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1. Introduction

The ability to arrange and manipulate matter at the atomic scale is one of the central
achievements of modern nanoscience. Direct control over individual atoms and
molecules on surfaces became possible through the development of scanning probe
microscopy, most prominently scanning tunneling microscopy (STM) and atomic
force microscopy (AFM). In STM, a sharp metallic tip is scanned across a conducting
surface while measuring the tunneling current, providing access to the electronic
structure of the sample. AFM, in contrast, measures the force between the probe
tip and the surface, making it possible to directly investigate tip-sample interactions.
A landmark demonstration of atomic manipulation was the construction of the
“IBM” logo from individual Xe atoms on a Ni surface by Eigler and Schweizer [1].
Since then, atomic manipulation has evolved into a powerful approach for creating
artificial structures with designed electronic properties. This has enabled the
exploration of fundamental quantum states within Dirac systems, such as artificial
graphene [2] and Lieb lattices [3, 4], as well as structures exhibiting nontrivial
topological behavior [5–7]. Beyond these fundamental studies, atomic manipulation
has also been successfully directed toward practical applications, ranging from
the control and readout of spin states in engineered atomic structures [8–10] to
the implementation of logic operations [11, 12] and ultra-dense, atomic-scale data
storage [13, 14].
Quantum corrals are one particularly important class of such human-built structures.
A quantum corral typically has a size of a few nanometers and is formed by arranging
atoms or molecules on a surface such that surface-state electrons are laterally confined.
The first quantum corral, built by Crommie et al. [15] from 48 individual Fe adatoms
on Cu(111), had a radius of 7.13 nm and revealed standing wave patterns of the
Shockley surface state within the circular boundary. In this system, the corral
wall acts as a scattering boundary for the quasi-free two-dimensional electron gas
present at the Cu(111) surface. The lateral confinement gives rise to a set of corral
resonances with characteristic energies, finite spectral widths, and distinct spatial
patterns within the corral.
Kastner introduced the term artificial atom for systems in which electrons are
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1. Introduction

confined to a small region and exhibit discrete electronic states [16]. Quantum
corrals on noble metal surfaces such as Cu(111) realize this concept by laterally
confining the Shockley surface state into discrete corral resonances. However, the
discretization of electronic states is only one aspect of the artificial atom analogy.
Natural atoms also interact with their environment via attractive and repulsive
forces, for example through chemical bonding and Pauli repulsion. Recent AFM
experiments have shown that quantum corrals exhibit such atom-like interaction
properties as well: Confined Shockley surface states can interact attractively with
metal-terminated tips and repulsively with CO-terminated tips [17]. This extends
the artificial atom analogy beyond the existence of discrete electronic states, because
the confined states also give rise to measurable force interactions with an atomic-scale
probe.
At the same time, quantum corrals are not simply enlarged versions of natural
atoms. In a natural atom, electronic states are formed via the attractive potential of
the nucleus, with electron-electron interactions further shaping the resulting orbital
structure. In a quantum corral, by contrast, the relevant electronic states are not
atomic orbitals formed by a central nuclear potential. Instead, they result from the
lateral confinement of the Cu(111) Shockley surface state by a corral wall made from
individually positioned surface adsorbates. Both systems localize electronic states,
but the confinement is realized in different ways. Together with their nanometer
size, this boundary-defined confinement makes quantum corrals particularly useful
as artificial atoms, because the confining boundary can be engineered directly
by changing the arrangement, density, or chemical identity of the wall atoms or
molecules.
These considerations lead to the central question of this thesis: How do confined sur-
face state electrons in quantum corrals interact with their surrounding environment?
This question is approached from two complementary directions. The first follows
the confined states along the surface, where scattering at the corral wall, lateral
transmission, and coupling into bulk states each play a central role in determining
their lifetime and, consequently, their spectral width. By modifying the corral size
and wall density, these electronic lifetimes can be tailored via the confining boundary.
The second direction follows their decay into the vacuum, where the spatial extent
of the wave function governs the force interaction between the artificial atom and
the atom or molecule at the AFM tip apex.
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The first of these directions concerns the lifetime of confined electronic states,
which is a key property of artificial quantum structures. It describes how long an
electron remains in a given corral state before it is scattered out of it, transmitted
through the wall, or coupled to other states. Experimentally, this lifetime is
reflected in the spectral widths and corresponding line shapes measured by scanning
tunneling spectroscopy. In natural atoms, electronically excited states often decay
exponentially with time, resulting in Lorentzian spectral line shapes. Similar
Lorentzian line shapes are commonly used to describe resonances in other types of
artificial atoms such as quantum dots [16, 18–20]. For the quantum corrals studied in
this thesis, the observed spectral widths cannot be attributed to a single mechanism.
The lifetime of a corral state can be limited by intrinsic scattering processes, such
as electron-electron and electron-phonon scattering, but also by the interaction of
the confined electrons with the corral wall [21–23]. The wall can transmit electrons,
reflect them, couple them to bulk states [24], and may also contribute to spectral
broadening via the motion of the adsorbates.
Understanding these lifetime-limiting mechanisms is essential for creating artificial
quantum structures with engineered properties. For example, long-lived confined
states are desirable for applications in quantum sensing, quantum information
processing, as well as artificial quantum simulators [25–28]. More fundamentally,
the spectral width of a corral state provides direct information about how strongly
the artificial atom is coupled to its environment along the surface. In this thesis, the
lifetimes of quantum corral states are investigated by scanning tunneling spectroscopy.
By analyzing the energy distributions of individual corral states in corrals of different
sizes and wall densities, the role of the corral boundary in limiting the lifetime of
confined surface-state electrons is examined.
The second direction concerns the distance dependence of the force acting between
quantum corral states and an AFM probe. While scanning tunneling microscopy
probes the electronic structure via the tunneling current, AFM measures the force
between tip and sample. In this case, the external probe is the front atom or
molecule at the AFM tip apex. Previous AFM measurements on quantum corrals
demonstrated that confined Shockley surface states can interact with AFM tips on
the femtonewton scale [17]. CO-terminated tips were found to probe a repulsive
interaction, attributed to Pauli repulsion, while metal-terminated tips revealed an
attractive interaction, interpreted as chemical attraction [17].
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1. Introduction

In this thesis, the force interaction between the artificial atom formed by the quantum
corral and the atom or molecule at the AFM tip apex can therefore be regarded as
an interatomic force, and its spatial decay length is investigated. The measurements
show that the attractive interaction measured with a metal-terminated tip has a
larger characteristic decay length than the repulsive interaction measured with a
CO-terminated tip. This qualitative behavior resembles the interaction between
natural atoms, where chemical attraction is generally longer ranged than Pauli
repulsion. However, the absolute decay lengths measured in quantum corrals are
significantly larger than those known from natural atom-atom interactions. This
difference reflects the electronic structure of the artificial atom: The occupied corral
states originate from the Shockley surface state and span only a narrow energy
window near the Fermi level, while natural atoms contain deeper, more localized
orbitals that contribute shorter-ranged components to the interaction.
Together, these two approaches characterize quantum corrals as artificial atoms
whose electronic lifetimes and interatomic force interactions can be investigated
experimentally.
This thesis is organized as follows. Chapter 2 introduces the principles of frequency-
modulation atomic force microscopy, scanning tunneling microscopy, and scanning
tunneling spectroscopy, and discusses the advantages and challenges associated
with simultaneous STM/AFM operation. Chapter 3 explains the fundamentals of
quantum corrals, including the Shockley surface state on Cu(111), the construction
of quantum corrals, the hard wall model, and the connection between corral states
and STM/AFM measurements. Chapter 4 describes the preparation of the Cu(111)
sample, the preparation of metal- and CO-terminated tips, and the experimental
conditions used throughout this work. The first experimental part of this thesis
is presented in Chapter 5, focusing on the spectral line shapes, spectral widths,
and lifetimes of quantum corral states, as well as their dependence on corral size
and wall density. Chapter 6 presents the second experimental part, in which the
decay lengths of attractive and repulsive interatomic forces between quantum corral
states and AFM tips are measured and discussed. Finally, Chapter 7 summarizes
the central conclusions and discusses the broader perspective of quantum corrals
as artificial quantum systems in which confinement, lifetime, and interaction with
external probes can be studied in a controlled way.

4



2. Fundamentals of atomic force and
scanning tunneling microscopy

This thesis is based on experiments performed using a combined scanning tunneling
microscope and frequency-modulation atomic force microscope, which simultaneously
provides access to the tunneling current I and the frequency shift ∆f . These two
signals probe complementary properties of the system: While scanning tunneling
microscopy and the closely related technique of scanning tunneling spectroscopy
can provide information about the electronic structure of the surface, atomic force
microscopy gives access to the tip-sample interaction.
This chapter introduces the fundamental principles of frequency-modulation atomic
force microscopy in Section 2.1 and scanning tunneling microscopy in Section 2.2,
with particular focus on scanning tunneling spectroscopy in Subsection 2.2.2. The
focus is placed on those aspects that are directly relevant for this work, in particular
the relation between the measured signals and the underlying physical quantities
such as the local density of states and the tip-sample force. Section 2.3 will
then address the simultaneous operation of atomic force and scanning tunneling
microscopy, discussing various imaging modes in Subsection 2.3.1 and explaining
the determination of the tip-sample distance in Subsection 2.3.2.

2.1. Frequency-modulation atomic force microscopy
Atomic force microscopy (AFM)1 was introduced in 1986 by Binnig, Quate, and
Gerber [29]. Based on the forces acting between a sharp probe tip and a surface,
AFM is able to measure images with atomic and even subatomic resolution [30–32].
The basic configuration of an AFM consists of a sharp tip attached to a cantilever,
which acts as a force sensor.
In contrast to scanning tunneling microscopy, AFM does not rely on measuring an
electrical current and can therefore also be used on insulating surfaces. Due to its

1In this work, the abbreviation AFM refers both to the method of atomic force microscopy and to
the atomic force microscope itself.
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2. Fundamentals of atomic force and scanning tunneling microscopy

wider range of applications, AFM has become an established tool in fields ranging
from surface science to industrial applications.
The general principles of AFM have been described in various publications and
books [33–38]. The section follows Ref. [34] and provides a brief overview of the
concepts relevant to this thesis. Since all AFM measurements presented in this work
were performed in the frequency-modulation mode (FM-AFM) [39], only this mode
of operation is discussed in more detail.
In FM-AFM, the cantilever (with the attached tip) is driven to oscillate at a constant
amplitude A at its resonance frequency. In the absence of tip-sample interaction
(free oscillation), the resonance frequency is given by

f0 = 1
2π

√
k

m∗ , (2.1)

where k is the stiffness and m∗ the effective mass of the cantilever [34].
When the tip is brought closer to the surface, a distance-dependent force Fts(z) acts
between tip and sample. The corresponding tip-sample force gradient is given by
kts(z) = −∂Fts(z)/∂z. For very small oscillation amplitudes A, the force gradient
changes negligibly over the trajectory of one oscillation cycle and can therefore
be approximated as constant. Under this gradient approximation, the tip-sample
interaction can be treated as an additional spring, such that the effective spring
constant is given by keff = k+kts. This modified spring constant shifts the resonance
frequency of the cantilever from f0 to f . For weak tip-sample interactions, the
resulting frequency shift ∆f = f − f0 can be expressed as [34]

∆f(z) = f0

2kkts(z) = − f0

2k
∂Fts(z)
∂z

. (2.2)

This relation shows that, within the gradient approximation, the frequency shift
∆f is directly related to the force gradient rather than the force itself. In typical
experiments, the condition of a constant force gradient over the range of an oscillation
cycle is usually not met. For arbitrary oscillation amplitudes, the general expression
for the frequency shift is given by [40, 41]

∆f(z) = f0

2k
2
πA2

A∫
−A

Fts(z + A− q) q√
A2 − q2 dq. (2.3)
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2.1. Frequency-modulation atomic force microscopy

Equation (2.3) shows that the measured frequency shift corresponds to a convolution
of the tip-sample force with the weighting function q/

√
A2 − q2.

