukraintsev performed a study of LDOS
deconvolution from STS spectra and used a 1D Wentzel-Kramers-Brillouin (WKB)
approximation to simulate the process. To adequately link the dI/dV measurement
to the LDOS, different normalization methods are analyzed. A common method is to
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Figure 3.13: STS measurement on a He in Cu(001) sample. The dI/dV signal is shown
as a function of bias voltage. The black line (I) shows the results of an STS measurement
on the Cu surface far from any nanocavity. This curve should be proportional to the
LDOS of Cu in approximation. The red line (II) is the result of an STS measurement
centered on top of a nanocavity. The green line (III) is the STS measurement corrected
for the slope that is measured for the Cu(001) substrate. This line is the difference
between the red line (II) and the black line (I). The dotted lines indicate the peaks in
the oscillation of the conductance. For negative bias voltage the oscillation compared
to the bare Cu surface vanishes.

assume that the LDOS is proportional to the differential conductance normalized by
the total conductivity: dI/dV

I/V . Ukraintsev proposes a new estimate of the LDOS by
normalizing the differential conductance by its fit to the tunneling probability function
[36]. Not these methods themselves, but the simulations by Ukraintsev are interesting.

In figure 3.14 the resulting DOS is shown on the right. This is the DOS calculated for
three different methods. The input DOS of the sample is an arbitrarily chosen oscillating
function and the DOS of the tip is assumed to be constant. For all three methods, the
oscillation vanishes for negative voltages. The differential conductance at negative bias
is proportional to the tip density of unoccupied electronic states, rather than to the
surface DOS. The differential conductance is proportional to the surface DOS at positive
bias only. This input situation (left picture in figure 3.14) is in principal very similar to
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Figure 3.14: Figure from Ukraintsev [36]. On the left the input DOS are shown for
the sample and the tip. On the right the calculation of the measured DOS is shown
for three different calculation methods: the solid line is the DOS normalized by the
tunneling probability function. The dotted line is the DOS normalized by the total
conductance at constant tip-sample separation. The dash-dot line is normalized by
the total conductance that is corrected for a systematic error in the case of variable
tip-sample separation.

the nanocavity STS measurements. When the sample DOS has a periodic oscillation,
as is supposed for the quantum well induced by the presence of the nanocavity, this
oscillation is hardly reflected in the dI/dV for negative bias voltage. This simulation
confirms the observed dI/dV signal in figure 3.13.

3.3.3 Topography and Current Patterns

In figure 3.15(a) a topography image is shown for Ar in Cu(001). The height profile
(figure 3.15(c)) shows a shallow dip with a large size (≈ 13 nm). The height difference
to the average Cu surface is ≈ 0.02 nm and thus about one order smaller than a Cu step.
This dip is indicated by the black circle drawn in figure 3.15(a). This dip could be due
to surface stress caused by the presence of a subsurface nanocavity [29]. However, also
the electronic structure of the substrate in this region might be affected by the presence
of the nanocavity. At the position of the nanocavity, a smaller square pattern with
rounded corners is observed similar to the current map in figure 3.15(b). The interior
of this square in the topography map is imaged darker than the rest of the Cu(001)
surface. In the corresponding height profile an extra dip is visible. This dip is related
to reduced conductivity for destructive interference of the reflected electrons [28, 29]
for this specific bias voltage and thus this dip is not a real height difference. For a bias
voltage with constructive interference, the interior of the square in figure 3.15(a) would
be lighter than the rest of the surface and the height profile would show a virtual bump
[28, 29]. This information in topographic images is studied by Schmid et al. [28, 29] for
Ar nanocavities in Al(111). However, the noise level is relatively high for topographic
images in our work, so that no specific information can be deduced from the topography
images as was done by Schmid et al. [28, 29].
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Figure 3.15: (a) Topography map of an Ar nanocavity in Cu(001) filtered for noise.
The dotted line represents the height profile and the black circle denotes a shallow dip
of about ≈ 13 nm that is assumed to be caused by surface stress. (b) Corresponding
current map, both maps have the size of 20×20 nm (c) Height profile deducted from
(a) as marked by the dotted line. The measurement parameters are Vb = 0.007 V and
I = 23.1 nA.

On the right of figure 3.15 a current image is shown. It shows a square pattern with
sides along the [110] and

[
110

]
directions. Both the topography map in figure 3.15(a)

and the current map in figure 3.15(b) are not as detailed as the conductance map images
that are described by dI/dV (for a fixed bias voltage). Topography maps and current
maps both depend on the tunneling current, I, that is basically the integral of the
conductance map signal, dI/dV . Small variations in conductance are suppressed in the
total tunneling current. The square feature with rounded corners is visible in figure
3.15, though features within this square are hardly observed in contrast to the complex
interference patterns seen in conductance maps.

The current map in figure 3.15(b) can be compared to a simulation of such a map by
the model of Kurnosikov [7] (appendix D). An example is shown in figure 3.16. The
square with rounded corners is visible, though in the interior also a smaller square is
found, that is not observed clearly in the experimental results. Also a wavelike pattern
in the 〈100〉 direction is not observed in figure 3.15(b). However, the model can give
some insight in the relation between the nanocavity itself and the interference patterns.
According to simulations, the square pattern is mainly caused by reflection of the top
facet of the nanocavity. The model suggests that this pattern is larger than the size of
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Figure 3.16: Simulation of a current image [7]. The parameters that are used are l = 2.2
nm, δ = 0.4, γ = 0.2, and depth d=5 nm. The simulated scan area is 20×20 nm.

the square top facet with truncated corners.

When approaching atomic resolution by decreasing the tip-sample separation, new phe-
nomena are observed that will be described in section 3.5.

3.4 Injection, Reflection and Propagation of Electrons

In this section the electronic properties of the system are discussed. These properties
strongly affect the observed interference patterns. This information is essential for
understanding experimental results that are presented in the next paragraph. This
paragraph discusses the path that the electrons travel between injection and detection
by the STM tip. The analysis is divided into three parts: injection of the electrons by
the STM tip, reflection by the nanocavity, and propagation of electrons through the
bulk of Cu.

3.4.1 Injection of Electrons

As is suggested in section 2.1.3, tunneling is not a one-dimensional phenomenon. Elec-
trons tunnel through the vacuum barrier not only with the required wavevector com-
ponent perpendicular to the surface of the sample, but also with components parallel
to the surface. The distribution of wavevectors can be described rather phenomeno-
logically. In appendix C the angular dependence injection distribution is derived. The
result of the derivation is given by equation C.8:

I ∼ exp
(
− θ2

2∆θ2

)
(3.3)

where θ is the surface normal, and ∆θ is the standard deviation of the approximately
Gaussian injection distribution. ∆θ can be calculated using equation C.7. The value of
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Figure 3.17: (a) Energy diagram of tunneling is shown, similar to figure 2.3. (b,c)
Two schematic pictures on the right represent the injection distribution as a function
of energy, E, in k-space. k⊥ denotes the component of the wavevector perpendicular to
the barrier. k‖ is thus the component parallel to the surface of the sample. k∗⊥ denotes
the threshold value for which electrons can tunnel from tip to sample. The difference
between the two circular figures is the bias voltage and the resulting injection cone.
The injection cone is the grey area that denotes all wavevectors that can tunnel to the
sample. The situation of Vb = V1 and Vb = V2 with V2 > V1 are shown in the respective
images. θ1 and θ2 represent the angles of the injection cones for the corresponding bias
voltages. For a higher bias voltage, more wavevectors can tunnel to the sample and the
injection cone is wider.

∆θ can be interpreted as the effective angle of a cone in k-space along the k⊥-direction.
The derivation shows the Gaussian angular dependence of the injection distribution.

The bias voltage dependence of the injection distribution can be derived in a simplified
form. The bias voltage determines the energy of the tip relative to the Fermi level
of the sample, as can be seen in figure 3.17(a). A schematic sketch of the injection
distribution in two dimensions in k-space is shown in figure 3.17(b,c). These figures
describe the wavevectors of the filled electron states in the tip, so all electrons have
energy E ≤ EF,T , as denoted by the outer circle. When the electrons in the tip have
energy E and they are assumed to be free electrons, the relation between wavenumber
and energy is:

E =
h̄2

2m

(
k2
⊥ + k2

‖
)

(3.4)

In section 2.1.2 and figure 2.3 it is already mentioned that all electrons with EF,T−eVb ≤
E ≤ EFT

are candidates for tunneling to the sample. In figure 3.17(b,c) these electrons
are located in between the inner and outer circle. However, not only the energy of the
electrons is important but also the direction of the wavevector k.

The wavevector must have a component perpendicular to the sample surface. This
perpendicular component has to be higher than a certain threshold value k∗⊥ to pass
the vacuum barrier. This threshold value corresponds to perpendicular wavevector
component of electrons that tunnel from the energy level EF,T − eVb in the tip to EF,S

in the sample, as is indicated in figure 3.17(a). For k⊥ > k∗⊥, the electron tunnels to
empty states of the sample, thus above the Fermi level of the sample. On the other
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hand, for k⊥ < k∗⊥ all states are occupied in the sample and hence tunneling is not
possible. The grey area in figure 3.17 represents all vectors that fulfill this requirement:
k⊥ ≥ k∗⊥. This is the so-called injection cone with a characteristic angle θ. When the
bias voltage is increased in figure 3.17(b,c), more electrons are allowed to tunnel to the
sample. The injection cone widens and wavevectors with a larger parallel component
also participate in the tunneling current.

In conclusion, for a higher bias voltage, the injection distribution widens. Hence, elec-
trons can enter the substrate with a wide variety of respective wavevectors.

3.4.2 Reflective Scattering by Nanocavity

When the electrons are injected, they propagate through the metallic substrate and can
be reflected by the nanocavity. In the energy diagram of figure 3.3 in section 3.1, the
potential of the nanocavity is assumed to be as high as the vacuum level. Characteristic
for a noble gas is that the most outer electron shell is considered to be full. For this
reason, noble gases rarely participate in chemical reactions. Until the noble gas atoms
are ionized to form a plasma, they are hardly conductive. Therefore, the potential is
schematically equated with the vacuum level.

In some calculations above, an infinite potential was assumed (for instance in appendix
B about the depth estimation). In that case, the wavefunction vanishes exactly at the
interface of the metallic substrate and the nanocavity. For the more realistic assumption
that the potential reaches the vacuum level, the wavefunction has a decaying tail in the
top part of the nanocavity. Consequence is that the quantum well width and thus the
depth of the nanocavity is estimated smaller than for calculations with finite potential
height.

3.4.3 Electron Propagation in Substrate

In between the injection and detection of the electrons by the STM tip, the electrons
propagate through the single-crystal substrate. As stated before, the electronic prop-
erties of the substrate have a large influence. The observed interference patterns show
a strong fourfold symmetry. This symmetry is caused by the band structure of Cu and
its corresponding focusing effect. In this subparagraph first the Fermi surface of Cu is
discussed and secondly the electron focusing is simulated.

In this section the emphasis is on the bulk electronic properties of the substrate. In
literature the role of bulk states and surface states in the observation of subsurface
structures is discussed. That nanoscale structures buried deep under the surface could
be observed, was theoretically examined by Kobayashi [25]. Crampin [39] suggests that
subsurface impurities close to the surface, should be detectable via Shockley surface
states. These states are created by the termination of the crystal at the surface. They
decay both into the vacuum and into the bulk. According to Crampin, impurity atoms
at several atomic layers below the surface could be observed by STM. However, for
structures that are located several nanometers in the bulk these surface states do not
play a role, since the amplitude decays exponentially. Bulk states form a good al-
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Figure 3.18: (a) Brillouin zone of the face centered cubic lattice with symmetry labels
for high symmetry lines and points [41]. (b) Fermi surface of Cu [42]. The arrows show
the crystallographic orientations. (c) Fermi surface of Au [42].

ternative according to Avotina et al. [18]. Quaas [40] observed that the presence of
subsurface bulk defects can create visible patterns. On the other hand, experimental
results of surface state confinement were unaffected by the presence of subsurface de-
fects. Therefore, bulk states are likely to facilitate the observation of the noble-gas-filled
nanocavities of this thesis.