If the tip-sample force follows an exponential distance dependence, Fts(z) =
F0 exp(−z/λ), Eq. (2.3) simplifies to [35]

∆f(z) = f0

kA
F0 exp

(
−z + A

λ

)
· J1

(
A

λ

)
, (2.4)

where J1 denotes the Bessel function of the first kind. This shows that an exponential
force-distance dependence leads to an exponential frequency shift with the same
decay length λ. Conversely, if a measured ∆f(z) curve is well described by an
exponential function over the measured distance range, the corresponding tip-sample
force follows the same exponential distance dependence. The measured frequency
shift curve is therefore first fitted with an exponential function to determine the decay
length λ, and this fitted representation is then used to obtain the corresponding
force:

Fts(z) = kA

f0
·

exp
(
A

λ

)

J1

(
A

λ

) · ∆f(z). (2.5)

Equation (2.5) is used in Chapter 6 to determine the corresponding force-distance
curves from exponential fits to the measured ∆f(z) curves. In this work, the
oscillation amplitude A was kept constant at A = 50 pm. The signal-to-noise
ratio is best when the oscillation amplitude corresponds to the decay length of the
interaction [42]. For the systems investigated here, the relevant decay lengths are
on the order of 50 pm (see Chapter 6).

While AFM provides information about the interaction between tip and sample,
scanning tunneling microscopy offers complementary insight into the electronic
structure of the system. In the following section, the fundamental principles of
scanning tunneling microscopy and scanning tunneling spectroscopy are introduced.
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2. Fundamentals of atomic force and scanning tunneling microscopy

2.2. Scanning tunneling microscopy
In 1982, four years before the AFM was introduced, Binnig et al. presented
the scanning tunneling microscope (STM)1 [43]. Owing to its ability to resolve
electrically conducting surfaces with atomic resolution, the STM has become one of
the most important instruments in surface science.
This section introduces the fundamental physical principles of STM, with an emphasis
on the concepts relevant for this thesis. More detailed descriptions of the underlying
physics, operational aspects, and technical implementations can be found in the
books by Chen [44] and Wiesendanger [45]. The summary given here follows the
main concepts presented in Ref. [44].

2.2.1. The tunneling current and its variables

The fundamental mechanism underlying STM is the concept of quantum tunneling:
Quantum mechanics allows electrons to tunnel through a potential barrier even
when classical mechanics forbids it. In STM, a sharp metallic tip is positioned a few
hundred picometers above a conducting surface. The tip-sample distance is small
enough that electrons can tunnel across the vacuum gap. When a bias voltage is
applied between tip and sample, this tunneling results in a measurable current, even
though the two electrodes remain spatially separated.
The high spatial resolution of STM arises from the exponential distance dependence
of the tunneling current, which can be captured by a simple one-dimensional model.
For this, the vacuum gap between tip and sample is modeled as a potential barrier
of width z, corresponding to the tip-sample separation. The effective barrier height
Φ is approximated by Φ = (ΦT + ΦS)/2, where ΦT and ΦS are the work functions of
tip and sample, respectively [46].
Classically, an electron with an energy less than Φ cannot overcome the potential
barrier. However, solving the Schrödinger equation for this situation reveals a finite
probability for an electron to be found inside or even beyond the barrier. For small
bias voltages eV ≪ Φ, the tunneling current as a function of distance is given by

It(z) = I0 exp(−2κz) with κ =
√

2meΦ/ℏ. (2.6)
1In this work, the abbreviation STM refers both to the method of scanning tunneling microscopy
and to the scanning tunneling microscope itself.
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2.2. Scanning tunneling microscopy

Here, I0 denotes the current at z = 0, me is the electron mass, e the elementary
charge1, and κ the decay constant [44]. For copper, which has a work function of
ΦS = 4.94 eV for the (111) plane [47], one obtains2 κ ≈ 10 nm−1. Thus, decreasing the
tip-sample distance by only 100 pm increases the tunneling current by approximately
one order of magnitude.

Although this simple model is very successful in capturing the strong distance
dependence of the tunneling current, it fails to include other important dependencies.
A more complete description follows Bardeen’s tunneling approach [48], which
accounts for the energy-dependent electronic states of tip and sample as well as the
applied bias voltage. Expressed in terms of the corresponding densities of states,
the tunneling current can be written as [44]

I(V ) ∝
∞∫

−∞

ρS(EF + eV + ϵ)ρT(EF + ϵ)
[
f(EF + eV + ϵ) − f(EF + ϵ)

]
|M |2 dϵ, (2.7)

where f(E) = [1 + exp(E/kBT )]−1 is the Fermi-Dirac distribution and EF is the
Fermi energy. The sample density of states below the tip is ρS and the tip density
of states is ρT. The bias voltage V is applied to the sample. The tunneling matrix
element M describes the overlap between the participating tip and sample states
and determines the tunneling probability.

In the limit of low temperatures and assuming an energy-independent tunneling
matrix element [48], Eq. (2.7) simplifies to the widely used STM expression [44]

I(V ) ∝
−eV∫
0

ρS(EF + eV + ϵ)ρT(EF + ϵ) dϵ. (2.8)

Equation (2.8) shows that the tunneling current is proportional to the convolution
of the local density of states of the sample and the tip over the energy window
defined by the applied bias voltage.

1In this work, the elementary charge is defined to be positive.
2It was assumed here that the work functions of tip and sample are the same: ΦS = ΦT = Φ.
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2. Fundamentals of atomic force and scanning tunneling microscopy

2.2.2. Scanning tunneling spectroscopy

A central technique employed in this work (primarily in Chapter 5) is scanning
tunneling spectroscopy (STS), which is closely related to the fundamental principles
of STM. In contrast to topographic imaging, which provides information about
height variations of the surface, STS is primarily used to probe the electronic
structure of the sample.
As discussed in Subsection 2.2.1, the tunneling current depends on the electronic
density of states of the sample and the tip [see Eq. (2.8)]. If the density of states
of the tip can be assumed to be constant, which is experimentally achievable (see
Section 4.2), then taking the derivative of Eq. (2.8) with respect to the bias voltage
yields [44]

dI
dV ∝ ρS(EF + eV ). (2.9)

Thus, the differential conductance (dI/dV ) is proportional to the local density
of states of the sample below the tip position. The electronic structure of the
sample can therefore be probed by sweeping the bias voltage and recording an I(V )
curve. The derivative may be obtained numerically, or more commonly, via a lock-in
detection technique. Alternatively, dI/dV images can be measured to spatially
resolve the local density of states of the sample.

Influence of the lock-in measurement technique

Numerically differentiating a measured I(V ) curve amplifies noise and generally
leads to a reduced signal-to-noise ratio in the resulting dI/dV spectrum. For this
reason, a lock-in method is used in most STS measurements, including this work.
With this technique, the bias voltage is modulated by a small sinusoidal voltage
with amplitude Vmod. This leads to a modulation of the detected tunneling current
with the same frequency.
The lock-in amplifier acts as a band-pass filter and extracts the amplitude of the
current modulation at the reference frequency. The signal obtained in this way is
referred to as the dI/dV signal, which is proportional to the voltage derivative of
the current signal [49].
Using a lock-in significantly improves the signal-to-noise ratio, but it also introduces
broadening of spectroscopic features along the energy axis. If the intrinsic width
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2.2. Scanning tunneling microscopy

of the features is much larger than eVmod, the broadening is negligible [50]. If not,
the measured differential conductance no longer reflects the local density of states
directly, but rather a broadened version of it. Within this framework, the lock-in
measurement can be described as a convolution of the sample density of states ρS

with a modulation-broadening kernel χmod [50]:

dI
dV ∝ (ρS ∗ χmod)(V ) =

Vmod∫
−Vmod

ρS
(
EF + e(V + ϵ)

) 2
πVmod

√
V 2

mod − ϵ2︸ ︷︷ ︸
χmod

dϵ. (2.10)

The modulation-broadening kernel χmod is a semicircle with a diameter of 2eVmod. For
all measurements presented in Chapter 5, a modulation amplitude of Vmod = 5 mV
was used. The spectral features investigated in the quantum corrals exhibit typical
widths of approximately 50 meV. Although modulation-broadening is therefore not
a dominant contribution, it must be taken into account for a quantitative line shape
analysis.

Influence of finite temperatures

Since the measurements presented in this work were performed at a temperature of
T ≈ 5.7 K, the temperature-dependent smearing of the electron occupation of the
tip and sample, i.e., the broadening of the Fermi-Dirac distribution, is not neglected.
In the following, this effect is referred to as Fermi-broadening.
Taking a finite temperature into account, the tunneling current is no longer de-
termined by the density of states at a single energy, as in Eq. (2.9), but by an
energy-weighted integral over the sample density of states. Starting from Eq. (2.7)
and differentiating with respect to the bias voltage, the influence of a finite temper-
ature on the differential conductance can be expressed as [50]

dI
dV ∝

∞∫
−∞

ρS
(
EF + eV + ϵ

) exp
(
(EF + ϵ)/kBT

)
[
1 + exp

(
(EF + ϵ)/kBT

)]2

︸ ︷︷ ︸
≈GFermi

dϵ. (2.11)

Equation (2.11) represents the exact mathematical expression for the temperature-
induced broadening of spectroscopic features and shows that the measured differential
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2. Fundamentals of atomic force and scanning tunneling microscopy

conductance corresponds to a convolution of the sample density of states with a kernel
given by the derivative of the Fermi-Dirac distribution. For practical purposes, this
thermal broadening kernel can be very well approximated by a Gaussian function [50].
With this approximation, Eq. (2.11) can be written as

dI
dV ∝

∞∫
−∞

ρS
(
EF + eV + ϵ

) 1
4 exp

(
−1

2
(EF + ϵ)2

σ2
Fermi

)
︸ ︷︷ ︸

GFermi

dϵ = (ρS ∗GFermi)(V ). (2.12)

The Gaussian approximation is introduced here as a deliberate simplification for
the subsequent quantitative analysis of spectroscopic line shapes. While the exact
thermal broadening kernel in Eq. (2.11) is known analytically, its replacement
by the Gaussian function GFermi greatly simplifies numerical convolution, reduces
computational overhead, and minimizes potential sources of systematic error in
the fitting procedure. In addition, the Gaussian form allows different broadening
mechanisms of similar shape to be combined in a transparent and intuitive way,
which will be discussed in more detail below.
The width parameter σFermi is related to the full width at half maximum (FWHM)
of the Gaussian by ΓFermi = 2

√
2 ln 2 σFermi. From the exact expression in Eq. (2.11),

the temperature-induced energy broadening is given by ΓFermi ≈ 3.5 kBT . At room
temperature (T ≈ 300 K), this results in an energy broadening of Γ300 K

Fermi ≈ 90 meV.
At the base temperature of the microscope used in this work (T ≈ 5.7 K), the
corresponding thermal broadening is reduced to Γ5.7 K

Fermi ≈ 2 meV.

Radio frequency noise

In addition to modulation- and Fermi-broadening, fluctuations of the applied bias
voltage caused by radio frequency (RF) noise [51–54] also contribute to the broad-
ening of measured spectroscopic features. One important source of such noise is,
for example, Johnson noise [55], originating from the thermal motion of charge
carriers in electrical circuits [54]. In low-temperature STM and AFM setups, the
microscope head operated at cryogenic temperatures is electrically connected to
room-temperature electronics via wiring, which introduces RF noise from the 300 K
environment [54].
These RF disturbances do not directly affect the detection of the tunneling current.
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2.3. Application of simultaneous atomic force and scanning tunneling microscopy

Instead, they effectively smear out the applied bias voltage, resulting in an additional
energy broadening of measured spectroscopic features [54].
Analogous to modulation and temperature broadening, the influence of RF noise
on the measured differential conductance can be described by a convolution of the
sample density of states ρS with an RF-broadening kernel GRF:

dI
dV ∝ (ρS ∗GRF)(V ). (2.13)

The RF-broadening kernel GRF is given by a Gaussian function [56–58], characterized
by a FWHM of ΓRF ≈ 9 meV as determined experimentally in a comparable low-
temperature STM system [54].

Combined spectral broadening

Since all spectral broadening mechanisms have to be taken into account for a
high-precision line shape analysis of spectral features, the total broadening can be
combined mathematically as follows [50]:

dI
dV ∝ (ρS ∗ χmod ∗GFermi ∗GRF︸ ︷︷ ︸

GFermi,RF

)(V ). (2.14)

Since both Fermi- and RF-broadening lead to a Gaussian-shaped broadening of
spectral features, they can be combined into a single broadening function GFermi,RF

1.
Together, these two mechanisms result in a Gaussian broadening of spectroscopic
peaks with a full width at half maximum of ΓFermi,RF =

√
(ΓFermi)2 + (ΓRF)2 =√

(2 meV)2 + (9 meV)2 ≈ 9.2 meV.

2.3. Application of simultaneous atomic force and
scanning tunneling microscopy

The microscope used in this work is based on a qPlus sensor [59], which enables the
simultaneous detection of the AFM signal and the tunneling current. This allows
atomic force microscopy and scanning tunneling microscopy to be operated within

1The convolution of two Gaussian functions is again a Gaussian function: GFermi ∗GRF = GFermi,RF.
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2. Fundamentals of atomic force and scanning tunneling microscopy

the same experimental setup and, if desired, at the same time. In the following,
the imaging modes used in this thesis are described in Subsection 2.3.1 and the
determination of the tip-sample distance is explained in Subsection 2.3.2.

2.3.1. Imaging modes

Constant-Current Mode

Due to its monotonic dependence on the tip-sample separation, the tunneling
current I(z) serves as a reliable feedback parameter [44]. In constant-current
mode, a feedback loop continuously adjusts the tip-sample distance to maintain
a current setpoint. Throughout this thesis, the terms constant-current mode and
STM feedback mode are used interchangeably for this mode of operation, in which
the STM feedback loop keeps the tunneling current at the chosen setpoint.
By scanning the tip laterally while recording the vertical displacement required to
keep the current constant, a topographic image z(x, y) is obtained. However, since
the tunneling current depends not only on the distance but also on the local density
of states (LDOS), STM images generally contain both geometric (e.g., a step edge)
and electronic contributions.
As a result, apparent height variations in STM images must be interpreted with
care, as they may reflect changes in the LDOS rather than true topography.
In simultaneous AFM measurements, the feedback-induced changes in tip-sample
distance also affect the frequency shift signal. For example, if the tip moves closer to
the surface in response to a locally reduced density of states, the magnitude of the
attractive force gradient increases, leading to a more negative frequency shift [32].

Constant-Height Mode

In constant-height mode, the feedback loop is disabled and the tip is scanned laterally
at a fixed vertical position (z = const.). This allows the tunneling current I(x, y)
and the frequency shift ∆f(x, y) to be measured independently of feedback-induced
distance changes. In this mode, variations in ∆f directly reflect changes in the
tip-sample interaction.
As discussed in Section 2.2.2, the differential conductance dI/dV is proportional to
the local density of states of the sample at the energy defined by the applied bias
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2.3. Application of simultaneous atomic force and scanning tunneling microscopy

voltage. In contrast, the tunneling current I is, to first approximation, proportional
to the integral of the LDOS over the energy window between the Fermi level and the
applied bias voltage [see Eq. (2.8)]. Consequently, spatial variations in the tunneling
current do not directly correspond to LDOS variations at a specific energy. The
current-based tip-distance control in constant-current mode therefore couples to
the measured dI/dV signal. Constant-height measurements avoid this coupling,
allowing spatially resolved dI/dV maps to directly reflect the spatial variation of
the LDOS. This effect is particularly relevant for the interpretation of spatially
resolved dI/dV data. However, constant-height measurements require sufficiently
flat surfaces and a stable tip-sample separation throughout the scan, because surface
protrusions or uncontrolled changes in the relative tip-sample position increase the
risk of a tip crash.
Throughout this thesis, all AFM measurements and spatially resolved dI/dV images
were acquired in constant-height mode.
In combined STM/AFM measurements using a qPlus sensor, crosstalk between the
tunneling current and the cantilever oscillation can occur. The tunneling current
flowing through the sensor electrodes can excite or damp the oscillation [60], thereby
influencing the AFM measurement. Since this crosstalk depends linearly on the
tunneling current [60], all AFM measurements in this work were performed at a
bias voltage of 0 mV.

2.3.2. Determination of the tip-sample distance

Although the measurements in this thesis, especially in Chapter 6, could be described
using a purely relative tip-sample distance scale, it is more instructive to relate
them to an estimated absolute tip-sample distance. The distance determination
based on the tunneling current is briefly outlined, following Ref. [61].
In a qPlus-based setup, the tip oscillates with a constant amplitude A, causing a
periodic modulation of the tip-sample distance and, consequently, of the tunneling
current. The measured current corresponds to the time-averaged tunneling current
over one oscillation cycle and is given by [34]

⟨I(zPC)⟩ = I0 exp(−2κzPC) exp(−2κA)TBessel
0 (2κA), (2.15)
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2. Fundamentals of atomic force and scanning tunneling microscopy

where TBessel
0 is the modified Bessel function of the first kind (zeroth order), and

zPC denotes the distance of the lower turning point of the oscillation relative to
point contact. Using the conductance at point contact G0 = I0/V , Eq. (2.15) can
be rewritten as

zPC(⟨I⟩, V, A) = − 1
2κ ln

(
⟨I⟩
G0V

exp(2κA)
TBessel

0 (2κA)

)
, (2.16)

which provides the distance of the lower turning point of the oscillation relative to
point contact. For monoatomic metal-tips1, the conductance at point contact is
G0 = 2e2/h = (12 906 Ω)−1 [37, 62], where e is the elementary charge and h is the
Planck constant. For a CO-terminated tip2, GCO

0 = (404 497 Ω)−1 [63], which was
determined experimentally.
To obtain an intuitive measure, the tip-sample distance is defined as the core-core
distance between the frontmost atom of the tip and the atoms in the first surface
layer. This distance is greater than the distance at point contact by the two radii of
the respective atoms. The covalent radius of a copper atom is rCu = 132 pm and for
an oxygen atom it is rO = 66 pm [64]. Measurements by Huber [32] showed that
the point-contact conductance is reached 48 pm before the covalent radii of tip and
sample touch. This offset holds for both a metal-tip and a CO-terminated tip and
has to be taken into account. For a copper-terminated tip, the distance is given by

zmetal = zPC + 2rCu + 48 pm = zPC + 312 pm, (2.17)

while for a CO-terminated tip it becomes

zCO = zPC + rCu + rO + 48 pm = zPC + 246 pm. (2.18)

Using typical experimental parameters (κ = 1010 m−1, V = 10 mV, ⟨I⟩ = 100 pA),
this yields approximate distances of zmetal = 555 pm and zCO = 444 pm.
For notational simplicity, the measured tunneling current is denoted as I throughout
this thesis, although it formally corresponds to the time-averaged current ⟨I⟩ defined
in Eq. (2.15).

1A monoatomic metal-tip ends in a single metal atom at the tip apex.
2A CO-terminated tip is a monoatomic metal-tip with a single CO attached at the tip apex.
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3. Fundamentals of the quantum
corral

This chapter summarizes the physical concepts underlying the quantum corrals
investigated in this work. It first introduces the Shockley surface state on Cu(111)
in Section 3.1, which forms the electronic basis of the confined states. Section 3.2
then describes the construction of CO-based quantum corrals, followed by the
introduction of the hard wall model as a simple framework to understand their
eigenstates and energy spectrum. Finally, this chapter concludes with a discussion of
the relationship between this idealized description and the experimentally observed
spectroscopic behavior.

3.1. The Shockley surface state

At the surface of a metal, the periodic potential of the crystal is interrupted and
the translational symmetry that exists in the bulk is broken. Electrons that would
otherwise propagate through the lattice can no longer propagate freely in the
direction normal to the surface. As a consequence, new electronic states can form
that are bound to the surface and decay exponentially into both the crystal and the
vacuum. These are known as Shockley surface states [65].
On Cu(111), such a surface state appears close to the Fermi level, within the Γ-L
projected bulk band gap [15, 47, 66, 67]. In contrast to bulk states, the surface-
localized wave functions of the Shockley surface state are confined perpendicular to
the surface but remain free to move parallel to it. This confinement in the z-direction
gives rise to a quasi-free two-dimensional (2D) electron gas on the surface.
This two-dimensional electron gas is highly sensitive to scattering from steps, defects,
and surface adsorbates [15, 68]. Such scattering leads to standing wave patterns
that can be directly visualized by scanning tunneling microscopy, which provides
the physical basis for the quantum confinement effects in corrals.
The Shockley surface state on Cu(111) is a two-dimensional electron gas with a
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3. Fundamentals of the quantum corral

nearly free-electron-like dispersion that follows a parabolic relation [15, 69]:

E(k||) = EBE +
ℏ2k2

||

2m∗
e
. (3.1)

Here, k|| is the magnitude of the in-plane wave vector, EBE the onset (band edge) of
the surface state, and m∗

e the effective electron mass. For Cu(111), the onset energy
lies 440 meV below the Fermi level and the effective mass is m∗

e = (0.405±0.025) ·me,
with me being the mass of a free electron [15, 47, 69–73].
Because of its two-dimensional character, the Shockley surface state exhibits a
step-like density of states at EBE [50, 74, 75]. For a tip with a flat density of states
(see Section 4.2), this step can be observed in dI/dV spectra recorded on bare
Cu(111). Due to its otherwise featureless density of states, the Shockley surface state
provides a convenient reference in spectroscopic measurements (see Section 4.2).
The surface-state wave function decays exponentially into both the bulk and the
vacuum. For z > 0 (towards the vacuum), it is described by [17]

ψz(z) ∝ exp
(

− z

λψS

)
, (3.2)

where λψS is the decay length. The decay length is determined by the energy
difference between EBE and the vacuum level, which is Φ + 440 meV = 5.38 eV,
where Φ = 4.94 eV is the work function of Cu(111) [47]. This yields [17]

λψS =

√√√√ ℏ2

2me(Φ + 440 meV) = 84 pm. (3.3)

Towards the vacuum, the corresponding electron density (ρ ∝ |ψ|2) decays with half
this length, λρS = λψS/2 = 42 pm [17].