Fermi Surface of Cu

Based on the Fermi surface, bulk electronic properties can be determined and the focus-
ing of electrons can be simulated. The Fermi surface, SEF

, is a constant energy surface
in k-space such that for every wavenumber on the surface the energy is the Fermi en-
ergy. In figure 3.18(a) the first Brillouin zone is shown for a face centered cubic (fcc)
lattice. The Brillouin zone is a uniquely defined primitive cell in the reciprocal space.
The symmetry is illustrated by Roman capitals for symmetry points and Greek capitals
for symmetry lines.

In figure 3.18(b) and 3.18(c) the Fermi surfaces of respectively Cu and Au are shown.
Cu and Au belong both to the category of noble metals and both have a fcc lattice.
Their atomic configuration can be characterized by a completely filled d-level subshell
and one single s-type valence electron. As can be seen in the figure, the Fermi surfaces
have a similar shape. For this reason, literature about the Au Fermi surface can also be
used to interpret features of the Cu Fermi surface. In section 4.3 Au will also be used
as substrate material.

When electrons from the tip are injected at the tip’s Fermi level, their relative energy
in the sample is E = EF,S + eVb. However, for simplicity E ≈ EF,S is assumed, so that
the Fermi surface gives information about the behavior of the electrons in Cu. Actually,
one should look at constant energy surfaces, SE , for E = EF + eVb.

For perfect free electron behavior, one would expect an ideal sphere. For most of the
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Fermi surface of Cu and Au, the sphere is only slightly deformed. However, strong devi-
ations from the free electron behavior can be found around the L-points corresponding
to the fcc 〈111〉 orientations. Around E = EF , no propagating bulk state wave vectors
kF can exist in these directions [40]. These necks represent occupied electron states up
to the edge of the first Brillouin zone and are continued in higher Brillouin zones. The
so-called neck-width represents the minimum deviation of kF from the 〈111〉 directions
that allows for a bulk state kF vector within the first Brillouin zone.

For energies higher then the Fermi energy, constant energy surfaces, SE>EF
, can be

drawn on top of the Fermi surface. Thus for high bias voltage, the local maximum in
the 〈001〉 direction might touch the edge of the Brillouin zone and create new necks.
Then no unoccupied states are available in these directions. For Au this could happen
for relative lower energy increase than for Cu.

Electron focusing

The anisotropy in the constant energy surface not only leads to the dependence of elec-
tron wavelength on the direction of propagation, but also to electron focusing. Over
long distances, the electron waves are focused into characteristic crystallographic direc-
tions. In the 〈111〉 direction no propagation is possible due to the absence of electronic
states [7]. In other directions the electrons can behave as free electrons.

The directions of electron focusing can be determined using the constant energy sur-
faces. For Bloch states in the bulk, the electron wavefunction can be interpreted as a
superposition of a set of plane waves creating wavepackets. It is therefore possible to
use the idea of group velocity, vgr [43]:

vgr =
1
h̄
∇kE (3.5)

where ∇k is the gradient operator in k-space. The resulting group velocity points along
the surface normal of the constant energy surface [44]:

vgr⊥SE (3.6)

Based on these group velocity vectors, the directions can be found along which the
propagating electrons concentrate over large distances. The intense electron propaga-
tion directions come from flat parts of the constant energy surface which are close to the
free electron sphere. This means that these Bloch states interact weakly with the lattice
and are not hindered [45]. So such an electron focusing effect is possible in the concave
regions of the Fermi surface, that have a positive curvature. Since the bulk electron
velocity is oriented normal to the Fermi surface, it becomes clear that the focusing is
especially high where the energy surface normal, n, is parallel to the vector from the
origin of the k-space to the position on the energy surface, r .

In figure 3.19 cross-sections of the constant energy surfaces are shown: in (a) the Fermi
energy of Cu [46] and in (b) the constant energy surface of E = EF +1 eV for Au [47]. In
figure 3.19(a) arrows are drawn that represent surface normals. Two dark grey arrows
show possible focusing directions: an arrow in the direction of K, the crystallographic
〈110〉 direction, and an arrow close to the direction of U ,

〈
1
4

1
41

〉
.
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( a ) ( b )

Figure 3.19: (a) Cross-sectional view of the Fermi surface of Cu [46], where the dashed
line is the free electron sphere. The arrows represent several surface normals. (b)
Cross-sectional view of the constant energy surface for E = EF +1 eV for Au [47]. The
symmetry labels and the corresponding crystallographic orientations are shown in the
picture.

In figure 3.19(b) a cross-sectional view of a constant energy surface for Au is shown
[47]. Although the energy E = EF + 1 eV is not corresponding to the Fermi surface
as shown in figure 3.18(c), this diagram may give information that is applicable to
electron focusing in Cu, since its shape is very similar. As can be seen in the figure,
not only necks are present in the 〈111〉 direction, but also along the 〈100〉 direction.
According to Garcia-Vidal et al. [47], electrons focus in the direction of K, i.e. the 〈110〉
direction, and close to the direction of U ,

〈
1
4

1
41

〉
, similar to Cu. In these directions,

the constant energy surface is rather flat, and the current density is enhanced for these
vectors. According to calculations [47], the electrons propagate within a cone having
approximately a semi-angle of 8◦ as is shown in the figure. Garcia-Vidal et al. calculated
that for this Au constant energy surface, the current intensity in the

〈
1
4

1
41

〉
direction is

higher than in 〈110〉 direction. This is inconsistent with results by Dähne-Prietsch et
al. [45], who state that for the same constant energy surface of Au the propagation in
the 〈110〉 direction is more intense than in the approximate

〈
1
4

1
41

〉
direction.

To obtain a conclusive answer to what direction the electron focus most, the focusing
effect based on the Fermi surface is simulated. Moreover, from figure 3.19 can be
concluded that the exact direction of focusing in the direction close to U is not given by
Jepsen et al. [46] or Garcia-Vidal et al. [47]. A better approximation of this direction
might be given by calculations. Furthermore, in real experiments the focusing will
probably not be limited to exactly calculated directions, but also directions close to
these perfect directions. This might be interesting to know, since close to the surface
the electronic properties may deviate from perfect bulk behavior.

Thus to gain more insight into the electron focusing in Cu, simple calculations have
been done based on the Fermi surface shown earlier in figure 3.18(b). Choy et al. [42]
derived this Fermi surface for several elements of the periodic table by ab initio elec-
tronic structure calculations using the LCAO (Linear Combination of Atomic Orbitals)
method. They built a database of Fermi surfaces in Virtual Reality Modeling Lan-
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guage (VRML). This database also contains the Fermi surface of Cu that is adapted in
this thesis to provide information about electron focusing in Cu. For this purpose, the
VRML file is converted to MATLAB. The results are shown in figure 3.20, figure 3.21
and figure 3.22. The pictures of the Fermi surface consist of 24 ·103 triangular surfaces.
As can be seen, only the top half of the Fermi surface is plotted. Artifacts are visible
at edge of 〈111〉 necks and clearly the resolution is limited due to number of triangular
surfaces.

For each triangular surface, indexed by i, the surface normal ni is calculated. Also the
vector from the origin to the surface element is derived, the position vector: ri. To show
the candidate areas on the Fermi surface for electron focusing, the angle αi between the
surface normal and the position vector is calculated:

αi = arccos
(

ni · ri

|ni| |ri|
)

(3.7)

For αi = 0 the k-vector points in the same direction as its vgr, and thus for this direction
the electrons can propagate over large distances in a perfect crystal. To investigate in
which directions electron focusing occurs, first the Fermi wavevectors are calculated
that fulfill αi ≈ 0. These wavevectors are selected by defining an angle, αmax, that is
the maximum deviation from the perfect direction given by α = 0. In a perfect crystal,
electrons would propagate along directions with α = 0 over long distances. However,
for propagation over relatively short distances in a real crystal, electrons could deviate
from the ideal focusing directions. Moreover, electronic properties close to the surface
deviate from bulk behavior. Therefore, simulation have been done for different values of
αmax. All wavevectors that fulfill αi < αmax, form areas that are candidates for electron
focusing. However, only concave regions have electron focusing over long distances. So,
whether the selected areas are maxima, minima or saddle points on the Fermi surface
determines if indeed focusing occurs for these directions.

In figure 3.20 light areas are plotted that fulfill the condition α < αmax. In the top figure
αmax = π

90 , in the middle αmax = π
60 , and for the bottom picture goes αmax = π

30 . These
values of αmax represent to what extent the electron focusing is non-ideal, though are
arbitrarily chosen. In the direction of 〈110〉 the areas is larger than in the approximate
direction of

〈
1
4

1
41

〉
. For αmax = π

30 the condition is that weak that cones are formed
around the 〈111〉 necks. This might be the case if not the optimal condition α = 0 is
achieved in a non-ideal substrate. For αmax = π

60 and αmax = π
30 , also in the 〈001〉

direction a flat area is discovered. However, this spot is clearly a local maximum of
the surface so that all neighboring velocity vectors will not focus towards the 〈001〉
direction, but deviate from that direction.

In figure 3.21 the crystallographic orientations are added to a part of figure 3.20(a).
One can clearly see that the

〈
1
4

1
41

〉
vector does not match to a focusing candidate area,

but that the
〈

35
100

35
1001

〉
orientation is a better approximation.

The question remains whether the 〈110〉 direction and
〈

35
100

35
1001

〉
direction are minima

or saddle points on the Fermi surface of Cu. A minimum would indicate that all
neighboring velocity vectors would point towards this direction and electron focusing
would occur. For a saddle point, however, only part of the neighboring vectors point
toward that specific direction, and another minimum is present along which direction
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Figure 3.20: Fermi surface of Cu with light areas plotted that fulfill α < αmax. In
the top figure αmax = π

90 , in the middle αmax = π
60 , and for the bottom picture goes

αmax = π
30 .
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Figure 3.21: Zoomed in part of figure 3.20(a). The crystallographic orientations are
added to this picture.

Figure 3.22: Plot of vectors, si, that represent the difference between the unit surface
normal vector and the unit position vector.

essentially also these electrons will focus. For this reason, in figure 3.22 vectors, si, are
plotted that represent the difference between the unit surface normal vector and the
unit position vector:

si =
(

ni

|ni| −
ri

|ri|
)

(3.8)

Thus si shows the relative direction in which the electrons are forced in k-space. In
figure 3.22 these vectors are scaled and only printed for every 10th triangular surface.
The conclusion that can be drawn from the figure is that the 〈110〉 direction is a local
minimum to which all electrons would be focused eventually, and that the approximate
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〈
35
100

35
1001

〉
direction is a saddle point. Therefore, for the 〈110〉 direction strong electron

focusing occurs, while for the
〈

35
100

35
1001

〉
weak electron focusing occurs.

A final comment should be made at this point. The analysis performed above is based
on a perfect Fermi surface of Cu. Close the sample’s surface, the band structure of Cu
could be affected and the conclusion about favorable electron focusing directions could
be merely an indication that can be used to interpret experimental data.

3.5 Apparent Superstructure in 〈100〉 Directions

3.5.1 Atomic Resolution Revealing New Features

When atomic resolution is approached in current maps, new interference features are
revealed. These features are observed for Ar and Ne in Cu(001) as is shown in figure
3.23. Additional results are shown in appendix A in figure A.1 and A.2. The atomic
grid of Cu(001) is clearly visible in the [110] and [110] direction. For instance in figure
3.23(c) the grid can be seen as horizontal and vertical lines that are equally spaced
all over the image. To obtain this atomic resolution, low bias voltage has been used,
Vb < 100 mV, and high current has been set. The STM tip is then close to the surface.
For negative bias voltage also these features can be observed. First the observations
are listed, that afterwards will be explained.

Beside the atomic grid, also a square is visible with sides along the [110] and [110]
direction and rounded corners, as already described in figure 3.15(b). Remarkable are
the diagonal beams of a repeating pattern that can be observed in figure 3.23(a,b,c).
In figure 3.23(c) this repeating pattern seems to consist of ”highlighted” surface atoms.

The pattern appears to be a superstructure of surface atoms and is always directed
in the 〈100〉 directions. The patterns are relatively long range (> 10 nm) and consist
of up to 4 repetitions of the apparent superstructure. A schematic representation of
the observation is shown in figure 3.23(d). The white squares represent the normal
Cu surface atoms. A clear c2 × 2 superstructure can be recognized, denoted by the
black squares. This apparent superstructure is repeated multiple times in the 〈100〉
direction. However, between two repetitions a shift in rows is present, as can be seen
in the figure. Grey lines are drawn as guide to the eye. Another striking feature is that
in both figure 3.23, figure A.1 and figure A.2 the pattern beams are observed in 1, 2,
3, and 4 directions: often only one beam is seen, two opposite beams or two adjacent
beams, sometimes three beams and even if four beams are observed. The number of
repetitions per beam may vary. One should be aware that the number of beams for the
same nanocavity can vary in time. This is observed in images that were successively
measured. Remarkable is that for multiple nanocavities in one image, all patterns show
the same number of beams, as for example in figure 3.23(a). As is shown in figure A.2,
the pattern beams of several nanocavities can overlap without cross-talking.