3.2. Quantum corral
Around the mid-1970s, the first conclusive experimental measurements confirming
the existence of the Shockley surface state were reported using angle-resolved
photoemission spectroscopy (ARPES) [47]. Years later, with the advent of the
scanning tunneling microscope, the first spatially resolved images of the Shockley
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3.2. Quantum corral

surface state were obtained (e.g., Refs. [76, 77]). These early STM studies also
suggested that the surface state is reflected at substrate step edges [76]. Davis et al.
later developed the theoretical description and predicted standing wave patterns at
such step edges [78].

A few years later, in 1993, Crommie et al. [15] and Hasegawa et al. [68] independently
reported standing wave patterns on Cu(111) and Au(111), from which they extracted
the dispersion relation of the Shockley surface state using the wavelength of the
interference pattern. Crommie et al. also observed a standing wave pattern around
point defects. Building on these insights, Crommie, Lutz, and Eigler [79] used
atomic manipulation [1] to construct the first quantum corral. In their experiment,
48 individual Fe adatoms on Cu(111) were arranged in a circle with a radius of
7.13 nm.

This geometry effectively confined the two-dimensional electron gas in the xy-plane,
resulting in a set of resonant eigenstates inside the corral. Consequently, in dI/dV
spectroscopy measurements, these resonant eigenstates appear as peak-like features,
highlighting the effectively zero-dimensional nature of these corral states. The
corresponding standing wave patterns were investigated using STM imaging and
scanning tunneling spectroscopy. Despite the groundbreaking demonstration of
confining an electron gas within a human-made atomic structure, the use of Fe
adatoms as the corral wall had a major drawback. During dI/dV spectroscopy,
approximately 20% of the wall atoms were observed to move [79]. This bias-
induced rearrangement changed the corral geometry, preventing a detailed and
stable spectroscopic characterization of the confined states. Nevertheless, the Fe
corral of Crommie et al. [79] clearly exhibited discrete energy levels.

The movement of Fe atoms during these measurements can be attributed to the weak
bonding of Fe on Cu(111). On Cu(111), a lateral force of (27 ± 6) pN is sufficient to
manipulate Fe adatoms [80]. Using a more stable wall material than Fe allows the
investigation of corral states far from the Fermi level and enables detailed studies of
their spectral widths and line shapes. For carbon monoxide (CO) on Cu(111), a
lateral force of (160 ± 30) pN is required to move a molecule, which is roughly six
times as large as the force required for Fe [81]. Spectroscopic measurements of other
CO-based structures show the desired voltage stability (e.g., Refs. [2, 3, 82, 83]) and
therefore allow for a detailed analysis of the corral’s energy levels.
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3. Fundamentals of the quantum corral

3.2.1. Building a quantum corral

In this work, circular and square quantum corrals are realized on Cu(111) using CO
molecules as the confining boundary. Chapter 5 presents circular corrals with radii
of 7.13 nm and 3.57 nm, while Chapter 6 focuses on square corrals with side lengths
of Lx = 6.13 nm and Ly = 6.20 nm. For both geometries, the wall density ρwall (the
number of CO molecules forming the boundary divided by the circumference of the
structure) was systematically varied to study its effect on the electronic structure
and the measured forces. The geometric shape and size of the constructed corrals
define the confinement discussed in the hard wall description below.
The construction procedure of quantum corrals, described in detail in Ref. [84], is
summarized here. First, a flat and defect-free region of the Cu(111) surface must
be located, since most defects scatter the corral states. Such regions are identified
using STM imaging. Typical imaging parameters of 10 mV sample bias and 10 pA
are sufficient to detect most defects. An example of a suitable area is the central
region of the image shown in Fig. 3.1(a). The procedure to obtain a defect-free
Cu(111) surface is described in detail in Chapter 4.
Once an appropriate site is found, CO molecules from the surrounding area are
gathered via lateral atomic manipulation [85]. To move a CO, the tip is positioned
over a suitable molecule in STM feedback mode at 1 mV and a tunneling current
setpoint between 1 nA and 2 nA (depending on the exact tip geometry). At this
small tip-sample distance, attractive forces allow the CO molecule to be dragged
along the surface. After positioning the tip with the CO molecule beneath it at the
desired site, the tip is retracted by lowering the tunneling current setpoint. The
most precise manipulation is achieved with monoatomic metal-tips. The gathering
procedure is illustrated in Figs. 3.1(b) and (c), where 27 and 47 CO molecules,
respectively, were arranged in an approximate circle.
After collecting all required CO molecules, they are positioned according to a
predefined construction plan. Because CO on Cu(111) adsorbs exclusively on top of
Cu surface atoms, the target geometry can be realized with atomic precision. Details
about the adsorption site of CO on Cu(111) are given in Chapter 4. Construction
plans for all corrals constructed in this work are provided in Appendix A.1 and will
be described in more detail in Chapters 5 and 6. Figure 3.1(d) shows a completed
circular CO corral with a radius of 7.13 nm comprising 48 molecules.
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Figure 3.1: (a): STM feedback image of a clean Cu(111) region with adsorbed CO
molecules. Two surface defects are visible at the top of the image. Imaging parameters:
V = −10 mV, I = 10 pA. The corral was built in the central area of this region. (b)
to (d): STM images illustrating the construction of a CO corral. All images share the
same color scale. Imaging parameters: V = −1 mV, I = 100 pA. (b): Arrangement
of 27 CO molecules in an approximately circular shape. (c): Arrangement of 47 CO
molecules in an approximately circular shape. (d): Fully assembled circular corral
with a radius of 7.13 nm consisting of 48 precisely positioned CO molecules. For all
images (a) to (d), the lowest point of the color scale is set to zero.

Inside the finished structure, STM images reveal standing wave patterns originat-
ing from the confined Shockley surface state. These patterns reflect the discrete
eigenstates of the quantum corral system. Their spatial structure and energetic
positions can be understood within the hard wall model introduced in the following
subsection.

3.2.2. Hard wall model

To describe the behavior of the confined Shockley surface state inside a quantum
corral, a simple model of a particle in a two-dimensional box can be used. An
infinitely high potential in the surface plane captures the essential features of a
corral, such as the spatial shape of the eigenstates and their approximate energetic
positions [17, 79]. This approach is often referred to as the hard wall model.
In this work, two corral geometries were investigated: circular and square. The
spectroscopic properties of the circular corrals are discussed in Chapter 5, and the
force between an AFM tip and the confined states in square corrals is analyzed in
Chapter 6.
Below, the basic hard wall description for both geometries is briefly summarized.
More detailed derivations can be found in the supplemental material of Ref. [17].
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3. Fundamentals of the quantum corral

Circular quantum corral

Solving the Schrödinger equation for a cylindrical potential well gives the in-plane
wave functions [17, 79]:

Ψn,l(r, ϕ) = ψn,l(r) · ψl(ϕ), (3.4)

where n is the main quantum number and l is the angular momentum quantum
number. Here n ∈ N and l ∈ Z. The radial distance from the center of the corral is
given by r and ϕ denotes the azimuthal angle.

The angular part of the wave function is

ψl(ϕ) ∝ exp(ilϕ). (3.5)

The radial component of the wave function is

ψn,l(r) ∝ Jl

(
r
rn,l
RC

)
, (3.6)

where rn,l is the n-th zero of the Bessel function Jl of the first kind and order l.
The radius of the corral is RC, which is 7.13 nm and 3.57 nm for the circular corrals
investigated in Chapter 5.

The z-component of the Shockley surface state is not affected by the lateral confining
potential and decays exponentially into the vacuum [17]. It is therefore still described
by ψz(z) ∝ exp(−z/λψS ) [see Eq. (3.2) in Section 3.1]. Each corral state is therefore
characterized by the quantum numbers n and l.

The discrete eigenenergies of the circular corral relative to the Fermi level are

Ecirc
n,l =

ℏ2r2
n,l

2m∗
eR

2
C

− 440 meV. (3.7)

This expression demonstrates that for every combination of n and l, the correspond-
ing corral state Ψn,l is located at a specific energy. Equation (3.7) also shows that
the corral states Ψn,+l and Ψn,−l are degenerate. The resulting energy spectra for
circular corrals with radii of 7.13 nm and 3.57 nm are presented in Fig. 3.2(a).
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3.2. Quantum corral

Square-shaped quantum corral

Solving the Schrödinger equation for a rectangular quantum well in the surface
plane yields sinusoidal wave functions in both the x and y directions:

Ψnx,ny(x, y) ∝ sin
(
πnxx

Lx

)
· sin

(
πnyy

Ly

)
, (3.8)

where Ψnx,ny is characterized by the quantum numbers nx and ny, with nx, ny ∈ N.
For the square corrals analyzed in Chapter 6, the side lengths are Lx = 6.13 nm and
Ly = 6.20 nm. The eigenenergies of the square corral relative to the Fermi energy
are given by

Esquare
nx,ny = ℏ2π2

2m∗
e

(
n2
x

L2
x

+
n2
y

L2
y

)
− 440 meV. (3.9)

The corresponding energy spectrum is displayed in Fig. 3.2(b).

3.2.3. Connection to STM and AFM measurements

To relate the hard wall model to experimentally accessible quantities, the connection
between the calculated eigenstates and the measured signals in STM and AFM
must be considered. For clarity, the expressions below are written for the geometries
mainly used in the corresponding measurements in this thesis, namely circular corrals
for STM and square corrals for AFM, but the same relations apply analogously to
other corral geometries.
In STM measurements, the tunneling current is proportional to the local surface
charge density below the tip position, integrated over the energy interval between 0
and eV , where zero is defined as the Fermi energy. Within the framework of the hard
wall model, the lateral variation of the tunneling current can therefore be expressed
as a linear combination of all states that fall into this energy window [17, 79]

I ∝
∑

Ecirc
n,l

∈[0,eV ]

∣∣∣Ψn,l

∣∣∣2. (3.10)

This relation connects the discrete eigenstates of the corral to the standing wave
patterns observed in STM measurements.
In AFM measurements, the interaction between the tip and the confined surface
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Figure 3.2: (a): Energy spectra according to the hard wall model of two circular-
shaped quantum corrals with different sizes. Every marker represents the eigenenergy
of a corral state, characterized by the main quantum number n and the angular
momentum quantum number l. The energies are relative to the Fermi energy, which
is marked with a black dashed line. (b): Model spectrum of the square-shaped corral
in n-space, characterized by the main quantum numbers nx and ny. Corral states
below the Fermi level (within the red shaded region) are occupied by electrons. The
color of the marker represents the energy Esquare

nx,ny
of the corresponding state. The

lowest energy in the color code is defined by the onset of the Shockley surface state
(−440 meV), while the maximum is given by the state with the quantum numbers
nx = ny = 5. The energy scale is given with respect to the Fermi energy, which is
marked by the black dashed line in the color bar.
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3.2. Quantum corral

state is governed by the total surface charge density. As shown by Stilp et al. [17],
the measured forces scale with the total charge density σtot, which is given by the
sum over all occupied corral states

σtot ∝
∑

Esquare
nx,ny ≤0

∣∣∣Ψnx,ny

∣∣∣2. (3.11)

Metal-terminated tips exhibit stronger attraction toward regions of increased σtot,
whereas CO-terminated tips experience repulsive forces in regions with enhanced
charge density. This repulsive interaction was attributed to Pauli repulsion [17].