Before an explanation can be given of the above-mentioned observations, one should
take notice of an additional observation, that is made during the same experiments.
When lowering the bias voltage and increasing the set current, atomic resolution is
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Figure 3.23: Current maps with atomic resolution for (a),(b) Ar in Cu(001) (20×20
nm) and (c) Ne in Cu(001) (10×10 nm), which is a zoom of figure A.2(b). (d) General
schematic picture that shows the c2 × 2 superstructure (black squares) on top of the
crystal grid (white squares). The grey lines indicate the shift in rows. In the bottom
right corner the unit cell of fcc Cu is denoted by grey circular atoms. The black diamond
denotes the edge of the unit cell with sides that have the length of the lattice constant of
Cu. The measurement parameters are (a) Vb = 0.009 V and I = 23.1 nA (b) Vb = 0.046
V and I = 23.9 nA (c) Vb = 0.007 V and I = 42.3 nA.

achieved as shown above and an apparent superstructure is seen. Before these patterns
are detected, an intermediate state is observed with emerging atomic resolution but no
apparent superstructure yet. The results are shown in figure 3.24 and in figure A.3 in
appendix A. Ripples in the 〈100〉 directions are visible in the same position as where
the superstructures appear. A remarkable difference between two subsequent images is
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Figure 3.24: Current map for Ar in Cu(001) sample. The images are subsequently
acquired. A change in the orientation of the ripples is observed. The size of the left
image is 20 × 20 nm measured at Vb = 0.042 V and I = 23.1 nA while the size of the
right is 20× 15.6 nm measured at Vb = 0.091 V and I = 20.4 nA.

shown in figure 3.24: the direction of the ripples is changed by 90◦. Surface adatoms
are reference points to ensure a constant orientation of the STM tip with respect to
the sample. In between the two images, the sample has slightly touched the sample’s
surface, for which reason the bottom part of the right image is removed.

3.5.2 Moiré Pattern

The explanation of above findings is that the ripples in the 〈100〉 directions form a
Moiré pattern together with the atomic grid. This shown in figure 3.25. The Moiré
pattern is build up by two components:

− The ripples that is an interference pattern similar to earlier patterns, as for instance
described in figure 3.15(b). The ripple is caused by electrons that are reflected by
the nanocavity. These ripples are shown in figure 3.24 and figure A.3. The ripples
have wavelength λ1 and are denoted by the grey lines in figure 3.25.

− The interatomic distance λ2 in the 〈100〉 direction. This distance is λ2 = a, where
a is the lattice constant of Cu.

When the antinodes of the ripple correspond to an atomic position, this atom is more
pronounced in the STM image, as is schematically in shown in figure 3.25. This results
in a beat wave of repeating 2×2 superstructures in the 〈100〉 direction with wavelength
Λ. This wavelength is defined by the Moiré formula:

1
Λ

=
∣∣∣∣

1
λ1
− 1

λ2

∣∣∣∣ (3.9)

where the absolute value is taken from Λ, because the sign of Λ is only depending on
whether λ1 or λ2 is larger. At distances of nΛ where n is an integer, a c2× 2 apparent
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Figure 3.25: Moiré pattern formed by ripples in the 〈100〉 direction and the atomic grid.
The ripples are denoted by the periodic grey lines with wavelength λ1. The atomic grid
is represented by the white squares. The interatomic distance in the 〈100〉 direction
is given by λ2. The resulting Moiré pattern has wavelength Λ. This is the distance
between two successive repetitions of the c2 × 2 superstructure that have the same
phase. In between a superstructure is visible that is out of phase with regard to the
other superstructures.

superstructure is shown. In between, at a distance of
(
n + 1

2

)
Λ, a c2×2 superstructure

is observed with a shift in rows due to the phase shift of half a phase in the resulting
beat wave. This phase shift is easily observed by the grey diagonal lines that are added
to the figure.

The explanation of the superstructures as a Moiré pattern, can be supported quali-
tatively. In figure 3.26 a zoom of a current map is shown. The ripples in the 〈100〉
direction are clearly visible. On the right a current profile is included along the 〈100〉
direction. From this current map the wavelength of the 〈100〉 ripple can be derived:
λ1 ≈ 0.33 nm. Via peaks in the FFT spectrum, the lattice constant of Cu can be
obtained: λ2 = a ≈ 0.35 nm. This is in quite good correspondence to the literature
value: a = 0.361 nm [41]. The difference between this literature value and the experi-
mentally obtained value can be explained by a miscalibration of the length scale in the
STM setup. These experimental values give a beat wave with Λ ≈ 5.7 nm. This is
a reasonable estimate of the measured Λ ≈ 5.5 nm, that is acquired in figure 3.23(c).
As can be easily seen from the form of formula 3.9, λ1 ≈ λ2 will give Λ >> λ1, λ2

and therefore Λ is also very sensitive to the size of |λ1 − λ2|. This sensitivity might
affect the accuracy of the estimate of Λ, though the calculated and observed value in
reasonable correspondence.

The remaining question is what the cause of the observed ripple in the 〈100〉 direction.
These ripples can be explained as an interference pattern that is caused by reflection



58 Chapter 3 Subsurface Nanocavities

d i s t a n c e  ( n m )

l 1

I (n
A)

Figure 3.26: On the left a zoom of a current map for Ar in Cu(001) (9.6 × 7.3 nm)
measured at Vb = 0.015 V and I = 21.6 nA. On the right the current profile of the
ripple in the [100] direction is shown. The periodicity of the ripple is schematically
depicted by the black line above the current profile.

of the {101} facets of the nanocavity. As is discussed in section 3.4, the electrons are
strongly focused in the 〈101〉 directions. A schematic picture of this phenomenon is
shown in figure 3.27. Since the surface normal of the {101} facet and the electron
focusing are in the same direction, the situation corresponds to perpendicular reflection
of electrons by the {101} facet.

However, this explanation does not cover all observations yet. The experimental obser-
vations made above, show that the apparent superstructure pattern is not always visible,
or is visible in 1, 2, 3, or 4 directions. The number of these beams can vary in time as
is observed for successive measurements on the same nanocavity. These observations
can be explained by a nonuniform electron injection distribution by the tip. This could
be due to an irregular shape of the tip and tip states. Changes of the Moiré pattern
can be related to changes in tip state that can lead to the appearance/disappearance of
extra observed beams while keeping the atomic resolution. These facts prove that the
observed c2× 2 superstructure is not intrinsically inherent to the atomic arrangement,
but a tip-dependent electronic effect that results in a Moiré pattern. The injection and
detection of the electrons depends on the state of the tip. In conclusion, the apparent
superstructure is a Moiré pattern, of which the detection is tip-dependent.

3.5.3 1D Calculation on the Moiré Pattern

Based on the schematics of figure 3.27, a one-dimensional calculation can be performed.
The figure shows an extremely simplified model of the interference pattern in the 〈100〉
direction. It assumes only perpendicular reflection by the nanocavity as is discussed
above. A quantum well is formed between the tip and the {101} facet of the nanocavity.
The quantum well states are diagonally pictured in figure 3.27. The interference between
injected and reflected electron wavefunctions can now be calculated. The objective is
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Figure 3.27: Schematic figure of injection and detection of electrons by the STM when
moving along the 〈100〉 direction. The electrons causing the 〈100〉 ripple are reflected
by the {101} facet and are focused in the 〈101〉 direction. x is the parameter that
represents the coordinates of the wavefunction when it travels in the substrate and x′

denotes spatial coordinate at the sample surface. I(x′) is the tunneling current measured
by the STM tip when scanning in the 〈100〉 direction. λ1 is the wavelength of the ripple,
similar to figure 3.23(d), figure 3.25 and figure 3.26.

to derive the tunneling current that the STM tip measures when scanning along the
〈100〉 direction.

In figure 3.27 x is the parameter that represents the coordinates of the wavefunction
when it travels in the substrate. The wavefunction ψ(x) traveling from tip to nanocavity
and back can be ”observed” at the surface as ψ(x)|x=s where s is the distance to return
to the surface. The distance is a function of the tip position defined by x′ which
is the spatial coordinate at the sample surface. The resulting wavefunction that has
returned to the tip can be written as a function of x′. The total assembly of standing
wavefunctions that have returned to the tip for all x′ can be derived by ψ(x)|x=s =
ψ(s) = ψ(s(x′)). For different tip positions, x′, the total assembly of ψ(s(x′)) can
be replaced by a virtual wavefunction at the sample surface. This is the effective
wavefunction that is observed when scanning over the sample surface, and results in
the tunneling current I(x′).

The wavelength of this virtual wavefunction ψ′ is λ′ =
√

2λ. The condition for standing
waves between tip and nanocavity is (nλ)/2 = s/2 where n is an integer. Since the
current measured by the tip is I(x′) ∼ |ψ′(x′)|2 as is described by equation 2.6, the
wavelength of the current pattern, defined as λ′′, is:

λ1 =
λ′

2
=

λ√
2

(3.10)
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The value of λ can by found in literature via k = 2π
λ . The wavenumber can be found

by band structure calculations, E = E(k), for a specified energy E. In this case the
energy of the injected electrons is E = EF,S +eVb, where EF,S is the Fermi energy of the
sample and Vb is the bias voltage. Compared to EF,S , Vb is relatively small: |Vb| < 100
mV. The bias voltage is low to have a small tip-sample separation and thus to obtain
atomic resolution. In most cases, the bias voltage is even smaller than 15 mV.

The value of k in the 〈101〉 direction can be found in Burdick [41]. In 1963, he computed
the energy for 2048 points in the Brillouin zone of Cu. These calculations were carried
out for six bands at and immediately below the Fermi energy and for energies up to
tens of eV above Fermi energy. The energy bands, Fermi surface, and density of states
were determined by the augmented plane wave (APW) method. The point in the
〈101〉 direction closest to Fermi level is k = π

4a(4, 4, 0) where a is the lattice constant
of Cu. The absolute value of the wavenumber is therefore |k| = 0.123 · 1011 m−1

and the wavelength λ = 0.51 nm. Now λ1 = λ√
2

= 0.36 nm. One can also derive
k from E(k) = EF + eVb by interpolation. The results are for Vb = 0 mV that k =
π
4a(4.16, 4.16, 0) and λ1 = 0.348 nm resulting in Λ = 9.2 nm. For Vb = 100 mV the value
is k = π

4a(4.13, 4.13, 0) and λ1 = 0.345 nm resulting in Λ = 7.5 nm. Both values are in
reasonable correspondence to the experimental values. What should be noted is that
there is a small miscalibration of the length scale in the STM images, as already noted.
In figure 3.26 the lattice constant of Cu is estimated to be a ≈ 0.35, while Burdick [41]
calculates the lattice constant as a = 0.36127 nm. Furthermore, this one-dimensional
model is based on rather crude assumptions and may hence deviate from the complex
interference of the electrons in three dimensions.

The wavelength λ1 is only depending on wavenumber k of the injected electrons in
this simplified case. Since the bias voltage in atomic resolution measurements is small,
the energy of injected electrons is equal in all atomic resolution experiments in first
approximation, implying that the wavelength of the observed interference patterns in
the 〈100〉 direction is constant. In approximation, this is confirmed by experimental
results in figure 3.23 and figures A.1 and A.2 in appendix A.

Since the bias voltage has to maintained at low value for atomic resolution, one is not
able to vary Vb on a large scale to obtain large variation in the Moiré pattern wavelength,
unfortunately. Experimental results for a relation between Vb and Λ would support the
explanation of the apparent c2× 2 superstructure as a Moiré pattern. Also the number
of repetitions of the c2× 2 superstructure in the 〈100〉 direction is limited (≤ 4).

In conclusion, this one-dimensional calculation provides of value of the wavelength, λ1,
of the ripple that is close to the experimentally observed wavelength. Furthermore, this
value should be approximately constant for all experiments which corresponds to the
observations.

In figure 3.28 a simulation of the apparent c2×2 superstructure by Kurnosikov’s model
[7] is shown. Basically this simulation is a combination of the simulated current map
in figure 3.16 and an atomic grid that has been added to the model. The model is
described in appendix D. The pointlike dots represent Cu atoms at the surface. In the
bottom left corner white circles represent atoms that are more conductive than others
and are thus more ”highlighted”. The model is able to reconstruct the apparent c2× 2



3.5 Apparent Superstructure in 〈100〉 Directions 61

Figure 3.28: Simulation of a current map with atomic resolution above a nanocavity.
All dots represent atoms of the Cu surface. Similar to the experimental observations,
some atoms have an enhanced conductance compared to others. In the bottom left
corner these atoms are replaced by white circles to make the resulting pattern easily
observable. The simulation shows the apparent c2 × 2 superstructure. Grey lines are
placed as guide to the eye to show the phase shift, as is discussed earlier.

superstructure. Also the pattern is repeated in the 〈100〉 direction. Furthermore, the
phase shift is clearly present as denoted by the grey lines that are a guide to the eye.
However, the resulting pattern deviates from results shown in figure 3.23(a,b,c) and
the schematic representation in figure 3.23(d). In between the repetitive areas with the
apparent superstructure two rows of highlighted atoms (white circles) are visible that
connect the respective superstructures. This is not observed in the experimental results.
A possible explanation could be that the phenomenological model assumes sphericallike
wavefronts [8] while flat wavefronts are observed in e.g. figure 3.24 and A.3.

In conclusion, the Moiré pattern opens a new avenue for the investigation of electron
propagation as is discussed in section 3.4. To my best knowledge, Moiré patterns ob-
served by STM, are only caused by pointlike systems (0D reflectors), line defects (1D
reflectors) or layers with varying lattice constant (2D reflectors). Subsurface nanocavi-
ties with nanoscale size are new 3D reflectors. Due to their shape and size, these systems
can give new insights in the research of electron propagation in metallic crystals. The
Moiré patterns and its tip-dependent detection will be described in a new article [8].
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Chapter 4

Outlook on SP-STM

4.1 Introduction to SP-STM on Magnetic Nanostructures

When the STM tip is magnetized, Spin-Polarized Scanning Tunneling Microscopy (SP-
STM) can be applied on a magnetic sample, as is discussed in section 2.3. The tunneling
current, I, and its derivative, dI/dV , are dependent on the magnetization of tip and
sample and the angle between the magnetization orientations. A rich diversity of mag-
netic structures can be studied on nanoscale and even on atomic scale. The key element
of SP-STM is to relate changes in the tunneling current (or its derivative) to magnetic
changes in the sample. Figure 4.1 shows two possible methods to observe magnetic
contrast by SP-STM. First, one can switch the magnetic orientation of either tip or
sample in time as is described in figure 4.1(a). This can be done by applying an exter-
nal field to the tip or sample, though the STM setup used in this work is not equipped
for this purpose. The second possibility is to measure magnetic contrast for different
positions on the sample as is illustrated in figure 4.1(b). In this figure an example is
shown of nanoislands that possibly have opposite magnetic orientation and thus mag-
netic contrast can be observed between different islands. This chapter starts with a
discussion of such systems that consist of a metallic substrate on which ferromagnetic
nanoislands are deposited. These nanoislands can be several monolayers high and have
a lateral size of several nanometers. These systems are extensively studied in literature,
and the growth of the islands will be reproduced in this chapter without performing
spin-polarized measurements.

The system of these separated magnetic nanoislands bears a strong resemblance to bits
of a hard disk. For this reason, SP-STM on magnetic nanostructures is relevant for the
development of high-density magnetic data storage. Wiesendanger et al. [48] were the
first to show SP-STM in topography mode, which can be compared to ”reading out”
bits. Recently, Krause et al. [49] showed the possibility to increase the probability of
one orientation of a magnetic bit by injection of a spin-polarized current, in this case
Fe nanoislands on W(110). This mechanism might be developed to a switching tool
that can be used for the ”writing” of bits. The storage density of e.g. Co nanoislands
on Au(111) could go up to 1012 bits/cm2, which is far higher than current hard disks
[14, 50].

63
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Figure 4.1: Schematic figure of SP-STM on a sample consisting of a substrate with
nanoislands on top. In this figure in-plane magnetization is assumed, though the same
example can be applied to any magnetization. (a) When the magnetization orientation
of either tip or sample is changed, a magnetic contrast is obtained as a function of time.
In this example the magnetic orientation of a ferromagnetic nanoislands is switched. (b)
One can also obtain magnetic contrast with SP-STM when different positions on the
sample have a variation in magnetic orientation. An example is the opposite orientation
of two magnetic nanoislands as can be seen in the figure.

SP-STM on magnetic nanoislands has to be performed at liquid He temperature (T ≈ 4
K). Namely, for ferromagnets such as Fe and Co that are mentioned above, below
the Curie temperature, TC , the material has a spontaneous magnetization. For large
structures, the magnetization orientation varies per domain. Bansmann et al. [50]
state that nanoislands are below the critical dimension of the formation of domains.
This means that every nanoisland below TC is a single magnetic domain. However, the
magnetization direction is not stable for temperatures above the blocking temperature,
TB. In the temperature regime TB < T < TC the ferromagnetic nanoislands do have a
spontaneous magnetization, though its orientation might flip in time from one direction
to the other. This behavior is called superparamagnetism and occurs when the so-
called anisotropy energy is overcome by, e.g., thermal fluctuations. The anisotropy
energy is the product KV , where K is the anisotropy per unit volume and V is the
volume. Below TB, the magnetization orientation is stable. For magnetic nanoislands
the consequence is hence that SP-STM must be done at liquid He temperature, since
the blocking temperature is very low due to the small size of the nanoislands.

This low temperature requirement prevents so far a practical implementation of these
systems as hard disks. On the other hand, the fundamental interest in magnetic prop-
erties of the nanoscale islands is large. As they have a limited size, their magnetic
properties should be in between the characteristics of a single atom and bulk material
[50]. The evolution of magnetism from a microscopic regime to a macroscopic scale is
therefore studied, as for example by Izquierdo et al. [51] and Shen et al. [52]. For
systems of a few nanometers in size, the magnetism changes from a more ”microscopic”
regime to a more ”macroscopic” regime [51]. For a scientific point of view, a study on
nanoisland magnetism could help in understanding phenomena like electron delocaliza-
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tion and the hybridization effect [51], since these properties belong to the bulk regime
and not to separate atoms. This transition in magnetic behavior makes nanoisland
magnetism a complex topic, which is beyond the scope of this thesis. Furthermore,
nanoislands contain a relatively high number of surface atoms compared to bulk atoms,
which also influences the magnetization of the islands. A theoretical review about the
magnetic and structural properties of nanoislands is written by Bansmann et al. [50],
who also include experimental results.

When the above-mentioned system of ferromagnetic nanoislands is covered by layers
of substrate material, one could speak of subsurface nanoislands. A parallel can be
drawn between this system and the subsurface noble-gas-filled nanocavities (chapter 3).
These subsurface nanoislands could reflect electrons similar to the nonconductive noble
gas nanocavities. This opens up the possibility to observe interference patterns caused
by subsurface metallic nanoislands. With a magnetic tip and a ferromagnetic subsur-
face nanoisland one could even investigate the influence of spin-polarization on these
patterns. To my best knowledge such research has never been presented in literature.

The ultimate goal is thus the investigation of the influence of spin-polarization on inter-
ference patterns caused by reflecting subsurface magnetic nanoislands. This objective
can be decomposed into two components. One objective is SP-STM on magnetic nanois-
lands on top of the substrates. The other objective is observation of the reflection by
subsurface metallic nanoislands. In both cases, no SP-STM measurements have been
performed. Due to time constraints and problems with the STM setup, only growth
results at T ≈ 77 K have been reproduced in this thesis.

Section 4.2 focuses on the first component: magnetic nanoislands on top of the substrate.
Several systems of nanoislands on metallic single-crystal substrates are selected that are
good candidates for testing the SP-STM technique itself and for research on reflection
by subsurface nanoislands. The growth of these nanoislands will be reproduced and
their magnetic properties will be discussed based on literature.

Section 4.3 discusses the second component: reflection by subsurface metallic nanois-
lands. The subsurface nanoislands are grown by first depositing ferromagnetic nanois-
lands on a single-crystal substrate (similar to section ??) and secondly depositing mul-
tiple layers of substrate material on top of the nanoislands. In this section interesting
preliminary results are presented on subsurface metallic nanoislands.

4.2 Nanoislands on Single-Crystal Substrates

For studying nanomagnetism by SP-STM, this chapter focuses on four different systems
that are the combinations of two ferromagnetic materials, Fe and Co, and two single-
crystalline substrates, Cu(111) and Au(111). These systems might be used later as
subsurface nanoislands for investigating interference patterns caused by reflection of
unpolarized and spin-polarized electrons. The Fe and Co are deposited by Molecular
Beam Epitaxy (MBE). In conclusion, the systems that will be discussed in the following
section are:

− Co and Fe nanoislands on Cu(111)
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− Co nanoislands on Au(111)
− Fe nanoislands on Au(111)

First, the system of Co nanoislands on Cu(111) is a good candidate to test a possible
magnetic tip, since both the growth and magnetic behavior are well described in lit-
erature [50, 53, 54, 55, 56, 57]. With such a sample, new SP-STM measurements can
be compared to literature and thus the magnetic tip can be characterized. SP-STM
results by Pietzsch et al. on Co nanoislands on Cu(111) have already been reproduced
by Sicot (as in [58]) and Kurnosikov (as in [7]) in our STM setup. At liquid helium tem-
perature, they showed spin-polarized results for magnetic Co nanoislands in differential
conductance maps and STS measurements. In these experiments the tungsten tip was
coated by antiferromagnetic Cr. Fe nanoislands on Cu(111) show growth properties
similar to Co nanoislands on Cu(111) [52] and are therefore discussed together with Co
on Cu(111) in section 4.2.1.

Co and Fe nanoislands on Cu(111) are randomly distributed on the surface [53]. How-
ever, when Co is deposited on Au(111), nanoislands are formed in an ordered pattern
[59]. This ordered distribution is due to self-organization of Co that is typical for the
Au(111) surface [60]. This will be described in section 4.2.2 as well as its growth and
magnetic properties that are extensively studied in literature. The specific properties
of Co on Au(111) can also be used to grow nanopillars [61]. In nanopillars, magnetic
nanoislands are stacked on top of each other and embedded in Au, which results in a
higher blocking temperature than bilayer nanoislands, due to a larger volume [61]. Our
contribution would be to study the magnetic properties of individual nanopillars with
SP-STM, which have not been done yet in literature. One could also perform SP-STM
on subsurface nanopillars.

Co nanoislands on both Cu(111) and Au(111) show out-of-plane magnetization [50, 54,
59, 62]. For Fe nanoislands on Au(111), the self-organization during growth is main-
tained [59, 63], though the magnetic properties are different than for Co nanoislands. Fe
nanoislands on Au(111) show an unexpected in-plane magnetization [64]. To my best
knowledge, this system is not yet investigated by SP-STM. Therefore, Fe nanoislands
on Au(111) might be an interesting system for new SP-STM research and is discussed
in section 4.2.3.

4.2.1 Co and Fe Nanoislands on Cu(111)

Co on Cu(111) is a well described system [50, 53, 54, 55, 56, 57]. For low amounts of
deposited Co, triangular nanoislands are formed with a height of 2 monolayers (ML)
[53]. The nanoislands vary in size and are randomly distributed over the Cu(111)
surface, since there are no specific nucleation centers on Cu(111) [53], when Cu steps are
excluded. For higher amounts of deposited material, the nanoislands expand laterally.
However, three-dimensional growth takes place before a full thin film has been deposited
[53]. The background of this growth process is discussed in appendix E.