3.2.4. From hard wall model to experimental spectra

Within the hard wall model, the confined electron states are characterized by discrete
eigenenergies. Because the confining potential is assumed to be infinitely high, the
electrons remain perfectly confined inside the potential well. In this idealized
framework, each corral state therefore has an infinite lifetime and is represented
spectroscopically by a delta-like peak at its corresponding energy.
In reality, the experimentally observed spectral features of a quantum corral exhibit
a finite linewidth, as already demonstrated in the measurements by Crommie et
al. [79]. This finite width reflects the finite lifetime of the confined corral states
via the energy-time uncertainty principle. A more realistic confining potential
that accounts for finite wall height and spatial extent would already lead to a
spectroscopically finite width of the corral states, reflecting the fact that electrons
are only partially confined and can leak out of the corral boundary.
In general, for the free Shockley surface state, several mechanisms can influence the
lifetime of electrons, including electron-electron, electron-phonon, and electron-defect
scattering (e.g., Refs. [21–23, 86–96]). Both electron-electron and electron-phonon
scattering provide a temporally constant and spatially homogeneous scattering back-
ground for surface-state electrons [23, 87]. This leads to an exponentially decreasing
survival probability in the time domain, which corresponds to a characteristic
Lorentzian line shape in the energy domain [95].
Electron-defect scattering can also reduce the lifetime of surface-state electrons
via several channels, for example by coupling to bulk states or through inelastic
scattering processes (e.g., Refs. [22, 79, 95, 97]). For randomly distributed defects,
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3. Fundamentals of the quantum corral

this type of scattering is commonly treated as a Lorentzian lifetime broadening [95].
In a quantum corral, electron-defect scattering corresponds to scattering at the
corral wall (CO molecules). In contrast to a stochastic defect distribution, the
defects forming the corral wall are arranged in a well-defined, non-random geometry.
This ordered boundary not only gives rise to the usual defect-related loss channels,
but also introduces an additional loss mechanism due to lateral transmission through
the wall.
For the corrals studied in this thesis, particularly in Chapter 5, interactions of
the confined electrons with the corral wall provide the dominant lifetime-limiting
contribution. A more detailed discussion of the relevant loss channels and the
resulting spectral line shape is given in Chapter 5, especially in Section 5.2 and
Subsection 5.4.2.
Despite these limitations, the hard wall model provides an accurate description
of the spatial structure and approximate energy positions of the corral states. A
quantitative description of the experimentally observed spectra therefore requires
extending the hard wall model to account for finite lifetimes and spectral broadening.
The implementation of such an extended description and its comparison with
experimental data are discussed in detail in Section 5.1.
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4. Sample and tip preparation

4.1. Sample preparation

All measurements presented in this work were performed on a Cu(111) surface.
Since copper is electrically conductive, simultaneous STM and AFM measurements
can be carried out. To obtain an atomically flat and clean Cu(111) surface, several
sputtering and annealing cycles were performed [98]. Each preparation cycle starts
with sputtering the copper sample using Ar+ ions. Argon gas is introduced into
the preparation chamber through a leak valve until a pressure of approximately
2 × 10−6 mbar is reached. The Ar atoms are ionized and accelerated to a kinetic
energy of 1.2 keV, and the sample is sputtered for 20 min, during which a sputter
current of roughly 6 µA is measured. This treatment removes contaminants as well
as several atomic layers of the copper crystal, leaving a rough surface [99, 100].
After closing the Ar valve and evacuating the remaining gas, the sample is annealed
at ≈ 570 ◦C for 20 min. During annealing, the surface restructures itself and
forms atomically flat terraces with typical sizes of several hundred nm2. Since
the Cu(111) sample had already been in use for several years and had undergone
multiple preparations in the past, two to three sputtering and annealing cycles
were sufficient per experimental session. This preparation process takes place in
a chamber within the system designed specifically for this purpose, known as the
preparation chamber. A detailed description of the microscope and its design can
be found in Refs. [101, 102].

Tip preparation, tip characterization, and the construction of artificial quantum
structures on the surface require carbon monoxide molecules on the clean Cu(111)
surface. For this purpose, the freshly prepared sample is transferred into the
microscope head, which is located in the so-called analysis chamber, and then cooled
down to approximately 4.5 K. Because the microscope head is mechanically coupled
to the helium cryostat during this step, the temperature is slightly lower than during
normal (decoupled) operation (≈ 5.7 K). After opening the gate valve between
the analysis and preparation chambers and opening the cryostat’s thermal shields,
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CO gas is introduced into the preparation chamber until a constant pressure of
≈ 3 × 10−9 mbar is reached in the analysis chamber. The thermal shields and the
CO valve remain open for about 2 min.
Individual CO molecules adsorb on the Cu(111) surface as well as on other cold
surfaces, such as the microscope head and cryostat. Experience shows that the CO
dosing behavior depends strongly on how long the microscope has been kept at
low temperature and how often CO was dosed during that time period. Because
the microscope head and cryostat are made of copper and stainless steel, most
CO molecules have desorbed by the time the system returns to room temperature.
When CO is first introduced after the microscope has been freshly cooled down,
many molecules adsorb onto the cryostat and microscope head, leaving only a small
fraction to reach the sample. In this case, the dosing time must often be increased to
about 3 min, sometimes requiring two consecutive dosing steps. After the microscope
has remained cold for several months and has undergone many CO dosing cycles,
the cold surfaces become saturated with CO, and the dosing time can be reduced
to about 1.5 min. In rare cases, after roughly a year of continuous low temperature
operation and multiple CO dosing steps, no active CO dosing is necessary. The
thermal energy of the room-temperature sample and friction during insertion are
sufficient to transfer CO from the microscope head onto the sample surface.
A coverage of roughly 20 CO molecules per 100 nm2 was found to be most practical.
Since CO-based quantum corrals were constructed in the course of this thesis,
each consisting of 12 to 96 individually positioned CO molecules, a relatively high
coverage was desirable. At the same time, enough free surface area must remain
available to assemble the corrals, which are approximately 15 nm in diameter. While
nanostructures can also be built at lower coverages, it is essential to ensure that a
sufficient number of CO molecules are available on a single Cu terrace.
Figure 4.1(a) shows an STM image of CO molecules adsorbed on a clean Cu(111)
surface. Individual molecules appear as dark spots when imaged with a metallic tip
at low bias voltages. Their adsorption locally modifies the surface electron density,
leading to a reduced density of states at the adsorption site [103]. As a result,
the tunneling current decreases above the CO molecules, forcing the STM tip to
approach the surface to maintain a constant current. In Fig. 4.1(a), three additional
surface defects of unknown origin (marked in blue) are visible.
As discussed in Section 3.1, the Cu(111) surface hosts a quasi-free, two-dimensional
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Figure 4.1: (a): STM feedback image of a clean Cu(111) surface with adsorbed
CO molecules appearing as dark spots. Three additional surface defects (highlighted
by blue circles) are also visible. Imaging parameters: V = −10 mV, I = 10 pA.
Scattering of the Shockley surface state at CO molecules and defects leads to the
observed standing wave pattern. (b): Schematic top view of the Cu(111) surface
with a CO molecule adsorbed on top of a Cu atom. The nearest-neighbor distance
between Cu atoms is 255.6 pm. (c): Schematic side view of the Cu(111) surface with
an adsorbed CO molecule. CO binds perpendicular to the surface with the carbon
atom pointing towards the sample.

electron gas near the Fermi level, namely the Shockley surface state [65]. Scattering
of this state at CO molecules, other adsorbates, defects, or step edges produces the
characteristic standing wave pattern observed on the bare Cu(111) surface [15]; see,
e.g., Fig. 4.1(a). Such scattering also leads to the confined standing wave patterns
inside quantum corrals, a concept that was discussed in detail in Chapter 3.
Individual CO molecules adsorb perpendicular to the surface, on top of copper
atoms, with the carbon atom pointing downward towards the surface [104, 105].
Schematic illustrations of this adsorption geometry are shown in Fig. 4.1(b) and (c).
Copper crystallizes in a face-centered cubic (fcc) structure with a lattice constant of
a0 = 361.5 pm [106]. In the (111) plane, this results in a hexagonal lattice with a
nearest-neighbor distance of dnn = a0/

√
2 = 255.6 pm. The distance between two

copper atoms on the Cu(111) surface is indicated in Fig. 4.1(b).

4.2. Tip preparation

Depending on the type of measurement, the tip must meet specific requirements. In
general, a sharp tip is essential for high-resolution imaging, such as in STM, AFM, or
spatially resolved STS measurements. For AFM, achieving optimal spatial resolution
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4. Sample and tip preparation

requires a monoatomic tip apex, that is, an apex terminating in a single atom.
This prevents image blurring caused by multiple atoms at the apex and improves
reproducibility by enhancing sensitivity to short-range, atom-specific interactions
while reducing long-range contributions. For STM and STS measurements, a sharp
tip likewise improves spatial resolution. However, especially for STS, an additional
condition must be fulfilled: The density of states of the tip should be flat. As
shown in Eq. (2.8), the tunneling current, and consequently its derivative (dI/dV ),
depends on the density of states of both the sample and the tip. Only for a flat tip
DOS does the measured tunneling spectrum reflect the electronic structure of the
sample.
The qPlus sensor used in this work was equipped with an electrochemically etched
tungsten wire, yielding an already sharp tip [107]. To further sharpen the tip on a
microscopic level and to remove the non-conducting oxide layer formed during and
after etching, field emission cleaning was performed [44].
Regardless of the desired tip property, microscopic shaping of the tip apex is achieved
through controlled indentations of the tip into the clean Cu(111) surface, commonly
referred to as poking [107]. This process allows for fine-tuning of the tip properties
until the desired behavior (see the following subsections) is reached.

4.2.1. Tips for scanning tunneling spectroscopy measurements

For STS measurements, the microscopic tip engineering described above is used to
primarily fine-tune the electronic properties of the tip. The sharpness of the tip
usually remains stable once achieved. Shallow pokes (≈ 700 pm deep) only slightly
affect the geometric apex structure. The density of states of the tip is more sensitive
and can change significantly even after small pokes.
To verify that the tip DOS is sufficiently flat, test measurements are performed on
the bare Cu(111) surface. As explained in Section 3.1, the unconfined Shockley
surface state of Cu(111) produces an almost flat DOS, except for a small step at
about −440 mV, marking the onset of the surface state. Therefore, any additional
features or corrugations in the measured dI/dV spectrum must originate from the
tip itself.
If such unwanted features are observed [see Fig. 4.2(a)], the tip DOS has to be
altered by a shallow poke. The tip DOS is repeatedly checked and refined until
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(b)(a)

Figure 4.2: (a) red: dI/dV spectrum measured over the bare Cu(111) surface with
a tip that features a corrugated density of states (DOS). (b) red: dI/dV spectrum
measured over the bare Cu(111) surface with a tip that features a flat density of
states. For reproducible and meaningful dI/dV measurements, it is important to
employ a tip that features a flat DOS, such as the one in (b). In (a) and (b) the gray
lines represent dI/dV measurements in the center of a circular quantum corral with
a radius of RC = 7.13 nm. When using a tip with a corrugated DOS, the spectral
features of interest (in this case the spectral features of the corral) are distorted,
preventing a detailed analysis. When using a tip with a flat DOS, the spectral features
of the measured object retain their original shape, allowing for further analysis.

a flat spectrum is obtained [see Fig. 4.2(b)]. Once achieved, the resulting tip
provides reproducible and reliable STS measurements, where the measured dI/dV
signal directly reflects the electronic structure of the sample. The influence of a
corrugated tip DOS on dI/dV measurements can be seen by comparing the gray
lines in Fig. 4.2(a) and (b), which represent spectra recorded over the center of a
circular quantum corral of radius RC = 7.13 nm. While a non-flat tip DOS results
in distorted spectral features [see Fig. 4.2(a)], a flat tip DOS preserves the intrinsic
shape of the spectral features [see Fig. 4.2(b)].

4.2.2. Tips for atomic force microscopy measurements

Monoatomic metal-tips

The preparation and characterization of monoatomic metal-tips are described in
detail in Refs. [32, 108]. Here, only the basic procedure is summarized.
Whether a tip is monoatomic can be checked in two steps. First, an STM scan of a
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single CO molecule approximately reveals the sharpness of the tip. The apparent
depth of a CO molecule in STM imaging correlates with the number of atoms at
the tip apex [32]: A depth of about 60 pm at V = 10 mV and I = 100 pA typically
indicates a monoatomic tip, while shallower depths suggest multiple front atoms.
Figure 4.1(a) was scanned with a monoatomic metal-tip. If STM scans suggest a
monoatomic tip, the CO front atom identification (COFI) method can be used for a
precise apex characterization [30, 109, 110].
The COFI technique exploits the upright adsorption geometry of CO molecules.
The oxygen atom at the top of the CO acts as a nanoscale probe for the tip
apex [109, 110]. During a COFI measurement, the tip is scanned in constant height
over a single CO molecule. The distance between tip and sample must be chosen
large enough that the CO molecule is just not manipulated, in order to obtain the
highest possible contrast in the ∆f image. Typically, this is achieved with an STM
setpoint of between 500 pA and 1 nA at 1 mV sample bias over bare copper and an
oscillation amplitude of 50 pm. The resulting image reveals the number of atoms on
the apex: Each dark (attractive) dip corresponds to one atom at the tip apex.
A COFI image obtained with a monoatomic metal-tip is shown in Fig. 4.3(a). The
bright (repulsive) ring arises from Pauli repulsion between the apex atom and the
CO molecule, while the central dark (attractive) area indicates a weak chemical
interaction combined with van der Waals attraction. This weak interaction is
directional and only appears when the apex atom is directly above the CO. A COFI
image of a monoatomic metal-tip closely resembles the image of a single adatom
scanned with a CO-tip [30, 31].

CO-tips

Once a monoatomic metal-tip has been prepared and verified, it can be further
functionalized with a single CO molecule. This transforms the metal-tip into
a CO-tip, which is widely used in high-resolution STM and AFM experiments.
Terminating the tip with CO effectively reduces the chemical reactivity of the tip
compared to a pure metal-tip [111, 112] while enhancing spatial resolution. The
use of CO-tips has enabled numerous breakthroughs in high-resolution imaging
of, for example, organic molecules [111, 113, 114], small metal clusters [30], and
even the discrimination of bond orders [115]. In most cases, the enhanced spatial
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resolution of CO-tips originates from the short-ranged Pauli repulsion between the
CO and the charge density of the sample [112, 116]. This repulsive interaction
of CO-tips with the sample contrasts with the mostly attractive interaction that
metal-tips show. Sample systems have also been found in which the usually inert
CO-tip forms a weak chemical interaction. For individual Fe and Cu adatoms on
Cu(111), a weak chemical interaction leads to an attraction when the CO-tip is
positioned directly above the adatom. This weak, directional interaction is the
reason for a ring shape that appears in AFM images of this sample system [30, 31].
In the course of this thesis, CO-tips are used because their interaction with the
corral states is dominated by short-range repulsion, providing a well-defined contrast
mechanism that complements the predominantly attractive interaction observed
with metal-terminated tips [17].
The CO pickup process follows a modified version of the procedure reported by
Bartels et al. [117] and is further detailed in Refs. [32, 61]. The monoatomic metal-
tip is positioned above the center of a CO molecule on the Cu(111) surface in STM
feedback mode at a tunneling current of 2 nA and a sample bias of 10 mV. The
sample bias is then slowly increased to 2.4 V while keeping the feedback loop active,
causing the tip to retract. After the target voltage has been reached, the feedback
loop is switched off and the tip is carefully approached toward the CO molecule in
10 pm steps while monitoring the detected tunneling current. A sudden increase
indicates that the CO molecule has moved laterally, requiring the procedure to be
restarted, while a sudden decrease in tunneling current suggests a CO pickup. The
successful attachment of CO can then be verified using the COFI method, as shown
in Fig. 4.3(b).
COFI images of CO-tips appear almost inverted compared to those of monoatomic
metal-tips [see Fig. 4.3(a)]. The bright (repulsive) feature in the center originates
from short-range Pauli repulsion between the two CO molecules, while the dark
(attractive) ring surrounding it results from long-range van der Waals interactions.
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Figure 4.3: Tip characterization via the COFI method. (a) left: Schematic of a
monoatomic metal-tip above a CO molecule adsorbed on Cu(111). (a) right: COFI
image showing a dark central feature with a bright ring due to Pauli repulsion. (b)
left: Schematic of a CO-tip above a CO molecule. (b) right: COFI image of a CO-tip
showing a bright central spot with a surrounding dark ring. Both images were recorded
in constant-height mode with an oscillation amplitude of 50 pm.
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5. Tailoring electronic lifetimes of
corral states

Most of the work presented in this chapter has been published in Physical Review
B [118]. Parts of the text and figures presented below are reproduced from this
publication. The experiments presented in Section 5.1 were carried out by the
author. The measurements presented in Section 5.3 were performed with support
from Michael Schelchshorn1. The first version of the methodology and initial results
of the spectral line shape analysis are presented in the author’s master’s thesis [120].
This chapter reports on the characterization of the energy distributions of quantum
corral states by means of scanning tunneling spectroscopy. Section 5.1 compares
corrals of different sizes and shows that the spectral widths are strongly influenced
by the confinement, i.e., by the corral wall. In addition, the measured energy
distributions are found to exhibit a Gaussian rather than a Lorentzian line shape,
contrary to what was previously reported [79].
To interpret these observations, a classical model is introduced in Section 5.2,
relating the lifetime of a confined surface-state electron to its average path length
inside the corral. The influence of the wall density is then examined in Section 5.3,
where corrals with different CO wall densities are compared and denser corrals are
found to host states with narrower energy distributions. Finally, the results are
discussed in Section 5.4, including the relation between spectral width and wall
density and possible mechanisms responsible for the Gaussian line shape, before the
chapter concludes with a summary and outlook in Section 5.5.

5.1. Spectral line shape analysis
To perform a general spectroscopic characterization with a line shape analysis, two
circular CO quantum corrals of different sizes were constructed: one with a radius of
R48,big = 7.13 nm (48 CO molecules) and another with a radius of R24,small = 3.57 nm

1Michael Schelchshorn did his master’s thesis [119] in the group of Prof. Dr. Franz J. Giessibl
under the supervision of the author.
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(24 CO molecules). Both corrals share the same wall density, characterized by an
average intermolecular CO distance of 938 pm. The construction plans of both
corrals, including the exact adsorption positions of the CO molecules, are provided
in Appendix A.1. STM images of the two structures are shown in Fig. 5.1(a) and (b).

5.1.1. General analysis

The spectral line shapes of the corral states are best studied by scanning tunneling
spectroscopy. However, stationary dI/dV measurements, where the tip position
is fixed and the sample bias is swept, restrict the line shape analysis of energy
distributions to states with l = 0, drastically limiting the number of analyzed
distributions. The reason is that no lateral tip position can be found at which
a state with l ≠ 0 is both energetically and spatially isolated. This limitation
is illustrated in Fig. 5.1(c). The red curve shows a stationary dI/dV spectrum
measured over the center of the big 48-CO corral. Only l = 0 states are probed at
this position, as only these states possess a finite amplitude at the corral center.
Each peak corresponds to an energy distribution of a corral state; from low to high
bias, the peaks represent the states with (n, l) = (1, 0) to (n, l) = (7, 0).
The green curve in Fig. 5.1(c) was recorded 900 pm off center. At this position,
states with l = 0 and l = 1 contribute to the measurement, leading to additional
spectral features. Due to the overlap of multiple energy distributions, only the
uppermost parts of the individual peaks remain visible. Access to only the peak
maxima is insufficient for a detailed line shape analysis. Consequently, stationary
dI/dV spectroscopy is not suitable for a comprehensive investigation of energy
distributions of states with l ̸= 0.
A complete characterization of corral states requires simultaneous access to their
spatial and energetic properties. This is achieved by recording constant-height
dI/dV line scans across the full diameter of the corral. In such measurements,
the local density of states of the sample is probed as a function of position at a
fixed energy defined by the applied bias voltage. To map the LDOS over a broad
energy range, line scans were acquired across both corrals for bias voltages between
−450 mV and 400 mV in steps of 5 mV.
Stacking the individual line scans along the energy axis yields the spatially and
energetically resolved LDOS shown in Fig. 5.2. The horizontal axis corresponds to
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Figure 5.1: (a): Constant-current STM image of the big 48-CO quantum corral with
a radius of R48,big = 7.13 nm, measured at a sample bias of 10 mV and a tunneling
current setpoint of 10 pA. (b): Constant-current STM image of the small 24-CO
quantum corral with a radius of R24,small = 3.57 nm, measured at a sample bias of
50 mV and a tunneling current setpoint of 100 pA. Both corrals share an identical
average intermolecular CO distance of 938 pm. (c): Two stationary differential
conductance (dI/dV ) spectra measured inside the big 48-CO corral [see (a)] at
different lateral positions. The red curve was acquired at the center of the corral and
is sensitive exclusively to states with l = 0. The green curve was measured 900 pm off
center and contains contributions from states with l = 0 and l = 1.
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Figure 5.2: dI/dV measurements as a function of radial distance r from the center
of the quantum corrals and sample bias for the (a) big 48-CO corral and the (b) small
24-CO corral. In both panels, the two outermost vertical black lines indicate the
positions of the corral walls formed by CO molecules. The bright features between
these lines originate from the quantum corral states.

the radial position, the vertical axis to the sample bias, and the color scale encodes
the differential conductance. Thus, each panel in Fig. 5.2 represents a complete
LDOS map of the respective quantum corral.

To ensure a sufficient signal-to-noise ratio, each line scan was obtained by averaging
seven individual constant-height scans acquired at a scan speed of 2 nm/s with 1024
pixels per line. For the big 48-CO corral, a setpoint of −170 mV and 170 pA was
used, with the tip positioned above the corral center before disabling the feedback
loop. This procedure ensured the same tip-sample distance for all scans. For the
small 24-CO corral, a setpoint of 100 mV with 100 pA was chosen (again over the
center of the corral). Differential conductance was measured using a modulation
amplitude of Vmod = 5 mV at a frequency of 600 Hz.