The Cu(111) surface has a face-centered-cubic (fcc) structure, which is illustrated in
appendix F. The crystal structure of the Co nanoislands when deposited on Cu(111) can
be either fcc or hcp. In table 4.2.1 the lattice constants and interlayer spacings are shown
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Material Lattice Interlayer Surface cell
constant (nm) spacing (nm) mismatch (%)

fcc Cu(111) 0.361 0.208 -
fcc Fe(111) 0.359 0.207 -0.8
bcc Fe(110) 0.287 0.203 +3.4
fcc Co(111) 0.354 0.205 -3.9
hcp Co(0001) - 0.203 -3.2

Table 4.1: Values for Cu, Fe, and Co according to Kief et al. [53].

for Cu, Fe and Co [53]. The surface cell mismatch is compared to fcc Cu(111) which
is also presented in the table. Co has approximately the same mismatch to Cu(111)
for both fcc and hcp phase. When Co is deposited on Cu(111) there is a competition
between these two stackings [53, 54]. Since the Cu substrate has a fcc structure, the Co
nanoislands are forced in a fcc structure, though the hcp structure is favored in bulk
Co. Pietzsch et al. [54] observed both Co nanoislands on Cu(111) in the fcc phase
and hcp phase, since the triangular nanoislands with hcp structure have an opposite
geometrical orientation compared to Co nanoislands with fcc stacking. Pietzsch et al.
counted more than a thousand Co nanoislands on Cu(111) and found a ratio of 3.5 :
1. The majority of these islands is related to the fcc structure, while a minority has an
hcp structure. XPS measurements show that the contribution of hcp Co is increased
[53], when depositing more Co. For more than 5 ML, bulklike hcp stacking dominates
[56].

SP-STM results for Co on Cu(111) are given by Pietzsch et al. [54]. With a nonmagnetic
tip they first show a difference in conductance between fcc and hcp stacked nanoislands.
Since electronic, structural and magnetic differences lead to changes in the tunneling
current, one can only compare nanoislands with the same size and stacking to observe
different magnetic orientation [54]. Results with a magnetic tip are shown in figure 4.2.
For islands with equal size and same stacking an opposite magnetization direction is
observed, as is explained in the caption of the figure. Pietzsch et al. characterized their
tip with Fe on W(110) as a reference sample, which contains domains with out-of-plane
magnetization, and concluded that their tip had an out-of-plane orientation as well.
With this characterized tip they measured that the orientation of the Co nanoislands
on Cu(111) is out-of-plane. They are also able to apply an external field to switch the
magnetic orientation of all island to the same direction. An external field of ≈ 1.5 T is
needed to achieve this.

This perpendicular magnetic anisotropy for small Co nanoislands is also confirmed by
simulations by Rohart et al. [65]. They performed a micromagnetic simulation to study
the magnetic configuration in circular Co nanoislands. The simulation shows that for
circular islands with a diameter smaller than 5 nm the magnetization points out-of-
plane. For diameters larger than 9 nm the magnetization is in-plane. For diameters
in between these values the magnetization is tilted. They state that this change in
orientation is a result of the competition between dipolar coupling and magnetocrys-
talline anisotropy. The latter favors out-of-plane orientation, while the dipolar coupling
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Figure 4.2: SP-STM on Co nanoislands on Cu(111) by Pietzsch et al. [54]. A conduc-
tance map is shown for a bias voltage Vb = −0.447 V. Fcc stacked island are denoted
by F and hcp stacked island are denoted by H. One can see that islands with same size
and pointing in the same direction display magnetic contrast: F1 (H1) has a different
magnetic orientation than F2 (H2). Namely, the measured conductance on nanoislands
that have a parallel magnetic orientation compared to the tip is larger than for islands
with antiparallel magnetization. The parallel (antiparallel) Co nanoislands have hence
a bright (dark) color in these figures.

contributes to shape anisotropy that forces the easy axis to be in-plane for increasing
island size. Such switching of orientation with varying size might be very interesting to
observe with SP-STM, though this prediction is done for circular islands.

Now results are presented on the growth of Co nanoislands on Cu(111) that has been
reproduced in this work. In figure 4.3 the shape and size of typical Co nanoislands on
Cu(111) are shown. In figure 4.3(a) a typical triangular Co nanoisland can be seen.
The height profile in figure 4.3(c) belongs to the same island, and the island height
is ≈ 0.4 nm high, confirming the 2 ML height of the Co nanoislands [53]. In figure
4.3(b) one can see a 3D image of a several Co nanoislands that clearly shows that
all islands have the same height. In figure 4.3(d) it is illustrated that the triangular
shape is characteristic for almost all islands, though the size is varying strongly. The
islands seem to be randomly distributed over the Cu(111) surface. As can be observed
part of the nanoislands point upwards, while the other point downwards, which are
attributed to fcc or hcp stacking. The growth of Co nanoislands on Cu(111) has thus
been reproduced.

Finally, Fe nanoislands on Cu(111) are considered. For Fe nanoislands on Cu(111) the
growth is similar to Co nanoislands on Cu(111). Triangular islands of 2 ML high are
randomly distributed on the Cu(111) substrate [52, 53]. In literature [52, 53], the crys-
talline structure of the nanoislands can be found. The bulk crystalline structure of Fe is
body-centered-cubic (bcc). Similar to Co, the phase of Fe on Cu(111) is controlled by
the epitaxial strain. The nanoislands grow in a distorted fcc phase with an approximate
interlayer compression of 3-6 % [53]. When more than ≈ 2.3 ML of Fe is deposited, bcc
growth continues and can be described as Stranski-Krastanov (SK) growth [53].
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Figure 4.3: Growth of Co nanoislands on Cu(111): Topography map of 25×25 nm of Co
nanoisland measured at Vb = −0.3 V and I = 2.0 nA. (b) Topography map of 73×73
nm of multiple Co nanoislands in 3D view measured at Vb = 0.4 V and I = 2.0 nA.
(c) Height profile of nanoisland shown in figure (a). The small visible corrugations are
attributed to noise. (d) Current map of multiple Co nanoislands. Size of the map is
200×200 nm and the image is measured at Vb = 0.929 V and I = 2.0 nA.

Figure 4.4 shows the reproduced growth of Fe nanoislands on Cu(111). The islands are
indeed triangular, though have truncated corners. They vary in size and are randomly
distributed on the Cu(111) substrate. The island height is approximately 2 ML, as can
be seen in the height profile. These experimental results on shape and size confirm Shen
et al. [52] and Kief et al. [53].

4.2.2 Co Nanoislands on Au(111)

In section 4.2.1 the growth on Cu(111) is described and conform the experimental results
no cause for ordering of the nanoislands is given. However, it is already pointed out
that Co nanoislands on Au(111) show self-organization. Although both Cu(111) and
Au(111) have a bulk fcc structure, the surface layer of Au(111) exhibits a so-called
herringbone reconstruction [60, 63, 66]. The top surface layers are reconstructed into
domains of fcc and hcp stacking. These domains are separated by stacking faults, that
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Figure 4.4: Growth of Fe nanoislands on Cu(111): (a) Topography map of 100×79 nm
of Fe nanoislands on Cu(111) at Vb = 0.900 V and I = 2.0 nA. (b) Height profile of
nanoisland shown in figure (a).

are nucleation centers. The domains can be seen in figure 4.5(a,b,c) as the striped
structure on the Au surface and are in correspondence to literature [59, 60, 63]. In
appendix G.1 the Au(111) surface is extensively described.

Growth and self-organization of Co nanoislands on Au(111) was largely studied [59, 60,
62, 67]. In appendix G.2 the place exchange mechanism is explained that is responsible
for the self-organization: kinks as shown in figure 4.5(d) are nucleation centers for the
deposited Co [60, 66]. On these positions 2 ML high Co nanoislands grow. In literature
also the growth or higher amounts of deposited Co is described. The islands will first
coalesce in the [121] direction, forming parallel rows [68]. This happens for ≈ 0.7 ML
of Co. After 1.5 ML of Co also coalescence occurs in the [101] direction [69]. After
deposition of multiple monolayers Co will have its stable hcp structure.

According to Bansmann et al. [50] SQUID measurements show that Co nanoislands on
Au(111) also have a saturation field of ≈ 1 T and also feature perpendicular magnetic
anisotropy. Voigtländer et al. [59] couple STM measurements on the growth of Co on
Au(111) to magnetic measurements (not SP-STM). For less than 4 ML of deposited
Co they observe out-of-plane magnetization due to strong perpendicular anisotropy.
SP-STM results for Co on Au(111) are obtained by Rastei et al. [62]. Rastei shows
a change in tunneling current for Co nanoislands with opposite magnetization. This
change in tunneling current is observed as apparent change in height.

However, the blocking temperature of Co nanoislands is very low: TB ≈ 20 K [70].
Fruchart et al. [61] found a new way to increase the volume of the nanostructure and
thus raise the blocking temperature. They presented Co nanopillars in Au(111): vertical
pillars that consists of Co nanoislands stacked on top of each other. These nanopillars
are embedded in Au(111), since the growth method consists of subsequently depositing
Co and Au for several times. A schematic cross-sectional view on these nanopillars is
shown in figure 4.6. Beside the high blocking temperature, an additional advantage is
the self-organization of these nanopillars resulting in an ordered pattern. A disadvan-
tage is that the growth parameters have to be controlled precisely for the production
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Figure 4.5: (a) Current image of a bare Au(111) surface of 150×150 nm at Vb = −0.948
V and I = 2 nA, showing the herringbone reconstruction. (b) Growth of Co nanois-
lands on Au(111): Topography map of 50×50 nm of Co nanoislands on Au(111) show-
ing the self-organization and corresponding height profile (e) of three Co nanoislands.
The image is measured at Vb = 0.350 V and I = 2.13 nA. (c) Growth of Fe nanois-
lands on Au(111): Topography map of 113×113 nm of Fe nanoislands on Au(111) with
corresponding height profile (f) of three Fe nanoislands. The images is measured at
Vb = 0.900 V and I = 2.0 nA. (d) Current map of 15×4 nm of a nucleation site on the
Au(111) surface, measured at Vb = 0.948 nm and I = 5.19 nA. The nucleation site is
the kink that is encircled in the figure.

Figure 4.6: Schematic cross-sectional picture of Co nanopillars on Au(111) after
Fruchart et al. [61]. In this example the nanopillars consist of four layers of Co nanois-
lands.

of nanopillars, as was already experienced in our lab during preliminary experiments.
Fruchart et al. achieved to produce nanopillars with a diameter of 4.2 nm and a height
of 8.0 nm. Magneto-optical Kerr Effect measurements showed that the blocking tem-
perature of these pillars is ≈ 300 K. A Co nanopillar behaves as one magnetic entity [61]
and shows perpendicular magnetic anisotropy, similar to Co nanoislands. Co nanopil-
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lars on Au(111) are hence stable close to room temperature, which is a step forward to
future applications. SP-STM has not been performed yet on these systems, so it might
be very interesting to study the magnetic behavior of individual nanopillars.

In figure 4.5(b) the reproduction of the growth of Co nanoislands on Au(111) can be
seen. The nanoislands are ordered in a fixed pattern on the nucleation kinks of the
Au(111) surface as was suggested in literature. A height profile for three nanoislands is
included. The island height of Co is 2 ML similar to Co on Cu(111). All islands have
approximately the same size. The shape and size thus corresponds to Voigtländer et al.
[59].

4.2.3 Fe Nanoislands on Au(111)

The growth of Fe nanoislands on Au(111) bears resemblance to the Co nanoislands on
Au(111) as described above. Fe nanoislands also show self-organization by nucleation at
the kinks of the Au(111) surfaces [59, 63]. However, the height of the islands is ≈ 1 ML
[59, 63]. This is remarkable, since Fe nanoislands on Cu(111) and Co nanoislands on
Au(111) are both 2 ML high. As is briefly discussed in appendix E, an explanation
of this island height can be very complex due to all kinetic and energetic process that
play a role. When more Fe is deposited, the islands will coalesce in the [121] direction,
forming parallel rows [68]. This happens hence for half the amount of Fe (≈ 0.35 ML)
compared to Co, since Fe nanoislands are only 1 ML high. After deposition of multiple
monolayers Fe will relax to the stable bcc (110) phase [59].

To my best knowledge, no SP-STM results can be found in literature for Fe on Au(111).
The question can be raised whether Fe nanoislands are indeed magnetic, since they
have small size and a height of only 1 ML. One could also question the possibility
if a magnetic signal of Fe nanoislands is strong enough to be measured by SP-STM.
Ohresser et al. [64] determined the orientation of the magnetization of Fe on Au(111)
for thickness between 0 ML and 4 ML by X-ray Magnetic Circular Dichroism. For
less than 0.3 ML, the Fe forms nanoislands on Au(111) as described previously in this
chapter. Remarkably, an in-plane magnetization is measured by Ohresser. One would
expect an out-of-plane magnetization as for Co on Cu(111)/Au(111) nanoislands, based
on the large surface anisotropy. Ohresser et al. suggest that the large strain in this 1 ML
high Fe nanoislands causes an in-plane expansion of 12% in the fcc Fe nanoisland. This
strain tends to favor in-plane magnetization. Additionally, they state that at the sides
of the Fe nanoisland also surface anisotropy is induced, but then in in-plane direction.