Each horizontal slice of Fig. 5.2 represents a dI/dV line scan that contains contribu-
tions from multiple corral states. Due to the energetic overlap of corral states, each
state contributes with a different weight to the local density of states. As discussed
in Subsection 3.2.2, the standing wave patterns observed in STM images of quantum
corrals can be effectively described as linear combinations of corral states. This
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concept can be extended to dI/dV line scans recorded at different energies:

dI
dV (r, eV ) ∝

∑
n,l

αn,l(eV ) · |Ψn,l(r, ϕ)|2. (5.1)

Here, the prefactor αn,l(eV ) quantifies the contribution of the probability density
|Ψn,l(r, ϕ)|2 of a specific corral state to the measured LDOS at the energy eV .
Accordingly, αn,l(eV ) represents the energy distribution of the corresponding corral
state. A similar definition of the LDOS of a quantum corral has been used in the
literature before, for example in Refs. [121, 122].
By fitting1 Eq. (5.1) to the experimental data at each bias voltage, the energy
distributions of a large number of corral states, including those with l ≠ 0, can
be extracted. Figure 5.3(a) shows a representative dI/dV line scan recorded at
−170 mV across the big corral together with the corresponding fit. An excellent
agreement between experiment and fit is observed not only for this example, but
across the entire investigated bias range (−450 mV to 400 mV) for both corrals. This
again confirms that the LDOS of a quantum corral is well described by a linear
combination of states obtained from the hard wall model [17, 79] multiplied by the
weighting function αn,l(eV ). A comparison between experimental data and fitted
curves over the entire measured bias range is shown in Appendix A.2.
As a representative example, the extracted energy distribution α4,1 (n = 4, l = 1) of
the big 48-CO corral is shown in Fig. 5.3(b). The full set of energy distributions
αn,l(eV ), obtained with this analysis, is given in Appendix A.3.
To characterize the spectral properties of the corral states, the extracted energy
distributions were analyzed in more detail. As a first approach, the distributions were
fitted with a Lorentzian line shape L characterized by a full width at half maximum
ΓL, as originally proposed by Crommie et al. [79]. In addition to the intrinsic line
shape, systematic broadening mechanisms inherent to dI/dV measurements must be
considered. These include the temperature-dependent broadening of the Fermi-Dirac
distribution, radio-frequency broadening, and modulation broadening, as discussed
in Subsection 2.2.2. Accounting for these effects, the energy distributions were fitted
using

αn,l ∝ L ∗GFermi,RF ∗ χmod. (5.2)
1All of the curve fitting and parameter optimization shown in this thesis were performed using the
LMFIT package (version 1.0.1) in Python [123].
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Figure 5.3: (a) Blue: Experimental dI/dV line scan, measured at a sample bias
of −170 mV across the big 48-CO corral. Red: Fit of Eq. (5.1) to the measured
curve. (b): Energy distribution α4,1 of the big 48-CO corral (red markers). The black
dashed line shows a fit using Eq. (5.2), consisting of a Lorentzian line shape and
instrumental broadening terms, which yields poor agreement. The solid green line
shows the fit obtained with Eq. (5.3), including both a Lorentzian contribution with
associated width ΓL and a Gaussian contribution with associated width Γwall as well
as instrumental broadening, and provides excellent agreement with the data. The fit
reveals a purely Gaussian energy distribution with ΓL = 0 meV and Γwall = 41 meV.
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Figure 5.4: Comparison of the Gaussian and Lorentzian full widths at half maximum,
Γwall (filled symbols) and ΓL (open symbols), extracted from the energy distributions
of the (a) big 48-CO corral and the (b) small 24-CO corral. Within the fit uncertainty,
the Gaussian contribution dominates the spectral line shape, while the Lorentzian
contribution is negligible.

However, fits based on a purely Lorentzian line shape result in a poor description of
the energy distributions, as illustrated by the black dashed curve in Fig. 5.3(b). To
improve the agreement, an additional Gaussian contribution Gwall with associated
width Γwall was introduced

αn,l ∝ L ∗Gwall ∗GFermi,RF ∗ χmod. (5.3)

Including the Gaussian term leads to a substantial improvement of the fits, as
demonstrated by the solid green curve in Fig. 5.3(b). For the representative energy
distribution α4,1, the extracted widths are ΓL =

(
0 +

(−)2
)

meV and Γwall = (41±1) meV,
indicating that the energy distribution is entirely dominated by the Gaussian
component. The uncertainty corresponds to twice the standard deviation obtained
from the fit.
Applying this analysis to all reliably extracted energy distributions yields a consistent
result: In all cases, the Lorentzian contribution is negligible within the uncertainty,
whereas the Gaussian shape with associated width Γwall dominates the line shape.
Figure 5.4 summarizes the extracted Gaussian and Lorentzian widths for both
corrals.
From the analysis of the energy distributions αn,l(eV ), several key conclusions can
be drawn. First, the spectral line shapes of the corral states are not well described
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by a Lorentzian function. This is in contrast to existing literature, which proposed
that the energy distributions are described by a Lorentzian line shape [79]. Second,
all analyzed energy distributions exhibit a pronounced Gaussian line shape. Third,
as presented in Fig. 5.4, the width of the distributions, Γwall, shows a monotonic
energy dependence. Fourth, the overall magnitude of Γwall depends on the size of
the corral.
Before discussing the physical origin of these observations, it is essential to assess
the reliability and robustness of the extraction procedure used to obtain the energy
distributions from the dI/dV line scans. This assessment is presented in the following
subsection.

5.1.2. Details and quality assessment of the analysis

Since the quality of the fits of Eq. (5.1) to the experimental dI/dV line scans
directly determines the reliability of the extracted energy distributions αn,l(eV ),
several measures were implemented to ensure the robustness and accuracy of the
fitting procedure. These measures address the choice of fitting parameters and the
consistency of the extracted line shapes.

Fitting routine Fitting Eq. (5.1) to experimental dI/dV line scans involves a
large number of free parameters, as one coefficient αn,l is, in principle, required
for every corral state at every energy. Allowing all possible states to contribute
simultaneously would lead to an impractical and unstable fitting problem. To obtain
reliable results, a compromise was therefore sought between capturing the physically
relevant contributions and minimizing the number of free parameters.
For each line scan, only a subset of corral states was included in the fit function.
This subset was chosen based on the estimated energy widths and the proximity of
the expected state energies to the bias voltage of the respective line scan. When
the bias voltage of the line scan approached the energy of a given state, a test fit
was performed including this additional state. If the corresponding coefficient αn,l
converged to a finite value above the imposed lower bound (αn,l > 0), the state
was retained in the fitting function. If the coefficient vanished within numerical
accuracy (αn,l = 0), the state was excluded and the fit was repeated.
A similar criterion was applied to remove states from the fit function. Once
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the coefficient αn,l of a state remained zero over several consecutive line scans,
corresponding to an energy interval of approximately 10 meV to 15 meV, the state
was excluded from further fits. Following this procedure ensured that each fit
involved only a manageable number of parameters (< 13) while maintaining a high
fit accuracy. With this approach, the relative uncertainties of the extracted αn,l

values were typically limited to single-digit percentages.

Quality factor and selection of reliable energy distributions Despite the overall
stability of the fitting procedure, not all extracted energy distributions are equally
reliable. This is particularly relevant for states with identical main quantum number
n and large angular momentum quantum number l, since such states exhibit a
highly similar spatial behavior. Because the method relies on extracting energy
distributions from experimental dI/dV line scans, the application of the fitting
algorithm via Eq. (5.1) is limited by its ability to distinguish between these highly
similar states.
To quantify the reliability of each extracted energy distribution, a quality factor
ξ was introduced. This factor is based on the relative quadratic deviation (RQD)
between the extracted distribution αn,l(eV ) and its corresponding line shape fit.
The RQD is defined as

RQD =

N∑
i=0

[
αn,l

(
V (i)

)
− F

(
V (i)

)]2

N∑
i=0

[
F
(
V (i)

)]2
. (5.4)

In this expression, αn,l
(
V (i)

)
describes the value of the energy distribution at the

sample voltage V (i), while F
(
V (i)

)
is given by the value of the fit of Eq. (5.3) at the

same bias voltage. The total number of values per energy distribution αn,l is given
by N . The quality factor is then defined as

ξ = 1 − RQD. (5.5)

In order to maximize the overall accuracy of the line shape analysis, further analysis
was constrained to energy distributions with ξ > 0.8. Within the measured bias
range of −450 mV to 400 mV, a total of 61 and 15 energy distributions were extracted
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Figure 5.5: Overview of the extracted energy distributions for the big 48-CO (left)
and small 24-CO (right) corral. Energy distributions shown in green fulfill the quality
criterion ξ > 0.8 [see Eq. (5.5)] and were included in the line shape analysis (see
Subsection 5.1.1 and Section 5.2). Distributions marked in red do not meet the quality
criterion and were excluded from further analysis.

for the big and small corral, respectively, with distributions of degenerate states (±l)
counting as one. Applying the quality criterion reduced this set to 23 distributions
for the big corral and 8 distributions for the small corral. An overview of the
accepted and rejected distributions is shown in Fig. 5.5.
It is important to emphasize that the line scan fitting approach significantly increases
the number of analyzable energy distributions compared to conventional stationary
dI/dV spectroscopy. A stationary spectrum from −450 mV to 400 mV, acquired
over the center of the corral, would allow a reliable line shape analysis only for
states with l = 0, corresponding to 7 and 3 states for the big and small corrals,
respectively. The present line scan fitting method increased the number of analyzed
states by factors of ≈ 3.3 for the big corral and ≈ 2.7 for the small corral.
The representative energy distribution α4,1 shown in Fig. 5.3(b) has a quality factor
of ξ = 0.96.

Comparing line shapes determined by line scan fitting and static tunneling
spectroscopy To further assess the consistency of the results obtained with the line
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-400 -200 0 200 400
sample bias (mV)

n=7

1

2

3

L
D

O
S
 (

a
.u

.)

n=6n=5n=4n=3n=2 fit for
n = 7,6,5

lin. offset 1

fit for
n = 5,4

lin. offset 2

fit for
n = 4,3

lin. offset 3

fit for
n = 3,2

lin. offset 4

Figure 5.6: dI/dV spectrum measured over the center of the big 48-CO corral
after application of the background removal procedure developed by Wahl et al. [124],
shown as open black markers. The spectrum is normalized at a sample bias of 0 mV.
Each peak corresponds to an l = 0 corral state. The corresponding main quantum
number n is given below each peak. Due to the background removal procedure, the
peak for n = 1 merges with the band edge of the Shockley surface state. At higher
energies (n = 5, 6, 7), the peaks are well separated. The segmented fitting approach
described in the text is illustrated by the colored lines, with the corresponding linear
background offsets shown as dashed lines.

scan fitting method, the full widths at half maximum of the reconstructed energy
distributions are compared to widths extracted from static dI/dV measurements
acquired over the center of the corral. As already discussed, such static tunneling
spectroscopy measurements are particularly sensitive to states with the angular
momentum quantum number l = 0. A background-removed dI/dV spectrum1 taken
over the center of the big 48-CO corral is shown as open black markers in Fig. 5.6.
Upon closer inspection of the spectrum in Fig. 5.6, a clear separation of peaks is
observed at higher energies, particularly for the states with n = 5, 6, and 7, which
is characterized by flat regions between neighboring maxima. The individual peaks
appear on top of a smooth background that increases in intensity with increasing
energy.