For Fe deposition of more than 0.3 ML, the islands coalesce in the [121] direction as
described earlier in this section. The magnetization orientation then changes to the
out-of-plane direction. Ohresser et al. [64] explain this due to relaxation of the strain
and due to the fact that the proportion of edge atoms is reduced compared to the total
number of Fe nanoislands. Therefore the arguments for in-plane magnetization (as for
less than 0.3 ML of Fe) are no longer valid. Up to 3.0 ML of Fe the fcc stacking in the
thin film is maintained. When more Fe is deposited, the structure becomes the stable
bcc phase and the magnetization turns back to in-plane orientation. It would be very
interesting to confirm the in-plane magnetization for Fe nanoislands by SP-STM.
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Figure 4.7: Schematic picture of the energy diagram in one dimension of a metallic
nanoisland. The metallic nanoisland is characterized by a bulk potential that differs
from the substrate potential. Incoming wavefunctions will therefore partially be re-
flected and partially be transmitted. Reflections can also occur at the bottom of the
nanoislands as can be seen in the figure.

In figure 4.5(c,f) the growth of Fe nanoislands on Au(111) is reproduced and the ordered
pattern confirms that the growth is similar to Co nanoislands on Au(111). The distances
between the islands is the same for both Fe and Co nanoislands on Au(111), as is
explained in appendix G.1. The height of the islands is roughly 1 ML.

4.3 Subsurface Metallic and Magnetic Nanoislands

As already mentioned in section 4.1, there is an interesting overlap between the field of
subsurface nanocavities (chapter 3) and magnetic nanoislands (chapter 4). When the
nanoislands are covered by new layers of the same material as the substrate material,
these nanoislands are embedded in the substrate similar to nanocavities. For instance,
Co nanoislands on Cu(111) can be covered by layers of Cu, resulting in Co nanoislands
submerged in Cu(111). These subsurface nanoislands could reflect injected electrons
similar to the nonconductive noble gas nanocavities and cause interference patterns at
the surface. With a magnetic tip and a ferromagnetic subsurface nanoisland one could
even investigate the influence of spin-polarization on these patterns.

However, the conductivity of these metallic nanoisland should be taken into account.
In contrast to the noble gas nanocavities, the metallic nanoislands are not insulating,
but conductive. A very figurative picture of the energy diagram of this configuration
is shown in figure 4.7. This figure differs from figure 3.3 for insulating nanocavities
by the limited potential that is assumed for the metallic nanoisland. This is a highly
schematic representation, though one can conclude that it could be harder to detect
metallic subsurface nanoislands, because of the partial reflection by the nanoisland.
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Figure 4.8: Co nanoislands covered by Au(111) at T = 77 K. (a) Topography map
with size 50 × 50 nm at Vb = 4.0 V and I = 1.1 nA. (b,c) Corresponding differential
conductance maps for respectively Vb = 3.9 V and Vb = 4.0 V. Possible interference
patterns by subsurface Co nanoislands are marked by white dashed boxes.

Furthermore, the metallic nanoisland should not easily form alloys with the substrate
material. In this paragraph two preliminary experiments on subsurface nanoislands are
shown.

4.3.1 Co Nanoislands Embedded in Au(111)

The first result in our lab that was attributed to the reflection by subsurface nanoislands
were achieved unexpectedly for the growth of Co nanopillars on Au(111). Sicot and
Kurnosikov reproduced the first and second step of growing Co nanopillars on Au(111)
similar to Fruchart et al. [61]. The first step consists of depositing Co nanoislands on
Au(111). As is discussed earlier in this chapter, this results in 2 ML high islands that
nucleate on the kinks of Au(111). The second step is the deposition of Au, enough to fill
all spaces in between the Co nanoislands. The deposited Au can also create a capping
layer on the Co nanoislands [61]. However, not the precise amount of deposited Au is
known, though it is estimated to be approximately 2-3 ML. The result of these initial
steps of Co nanopillars in Au(111) is shown in figure 4.8.

In this figure one can see ordered arrays of Co nanoislands covered with a Au capping
layer. These 2 ML high nanoislands are visible in the topography map (figure 4.8(a)).
However, in between the ordered rows of Co nanoislands, also Co nanoislands are grown
that not seem to be nucleated at the Au(111) kinks. The discommensuration lines that
are characteristic for the Au(111) surface (see appendix G.1) are not reconstructed in
the herringbone structure as in figure 4.5(a,b,c). These discommensuration lines can be
clearly seen in figure 4.8(a), where they deviate from the herringbone structure. This
might be due the presence of Au steps. Although no supporting proof can be presented,
the Co nanoislands that grow in between the ordered rows are thought to be only 1 ML
high. However, this is highly speculative.
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Figure 4.9: Highly schematic sketch of a possible cross-section in figure 4.8. On the left
a Co nanoisland of 2 ML can be seen, while on the right two Co nanoislands of 1 ML
are placed. In the figure n Au layers are deposited, while this could vary between 3 and
more. The capping layer on the Co nanoisland consists of 2 ML of Au, by example. On
the right an Au step is added, that also can be seen in figure 4.8. Schematic quantum
well states are drawn to show that the Au step could affect the interference pattern.

These 1 ML high islands are not observed in the topography map (figure 4.8), but are
likely to cause interference patterns in the conductance maps when embedded in Au.
This is shown by the boxes in figure 4.8(b) and 4.8(c). As a function of bias voltage, the
conductance of these patterns is varying. This might indicate quantum well states in
between the top Au surface and the subsurface Co nanoisland. A figurative and highly
speculative sketch of a cross-section of this situation is shown in figure 4.9. The figure
shows the possible quantum well states above the 1 ML high Co nanoislands. Due to
the Au step in figure 4.8, in both boxes a different conductance pattern is observed.
As can be seen in figure 4.9 the interlayer spacing of Co and Au varies: 0.205 nm for
Co and 0.235 nm for Au [61]. In the figure therefore is speculated that the difference
between 1 ML of Co and 1 ML of Au causes a deformation in subsurface layers, though
no topographic change is visible at the Au surface.

The interpretation of the results in figure 4.8 is not supported by additional results and
is highly speculative. For instance, no attention has been paid to the possible differences
in electronic properties of the Au above Co nanoislands grown on the regular kinks and
above the unexpected nanoislands. In figure 4.9 quantum well states are caused by
1 ML high islands. Another explanation might be that these 1 ML high islands are
actually 2 ML high with one layer submerged in Au(111) after deposition [71]. The
interference patterns are probably not caused by Ar nanocavities. The bare Au(111)
surface is sputtered only with a low sputtering voltage and hence only a very limited
amount of Ar could be implanted in the Au(111). On bare Au(111) no interference
patterns have been observed.
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Figure 4.10: Co nanoislands in Cu(111) at T = 77 K. (a) Topography map with size
80× 80 nm at Vb = 2.513 V and I = 10.1 nA. The letters A, B, and C denote different
layers of Cu. A is a level lower than layer B, while C is a monolayer higher. (b)
Corresponding differential conductance map showing four subsurface Co nanoislands.
The black arrow points to one triangular shape of a subsurface nanoislands. In the
corresponding topography map on the left, no similar triangular shape can be observed.

4.3.2 Co Nanoislands Embedded in Cu(111)

The unexpected results shown above inspired us to perform an additional experiment.
A single measurement has been performed on Co subsurface nanoislands in Cu(111).
Co nanoislands were deposited on a Cu(111) substrate as is described in section 4.2.
Subsequently, ≈ 3 nm of Cu was deposited on top of these nanoislands. Afterwards,
the system was annealed to recover a flat Cu surface.

In figure 4.10 the results are shown and a flat Cu(111) surface of different layer levels
can be observed in the topography map, except several white dots that are assumed to
be clusters of surface adatoms. The measurements are performed with a nonmagnetic
W tip. The corresponding differential conductance map reveals the shape of four tri-
angular subsurface Co nanoislands. These triangular shapes are very similar to the Co
nanoislands on top of Cu(111) as described in figure 4.3. The shapes have a relatively
sharp contrast to the conductance of the bare Cu(111) surface. These triangular images
of the subsurface Co nanoislands seem not to be caused by surface stress, since in the
topography map (figure 4.10(a)) no topographic changes are visible. Therefore, it is
probably the same electronic detection of subsurface structures as for the subsurface
noble-gas-filled nanocavities. However, no clearly established periodical oscillations in
conductance were observed when the bias voltage was changed for a number of differen-
tial conductance maps. The observation of subsurface metallic nanoislands by quantum
well states between the nanoisland and the top Cu surface is thus not proven.

Also no complex interference patterns are observed as, for instance, were seen in figure
3.11. In figure 4.10(b) the conductance within the triangular shape seems to be uniform.
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The edges of all four triangular shapes are at least ≈ 10 nm long. The Co nanoislands
are hence relatively large compared to noble gas nanocavities. For large noble gas
nanocavities also no complex interference patterns can be observed (for instance the
insets of figure 3.12). This effect might be enhanced by the relative low reflection by
the metallic nanocavity. Also reflection at the bottom of the metallic nanoisland might
affect the visible triangular pattern, as is indicated in figure 4.7.

Another influence on the observed patterns might be the band structure. A clear
difference with the noble gas nanocavities is the crystal orientation of the substrate:
Cu(111) instead of Cu(001). In section 3.4.3 the Fermi surface of Cu is discussed. For
Cu(111) no injection along the surface normal is possible, because in this direction the
typical ”necks” are present. The electron propagation will be mainly focused along the
〈101〉 directions. This might of course also have an influence on the observed features
in figure 4.10(b).

For high bias voltage (such as in figure 4.10), the constant energy surface for E = EF +Vb

will determine the focusing of hot electrons. Such a constant energy surface has wider
”necks” than at Fermi level and this might hinder detection of subsurface nanoislands
for higher bias voltage [45, 47]. Also ”necks” are developed in the 〈100〉 directions
for high bias voltage [45]. However, for higher bias voltage, the so-called injection
cone is wider, as is discussed in section 3.4.1. This means that for high bias voltage,
electrons are injected with a larger angle to the surface normal. This phenomenon might
counteract the wider ”necks” in the [111] direction, since more electrons are injected in
other directions than along the surface normal. In conclusion, the electron injection and
propagation are different than in Cu(001) and might influence the observed interference
pattern.

As can be seen in the discussion above, the first results on subsurface metallic nanois-
lands are not fully understood and leave several unsolved aspects for future measure-
ments. To get more insight, additional experiments are definitely needed.

4.3.3 SP-STM on Subsurface Nanoislands

As an outlook to the future, an interesting objective is to investigate ferromagnetic
subsurface nanoislands by SP-STM. One could observe different interference patterns for
subsurface nanoislands with opposite magnetization orientation. This idea is sketched
in figure 4.11. In this picture the bulk DOS of ferromagnetic Co is shown [16] and clearly
a different number of states is available for spin-up and spin-down in the pictured s and
d-band. Incoming spin-polarized waves will be stronger reflected when less states are
available in the Co nanoislands than for the opposite spin-orientation. The reflected
waves for spin-up and spin-down will thus differ and probably cause different interference
patterns. The spin orientation is determined by the parallel or anti-parallel orientation
of magnetic tip and ferromagnetic island. One can still expect to observe perpendicular
magnetic anisotropy [72].

Co in Au(111) might be a good candidate for SP-STM measurements on subsurface
ferromagnetic nanoislands, since size, shape and depth of the subsurface nanoislands
will be nearly identical. This requirement is needed to relate differences in observed
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Figure 4.11: Schematic sketch of the one-dimension energy diagram of ferromagnetic
subsurface nanoislands observed by SP-STM. On the right the DOS of ferromagnetic
Co is shown [16] and clearly a different number of states is available for spin-up and
spin-down in the pictured s and d-band. Incoming spin-polarized waves will be stronger
reflected when less states are available in the Co nanoislands than for the opposite spin-
orientation. This might result in different interference patterns for parallel magnetic
orientation and anti-parallel orientation of tip and ferromagnetic island.

features to the magnetic orientation of the nanoisland and not to other influences. One
could even think of growing subsurface nanopillars. These systems might open a new
research field of subsurface SP-STM.
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Conclusions

In this thesis two different topics are discussed that are both examples of the versa-
tility of Scanning Tunneling Microscopy. The emphasis in this work is on subsurface
nanocavities and, in particular, on the characterization and explanation of the Moiré
pattern and its tip-dependent detection.

5.1 Subsurface Nanocavities

In chapter 3 subsurface nanocavities in Cu(001) are discussed. Starting point of this
research is the publication by Kurnosikov et al. [7] that inspired to explore the re-
search field of observing subsurface noble-gas-filled nanocavities by STM. The subsur-
face nanocavities are formed by sputtering noble gas ions with high energy into the
substrate and subsequent annealing is applied for aggregation of the noble gas.

When atomic resolution is achieved in current maps, in this thesis work a Moiré pattern
is revealed in the 〈100〉 directions above a nanocavity. These pattern beams are long
range (> 10 nm) and are seen for Ar and Ne nanocavities in Cu(001). The Moiré pattern
is observed as a repeating apparent c2 × 2 superstructure. Between two successive
repetitions per beam, a phase shift occurs.

The Moiré pattern is formed by of two components. The first is the atomic grid of the
Cu surface, that has an interatomic distance in the 〈100〉 direction equal to the lattice
constant of Cu. The second component is a ripple that is an interference pattern caused
by reflection of the {101} facets of the nanocavity. According to a model, the apparent
wavelength of the ripple at the surface is in approximation only dependent on the bias
voltage. Since the bias voltage is low, the wavelength is approximately constant as
is observed in the measurements. Calculations are done on the quantum well states
between the tip and the {101} facet. Perpendicular reflection and electron propagation
in the 〈101〉 direction are assumed. The strong focusing in the 〈101〉 direction is derived
by a simulation of electron focusing based on the Fermi surface of Cu. Results are in
good correspondence to the measured values of the ripple wavelength and the resulting
Moiré pattern.

79
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The injection and detection of the electrons is dependent on the tip state. An irregular
shape of the tip and tip states can give a nonuniform electron injection distribution by
the tip. Therefore, changes in tip state can lead to the appearance/disappearance of the
observed beams while keeping the atomic resolution. This can explain the observations
that the number of observed pattern beams in the respective 〈100〉 directions vary in
different measurements. For multiple nanocavities in one image, all have the same
number and orientation of the pattern beams.

The Moiré pattern opens a new avenue for investigation of electron focusing. Due to
their three-dimensional shape and nanoscale size, subsurface nanocavities can give new
insights in the research of electron propagation in metallic crystals. A recommenda-
tion is that similar measurements could be performed at T ≈ 4 K, to reduce thermal
vibrations and enhance the level of detail.

Beside the Moiré pattern, the formation of the subsurface nanocavities has been opti-
mized. The size of the interference patterns is raised to more than 10 nm in diameter
and the spatial density of nanocavities is largely increased. Furthermore, the observed
effects can be related directly to the amount of noble gas. Additionally, different noble
gases are used to form a reflector (Ar, Ne, and He), showing the universality of the
nanocavity principle. For He and Ne, larger nanocavities are observed, as was expected
based on the their lower atomic number compared to Ar.

Furthermore, XPS measurements provide the exclusive proof of the presence of argon in
the Cu(001) substrate. The shift in binding energy of the Ar 2p peaks can be related to
the formation of bigger nanocavities as a function of annealing temperature. When the
annealing temperature is too high, no argon is detected and is supposed to be diffused
to the surface.

The different modes of the STM show features of the interference of incoming and
reflected electrons by the presence of the nanocavity. Characteristic is the oscillation
in conductance that is observed in the conductance maps and STS measurements due
to the induced quantum well states. For negative bias voltage, the oscillations are
less pronounced. The fourfold symmetry in the interference patterns reflects the Cu
band structure. This anisotropy is observed in the current maps, topography maps
and conductance maps. The injection, reflection and propagation have been discussed,
including a simulation of the electron focusing in the Cu substrate.

5.2 Outlook on SP-STM

Spin-Polarized Scanning Tunneling Microscopy on magnetic nanoislands on single-crystal
substrates is interesting for the development of future hard disks. Furthermore, since
the islands have nanoscale size, SP-STM can show the transition of a more atomiclike
magnetic behavior to a more bulklike magnetic behavior. When the ferromagnetic
nanoislands are covered by layers of substrate material, subsurface nanoislands are cre-
ated that can reflect electrons similar to the nonconductive noble gas nanocavities,
even in a spin-polarized way. In this work, first results have been shown on the growth
of magnetic nanoislands (without addressing spin-polarization). Also, a pilot study
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has been started on the growth of subsurface metallic Co nanoislands in Cu and Au
substrates.

First, four systems are selected that are good candidates for testing the SP-STM tech-
nique itself and for research on reflection by subsurface nanoislands: Co and Fe nanois-
lands on Cu(111) and Au(111) substrates. The successful growth of these systems has
been demonstrated and is in line with reports in literature. On Cu(111), the triangular
nanoislands are randomly distributed and vary in size. On Au(111) the islands show
self-organization and have approximately the same size.

Secondly, preliminary experiments on subsurface metallic nanoislands have been per-
formed. Interference patterns of Co nanoislands embedded in Au(111) are observed,
though the interpretation of these results is highly speculative. As a function of bias
voltage, the observed patterns vary and hence might be related to quantum well states
between the nanoisland and the surface of the substrate. Co nanoislands embedded
in Cu(111) are revealed by a triangular pattern in the differential conductance maps.
However, no clearly established periodical variation in conductance as a function of
bias voltage is observed. Compared to the noble-gas-filled nanocavities in chapter 3,
the metallic nanoislands are more conductive and thus possibly less reflective. Further-
more, the crystallographic orientation of Cu is changed, which influences the injection
and propagation of the electrons.

These first results show interference patterns caused by subsurface metallic nanoislands.
In future work, with a magnetic tip and a ferromagnetic subsurface nanoisland one could
even investigate the influence of spin-polarization on these patterns.

In chapter 4 several other recommendations are mentioned that can be a point of
departure for further research. First of all, one could perform SP-STM measurements
on Co nanoislands to observe the rotation of magnetization orientation with varying
size, as is predicted by Rohart et al. [65]. Secondly, one could try to confirm with
SP-STM the unexpected in-plane magnetization for Fe nanoislands on Au(111), that
was reported by Ohresser et al. [64] with XMCD measurements.

Furthermore, the growth of nanopillars could be reproduced based on Fruchart et al.
[61] for Co on Au(111), for which already preliminary results have been shown. One
could study the magnetic signal of individual nanopillars by SP-STM, which is not yet
described in literature. Even the reflection of (magnetic) subsurface nanopillars could
be studied. Additionally, also the growth and magnetism of Fe nanopillars in Au(111)
could be studied, since the growth of Fe on Au(111) is very similar to Co on Au(111)
(as is described in section 4.2.2, section 4.2.3, and appendix G.2). The growth of Fe
nanopillars has not been reported yet in literature.
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Figure A.1: Additional results for section 3.5. The current maps show the apparent
superstructure. The first three pictures (a,b,c) are measured on Ar nanocavities in
Cu(001). The bottom right picture (d,) is an experiment on Ne nanocavities in Cu(001).
The size of each picture and the scanning parameters are (a) 20 × 20 nm, Vb = 0.010
V and I = 29.8 nA, (b) 20 × 20 nm, Vb = 0.010 V and I = 25.4 nA, (c) 20 × 20 nm,
Vb = 0.113 V and I = 23.1 nA, (d) 25×25 nm, Vb = 0.008 V and I = 79.8 nA. In figure
A.1(d) noise is filtered out, though vertical lines are still visible close to the edge of the
image.
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Figure A.2: Additional results for section 3.5. The current maps show the apparent
superstructure. The top two pictures (a,b) are experiments on Ne nanocavities in
Cu(001). The bottom pictures shows Ar nanocavities in Cu(001). The size of each
picture and the scanning parameters are (a) 25 × 25 nm, Vb = 0.008 V and I = 79.8
nA, (b) 16 × 16 nm, Vb = 0.007 V and I = 42.3 nA (c) 20×20 nm, Vb = 0.007 V and
I = 145.9 nA. In figure A.2(a) noise is filtered out, though vertical lines are still visible
close to the edge of the image.
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Figure A.3: Additional results for section 3.5. The current maps show the waves in
the 〈100〉 direction. All measurements are done on Ar nanocavities in Cu(001). The
size of each picture and the scanning parameters are (a) 12× 12 nm, Vb = 0.007 V and
I = 74.8 nA, (b) 20×20 nm, Vb = 0.005 V and I = 43.6 nA, (c) 20×20 nm, Vb = 0.015
V and I = 21.6 nA, (d) 25× 25 nm, Vb = 0.018 V and I = 24.6 nA.



Appendix B

Derivation of Depth of
Nanocavity

The depth of a nanocavity can be estimated based on STS measurements. From these
measurement the energy interval, ∆E, of one oscillation in the dI/dV signal can be
obtained.

Bragg’s law for perpendicular reflection is:

nλ = 2d (B.1)

where n is an integer and denotes the order of the interference, d is the depth of the
nanocavity, and λ is the wavelength of the electron wavefunction.

By definition the density of states as a function of energy and wavenumber are equal:

n(E)dE = 2n(k)dk (B.2)

Since the energy difference between two states is defined as ∆E = En+1 − En where n
is the number denoting the subsequent quantum well states:

n(E) =
1

∆E
(B.3)

n(k) can be calculated using condition B.1:

k =
2π

λ
= 2π

n

2d
=

nπ

d
(B.4)

The difference in wavenumber between two states n and n + 1 is therefore:

n(k) =
d

π
(B.5)

However, this is the difference between wavenumbers of the same polarity (positive or
negative). Equation B.3 then becomes:

1
∆E

dE =
d

π
dk (B.6)
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From the above equation the quantum well depth can be derived:

d =
π

∆E

∂E

∂k
(B.7)



Appendix C

Angular Dependence of Injection
Distribution

An addition can be made to the one-dimensional model of the tunneling current. The
angular distribution of tunneling current can be estimated roughly, following the ap-
proach by Prietsch [73] for BEEM (Ballistic Electron Emission Microscopy) experi-
ments. As derived in equation 2.6, the tunneling current is depends exponentially on
the barrier width d and wavenumber k.

I ∼ exp(−2kd) (C.1)

In this case only waves perpendicular to the sample surface are assumed: k = k⊥.
However, when a free-electron character of the electrons is assumed, the electrons might
also have a parallel component of momentum:

|k|2 = k2
⊥ + k2

‖ (C.2)

confirming E = E⊥+E‖, where E is the energy relative to the bottom of the conduction
band of the sample. The wavenumber equation describing the tunneling, corresponding
to equation 2.4, now becomes:

k⊥ =

√
2m(V −E⊥)

h̄
=
√

2m

h̄

√(
EF,S + φS +

1
2
eVb

)
− (

E − E‖
)

(C.3)

where V is the effective barrier height compared to the bottom of the conduction band
of the sample. Similar to equation 2.6 the tunneling current includes all states in the
energy interval EF < E < EF + eVb. The equation for the current now becomes:

I ∼ exp

[
−2d

√
2m

h̄

√(
EF,S + φS +

1
2
eVb

)
− (

E −E‖
)
]

(C.4)

One can define a characteristic measure ∆E as I(E −∆E) = I(E) exp(−1), with the
constraint that E‖ = 0. The obtained ∆E is:

∆E =
2
√(

EF,S + φS + 1
2eVb

)− E

2d
√

2m
h̄

+
1(

2d
√

2m
h̄

)2 ≈
2
√

EF,S + φS − 1
2eVb

2d
√

2m
h̄

(C.5)
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Using this definition one can derive the spatial distribution of the tunneling current.
The situation is considered when at constant electron energy E, the electrons tunnel
with an angle θ compared to the surface normal. This will increase E‖ and thus result
in decrease of the tunneling probability by a certain factor. For small θ this factor
becomes:

Iθ 6=0

Iθ=0
=

exp
[
−2d

√
2m
h̄

√(
EF,S + φS + 1

2eVb

)− (
E − E‖

)]

exp
[
−2d

√
2m
h̄

√(
EF,S + φS + 1

2eVb

)−E
]

≈ exp

[
−2d

√
2m

h̄

√((
EF,S + φS +

1
2
eVb

)
−E

)
· 1
2

E‖(
EF,S + φS + 1

2eVb

)−E

]

≈ exp
(
− E‖

∆E

)
≈ exp

(
−θ2E

∆E

)
(C.6)

by Taylor expansion. The result of equation C.6 is a Gaussian distribution for the
angle θ. The average angle of the tunneling distribution is then given by the standard
deviation:

∆θ =

√
∆E

2E
(C.7)

The results for the angular dependence of the injection distribution is:

I ∼ exp
(

θ2

2∆θ2

)
(C.8)



Appendix D

Simulation Model by Kurnosikov
[7]

Kurnosikov et al. [7] made a model that is able to simulate the spatial variation of
the conductance in close agreement with experimental results. The model takes into
account the specific shape of the nanocavity, as well as the band structure of copper.
More details can be found in the paper of Kurnosikov et al. [7] and the PhD thesis by
Adam [30].

The resulting transmission T (rs) of the system for the electron waves injected in each
point of the surface rs is proportional to the absolute value of the sum of all the complex
amplitudes of incoming and reflected waves from all directions using:

T (rs) ∼
∣∣∣∣1 +

∫ ∫

ri,E
G(rs − ri)P (rs − ri, E)Rn(rs − ri)w(E)dridE

∣∣∣∣
2

(D.1)

The variation of conductance, which is assumed to be proportional to the dI/dV signal,
is determined by this transmission function T (rs).

The model describes the electron injection, propagation, and reflection together via
the corresponding functions G(rs − ri), P (rs − ri, E), and Rn(rs − ri), where rs is the
coordinate of the injection point at the surface, ri is the coordinate of the considered
point at the interface with the nanocavity, E is energy of injected electrons, and n is
the index selecting the considered facet.

G(rs − ri) describes the angular distribution of electrons at the injection point, similar
to section 3.4.1.

G(rs − ri) = exp
(
− θ2

2θ2
0

)
(D.2)

where θ is the angle formed between the normal to the surface and rs − ri. θ0 is the
effective injection angle [7].

P (rs − ri, E) describes the propagation:

P (rs − ri, E) = A(rs − ri) exp (2ik · (rs − ri)) (D.3)
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0 . 3  V 0 . 4  V 0 . 5  V 0 . 6  V 0 . 7  V 0 . 8  V

Figure D.1: Conductance maps of an Ar nanocavity in Cu(001) for varying bias volt-
age and their respective simulations by the model. These pictures are taken from
Kurnosikov et al. [7].

where k is the wavevector of the electron determined by the band structure of copper,
E(k). A(rs−ri) describes the amplitude of the electron wave function. For the simplest
isotropic case, the function should be proportional to 1/(rs−ri). However, A(rs−ri) is
modified in order to take into account the phenomena originating from the anisotropy
of electronic properties.

Rn(rs−ri) describes the angular scattering at each facet n by a cosine function: cos(θn),
where θn is the angle between rs− ri and the normal to a particular facet indexed with
n. For the {111} facets, a modified function is used to exclude reflections in the < 111 >
directions which are not allowed.

A function w(E) is introduced to describe the energy window which should be taken
into account due to the measurement technique using a lock-in amplifier and the ac
excitation added to the dc bias voltage.

An example of the simulation of conductance maps of an Ar nanocavity in Cu(001) is
given in figure D.1.

The model is extended to include also atomic resolution. An atomic grid is added to
the simulation and at the position of atoms the injected current is assumed higher than
in between atoms. With this assumption the apparent superstructure of section 3.5 is
reproduced in approximation.



Appendix E

Growth Modes

In section 4.2 the growth of metallic nanoislands and subsequently films on metallic
substrates is described. This deposition of a crystalline material on a single-crystal is
called epitaxial growth. Epitaxial growth can be categorized in three standard models
[53]:

− two-dimensional or Frank-van der Merwe (FM) growth
− three-dimensional or Volmer-Weber (VW) growth
− two-dimensional followed by three-dimensional or Stranski-Krastanov (SK) growth

In a phenomenological description these growth models can be considered as quasi-
equilibrium processes. The growth is characterized by specific surface and edge energies
of the nanoisland material, of the substrate material and of their interface. When the
shape and size dependence of the surface energy are neglected, the energy term that
describes the growth can be written as below, according to Bauer [74]:

∆ = σf − σs + σi + σe (E.1)

where σf and σs are the specific free surface energies of the nanoisland/film or substrate
respectively, and σi the specific free interfacial energy. Three-dimensional (VW) growth
is obtained for ∆ > 0, while FM and SK growth is observed for ∆ ≤ 0. For FM growth,
which is layer-by-layer growth, the condition ∆ ≤ 0 must be fulfilled for each layer.

As for instance Kief et al. [53] suggest, equation E.1 might predict different growth
than observed in section 4.2. In table E can be seen that Co and Fe have a higher
surface free energy than Au and Cu. For the case of Co and Fe on Cu(111), the heat
of mixing for both Fe-Cu and Co-Cu is endothermic [53], so that one would expect the
interface free energy costs to be unfavorable. This would result in VW growth which is
not observed in figure 4.3 and figure 4.4.

However, growth predictions based on above energy model may not be adequate to
predict the growth of nanoislands. Firstly, bulk surface energy values are not good
approximations of the surface energy of nanoislands or films, since the electronic struc-
ture might be strongly modified by interaction with the substrate [74]. Secondly, the
interface energy is in many cases poorly known [74], though estimation techniques can
be found in literature [75, 76]. Furthermore, equation E.1 applies to an equilibrium sit-

99



100 Chapter E Growth Modes

Material Surface free energy (Jm−2)
Au 1.626
Co 2.709
Cu 1.934
Fe 2.939

Table E.1: Surface free energy according to Mezey [77].

uation, while in practice surface mobility of the deposited atoms can be too low to reach
the equilibrium configuration [74]. Also interdiffusion and chemical reactions between
the deposited material and the substrate material are ignored [78]. The associated
length scales and time scale of such kinetic effects can vary strongly [78] and make it
hard to describe the deposition process.

For these reasons, growth models based on simple surface energy equations can predict
the height of islands for a single case, such as Pedersen et al. [71] for Co on Cu(111),
but fail to point out an explanation for the 1 ML height in the case of Fe on Au(111).
They also suggest that the Co on Cu(111) exists of 3 ML instead of 2 ML, with one
subsurface monolayer embedded in Cu. Depending on temperature, they state that a
Cu brim might form around the Co nanoislands and for higher temperature may even
cap the top layer of the Co nanoisland.

Kief et al. [53] and Prieto et al. [79] study multiple kinetic effects for Fe on Cu(111)
and Co on Cu(111), such as the surface adatom diffusion, substrate surface segregation,
and film/substrate interdiffusion. Hence they show more balanced picture of growth on
Cu(111).



Appendix F

Crystal Structure
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Figure F.1: Schematic sketch of the unit cell for the face-centered-cubic (fcc), body-
centered-cubic (bcc), and hexagonal-close-packed structure. The thin black lines denote
the unit cell, the grey lines are guides to understand the picture. Also the surface
structure of an fcc crystal with (111) orientation is included to show the structure of
the Cu(111) surface.
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Appendix G

Au(111) Surface and
Self-organization

G.1 Description of Au(111) Surface

The herringbone structure of the Au(111) surface is elaborately described in literature
as will be shown below. The herringbone structure consists of a zigzag pattern that is
formed to relieve surface stress in more than one direction [59]. The release of surfaces
stress is achieved by a 4.2% compression of the surface layer. This compression is caused
by inserting one extra atom giving 23 surface atoms on top of 22 second-layer atoms
along the

〈
110

〉
direction [67, 80]. This results in a (

√
3 × 22) unit cell, which can be

seen in figure G.1(a).

The domains are separated by so-called discommensuration lines of several atoms wide.
These lines are shown less dark than the rest of the Au(111) surface in figure 4.5(a,b,c)
in chapter 4 and have a height of 0.015 nm according to Voigtländer et al. [59]. The
discommensuration lines intersect with an angle of 120◦. At the intersection a kink is
formed. The corrugation of these kinks compared to the rest of the surface is far less
than 0.1 nm [59, 63].

In figure G.1(a) the length scales of the domains have been added. The distance between
two discommensuration lines is ≈ 6.3 nm [59, 81]. The region is fcc stacked, since this
stacking is energetically more favorable [59]. The narrow domain is hcp stacked. The
distance between two kinks in the [121] direction is ≈ 7.3 nm [63] and the distance
between two rows of kinks is ≈ 15 nm measured in the [101] direction according to
Fujita et al. [81] and Ohresser et al. [64].

As is shown in figure G.1(b), the kink sites at the elbows consist of two types: so-called
x-type and y-type sites [82]. At these kinks Co nanoislands will be formed. At the x-
type the nucleation starts in the fcc region of the Au(111) surface, while the y-type starts
in the hcp region [82]. According to Ohresser et al. [64] this leads to more triangular
shaped nanoislands on the x-type nucleation sites and to slightly more hexagonal shaped
nanoislands. The precise mechanism that is the cause for the typical nucleation is the
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Figure G.1: Reconstruction of Au(111): (a) Schematic picture taken from Fujita et
al. [81] that describes the herringbone structure. In the picture the 22×√3 unit cell
is shown and the fcc (f ) and hcp (h) domains are marked. The discommensuration
lines are denoted by s, and consist of two types: type x and type y. D points at a
nucleation site. (b) Schematic picture by Kahn et al. [82] that shows the x-type and
y-type nucleation sites.

place exchange mechanism that is described in appendix G.2. The nanoislands are now
self-organized into an ordered pattern, which might be an advantage compared to the
random distribution on Cu(111).
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Figure G.2: Place exchange mechanism described in three schematic pictures.

Material Surface free Heat of
energy (eV) sublimation

Ag 0.50 2.95 No preferential
Al 0.56 3.39 nucleation
Cu 0.69 3.51 on Au(111)
Au 0.72 3.79
Ni 0.90 4.45 Nucleation
Co 0.94 4.40 at kinks
Fe 0.96 4.32 on Au(111)

Table G.1: Surface free energy and heat of sublimation according to Meyer et al. [60].

G.2 Place Exchange Mechanism

The reason why Co and Fe form ordered patterns of nanoislands is not given in section
4.2 or appendix G.1. Remarkable is that Co, Fe, and Ni show this self-organization,
while Ag, Cu, and Al show not preferential nucleation on Au(111) and are homogenously
distributed over the surface [60].

Meyer et al. [60] present experimental results for Ni on Au(111) that show a place ex-
change mechanism on the nucleation kinks of Au(111). This place exchange mechanism
consists of two steps and is schematically drawn in figure G.2. In the first step (figure
G.2(a) and G.2(b)) the deposited Ni atom exchanges position with a Au surface atom.
In figure G.2(c) the second step is shown in which additional Ni atoms are ”trapped”
by the first Ni atom. This embedded Ni atom functions thus as a nucleation site for
new Ni atoms, resulting in a nanoisland.

The reason for this place exchange is probably the reduced coordination number of the
elevated Au atom at the kink. Therefore the Au atom is less bound than other surface
atoms and thus more easily participating in the place exchange mechanism [60].

Meyer et al. [60] use a rather crude approximation to give an explanation why several
elements do show self-organization by the place exchange mechanism while others do
not show any preferential nucleation. In table G.2 values of two macroscopic properties
of the materials are given [60]: the surface free energy and the heat of sublimation.
The question is whether place exchange is energetically favorable, since it increases the
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coordination number of the deposited atoms at the cost of that of the substrate atoms.
All elements that perform self-organization have a higher surface free energy and heat
of sublimation than Au. The opposite statement goes for the elements that have no
preferential nucleation on Au. The explanation of Meyer et al. is that Fe, Co, and Ni
participate in the place exchange with Au since that have a higher surface free energy.
Furthermore, the higher heat of sublimation can be seen as a rough estimate that the
adatom-adatom bonding is stronger than the adatom-Au bonding. This implies that
additional adatoms are trapped by the embedded atoms of the same element, and not
by any Au atom.

A more theoretical approach is given by Bulou et al. [83]. Calculations including
molecular dynamics have been performed for different systems, among which Co on
Au(111). They propose an exchange mechanism that is more complex, though the
essence is similar to that described in figure G.2.