1As discussed in Section 2.2, a dI/dV spectrum is sensitive to the density of states of both the
sample and the tip. To minimize the influence of the tip, tips exhibiting a flat density of states
were used (see Section 4.2). To further reduce residual effects of a non-ideal tip DOS, the full
deconvolution background removal algorithm developed by Wahl et al. [124] was applied. In
addition, the background removal normalizes all spectra at a sample bias of 0 mV.
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5. Tailoring electronic lifetimes of corral states

To account for this slowly varying offset, a dedicated fitting strategy is required.
Since the precise energy dependence of this background is not known a priori, the
spectrum is analyzed sequentially in overlapping energy windows. Fitting individual
peaks in isolation is insufficient due to the influence of neighboring peaks. Therefore,
each fitting step includes three spectral peaks. The first fitting step comprises the
three highest-energy peaks (n = 7, 6, 5), using a fitting function consisting of a linear
offset and three individual peaks described by Eq. (5.3). The resulting fit is shown
by the solid red line in Fig. 5.6, while the corresponding linear offset is indicated by
the red dashed line.
In the next step, the subsequent set of peaks (n = 6, 5, 4) is analyzed. The parameters
of the n = 6 state obtained in the previous fitting step (namely Γwall, ΓL, amplitude,
and energy position) are fixed, leaving only the remaining two peaks and the linear
offset as free parameters. This fit is illustrated by the green solid line in Fig. 5.6,
with the fixed contribution of the n = 6 state indicated by the red-green dashed
segment.
The same procedure is subsequently applied to the n = 5, 4, 3 set, fixing the
parameters of the n = 5 state. This fitting step is shown by the magenta solid line,
with the fixed contribution depicted by the green-magenta dashed segment. The
sequential fitting routine is continued until the n = 4, 3, 2 set is reached.
Due to the merging of the n = 1 state with the band edge of the Shockley surface
state during the background removal procedure, the n = 1 state could not be
included in this analysis.
Figure 5.7(a) shows the Gaussian width parameter Γwall extracted from the static
dI/dV spectrum (red markers). These values closely match those obtained from
the line scan fitting method (purple markers) within the experimental uncertainty1.
A consistent trend is also observed for the Lorentzian components within the
experimental uncertainty, as shown in Fig. 5.7(b).
The close agreement between the widths obtained from static spectroscopy and line
scan fitting, as shown in Fig. 5.7, supports the validity and robustness of the line
scan fitting approach and shows that both methods consistently yield predominantly
Gaussian-shaped energy distributions for the corral states.
Note that the energy distribution of the state with n = 2 and l = 0 did not meet the

1As in the line scan fitting approach, the error bars of the static measurements correspond to twice
the standard deviation obtained from the fit.
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Figure 5.7: Comparison of the Gaussian and Lorentzian width parameters (Γwall and
ΓL) obtained from line scan fitting (purple markers) and from a static dI/dV spectrum
measured over the center of the big 48-CO corral (red markers) for states with l = 0.
(a): Gaussian component Γwall. (b): Lorentzian component ΓL. Both analysis methods
yield consistent width parameters within the experimental uncertainty and indicate
that the energy distributions of the corral states are predominantly Gaussian-shaped.

quality criterion of the line scan fitting approach (see Fig. 5.5) and was not further
analyzed. Therefore, no data point is provided for this state in Fig. 5.7, whereas the
static dI/dV analysis does provide a data point for this state. Additionally, due to
the background removal procedure the state with n = 1 and l = 0 was not analyzed
in the static dI/dV measurement. Consequently, only the data point from the line
scan fitting approach is shown for this state.

5.2. The spectral width in a single parameter –
average path length

As discussed in Subsection 3.2.4, several mechanisms limit the lifetime of confined
surface-state electrons, including electron-phonon scattering, electron-electron scat-
tering, and electron-defect scattering. As shown in the previous section, the spectral
widths of the energy distributions exhibit a monotonic energy dependence. In
addition, the widths depend on the corral size (see Fig. 5.4). This experimentally
observed behavior is in agreement with previous theoretical calculations by Crampin
et al. [23]. Similar to their interpretation, the results presented here indicate that

47



5. Tailoring electronic lifetimes of corral states

the dominant limitation of the corral state lifetime1 originates from the interaction
of surface-state electrons with the corral wall, i.e., electron-defect scattering.
Due to its spatial homogeneity, electron-phonon scattering is not sensitive to the
size of the quantum structure [21, 22]. Moreover, this scattering mechanism leads
to Lorentzian line shapes. Therefore, it does not correlate with the experimentally
observed strong size dependence of the spectral widths or with the predominantly
Gaussian line shapes.
Calculations by Stilp et al. [17] revealed that the total electron density in the big and
small corrals investigated here is identical (≈ 0.64 e−/nm2). Since electron-electron
scattering scales with the total electron density [96, 125–127], this mechanism is
likewise expected to be independent of the corral size. Furthermore, electron-electron
scattering would also result in Lorentzian line shapes.
Previous studies on vacancy islands on Ag(111) [128], which have sizes comparable
to the corrals investigated in this work, also reported a negligible influence of both
electron-electron and electron-phonon scattering on the lifetime (i.e., inverse spectral
width) of confined surface states in quantum structures.
Since neither the observed Gaussian line shape nor the size-dependent widths
Γwall can be explained by electron-electron or electron-phonon scattering, it can
be concluded that the dominant limitation of the lifetime is mainly given by
the interaction of surface-state electrons with the corral wall. This interaction
includes lateral transmission through the corral wall (e.g., tunneling) as well as, for
example, scattering into bulk states (absorption). A more detailed discussion of
these mechanisms is provided in Subsection 5.4.1.
In the following, a classical model is introduced to describe and quantify the energy
dependence of the spectral widths Γwall. The central idea of this model is to relate
Γwall to the average path length x traveled by a surface-state electron during its
lifetime. The model is purely phenomenological and does not attempt to describe
the microscopic scattering processes in the corral. Instead, it provides a compact
parameterization of the experimentally observed energy dependence of the spectral
widths.
The average path length x covered by an electron moving with velocity ve during
its lifetime Tlife can be written as x = ve · Tlife. Using a classical expression for the

1The width Γ of a spectral feature and the lifetime Tlife of electrons occupying the corresponding
corral state are inversely proportional: Tlife = ℏ/Γ.
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Figure 5.8: Experimentally determined Gaussian spectral widths Γwall as a function
of energy for the big 48-CO corral (R48,big = 7.13 nm, purple markers) and the small
24-CO corral (R24,small = 3.57 nm, orange markers). Solid lines show fits using the
average path length model, Eq. (5.7), which relates the measured spectral width to
the electron energy. The fits yield average path lengths of x48,big = (9.1 ± 0.4) nm
and x24,small = (4.7 ± 0.3) nm.

electron velocity as a function of its energy E relative to the surface-state band
onset, where E = eV + 440 meV, one obtains

x =

√√√√2(eV + 440 meV)
m∗

e
· Tlife. (5.6)

For the effective mass m∗
e of surface-state electrons on Cu(111), the value determined

by Crommie et al. [15] is used, which is 0.38 times the mass of a free electron:
m∗

e = 0.38 ·me. By relating the lifetime to the spectral width via Tlife = ℏ/Γ, the
spectral width can be written as

Γ =
ℏ
√

2(eV+440 meV)
m∗

e

x
. (5.7)

Within this framework, the average path length x is an energy-independent parameter
that can be determined for each corral by fitting Eq. (5.7) to the experimentally
determined widths Γwall (see Fig. 5.4). The resulting fits for the big and small corral
are shown in Fig. 5.8, yielding values of x48,big = (9.1 ± 0.4) nm and x24,small =
(4.7 ± 0.3) nm.
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5. Tailoring electronic lifetimes of corral states

The average path length model offers three key advantages. First, it provides a very
good description of the experimentally observed energy dependence of the spectral
widths Γwall. Second, the extracted values of x48,big and x24,small differ by a factor of
1.9 ± 0.3, which closely matches the ratio of the corral radii (R48,big/R24,small = 2).
This indicates that, for a fixed wall density, the average path length scales with
the corral radius, further supporting the conclusion that the dominant lifetime
limitation arises from interactions with the corral wall. Third, the model allows the
lifetimes of corral states (which are a function of energy) to be characterized by a
single parameter, the average path length x.
In the following sections, the average path length model will be used to analyze
how modifications of the corral wall, in particular variations in the wall density,
affect the average path length and thereby the spectral widths (proportional to the
inverse lifetime) of the confined states.

5.3. Variation of the wall density

The results presented so far demonstrate that the lifetime of corral states is related
to the interaction of confined surface-state electrons with the corral wall. This
interpretation is also supported by theoretical work by Crampin et al. [23], which
employed an interaction mechanism similar to that introduced by Heller et al. [24]
to calculate the lifetimes of corral states, explicitly accounting for lossy scattering
at the corral boundary. In theoretical considerations, this loss term is commonly
associated with coupling to bulk states (e.g., Refs. [24, 97, 129]). Furthermore,
recent experimental findings indicate that scattering at corral boundaries enables
coupling of corral states to bulk states in a superconducting substrate [130].
While the theoretical work by Crampin et al. [23] correctly reproduces the trend
that smaller quantum corrals host broader energy distributions (see Fig. 5.4), the
calculated energy dependence of the spectral widths exhibits a steeper slope than
observed experimentally. As a consequence, the widths of higher-energy states
are overestimated, whereas those of lower-energy states are underestimated. This
discrepancy likely arises because the calculations of Crampin et al. rely on Heller’s
“black-dot” model [24], characterized by a purely absorbing δ-function potential,
which was developed for Fe-based corrals and may not adequately describe CO-based
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5.3. Variation of the wall density

quantum corrals. To further investigate the role of the electron-wall interaction in
quantum corrals on Cu(111), the spectral widths of corral states were studied as a
function of the wall density (ρwall). The wall density is defined as the ratio of the
number of CO molecules forming the wall to the circumference of the corral.
The starting point of this investigation is the big 48-CO corral [see Figs. 5.1(a)
and 5.9(c)]. Corrals with lower and higher wall densities were constructed while
keeping the radius fixed (7.13 nm), using 96, 48, 24, 16, and 12 CO molecules in the
wall, respectively. STM images of the resulting corrals are shown in Fig. 5.9. For the
96-CO corral, two distinct configurations, denoted 961 and 962, are possible. They
differ in the adsorption sites of 24 of the 96 CO molecules, for each of which the
two possible sites are neighboring positions on the Cu lattice. Both configurations
were obtained by starting from the 48-CO corral construction plan and inserting
additional CO molecules at possible adsorption sites. Conversely, corrals with
reduced wall density were created by selectively omitting CO molecules. The
detailed construction plans for all corrals with varying wall densities are provided in
Appendix A.1. The average intermolecular distances (i.e., the inverse wall densities)
are 3719 pm, 2792 pm, 1876 pm, 938 pm, and 477 pm for the 12-, 16-, 24-, 48-, and
both 96-CO corrals, respectively. Notably, the two 96-CO corral variants have
the maximum achievable wall density for CO on Cu(111). Heinrich et al. [11]
investigated the stability of CO nanostructures on Cu(111) and demonstrated that
more densely packed CO assemblies undergo structural rearrangements on timescales
shorter than 1 min. Such unstable configurations would be required to realize corrals
with even higher wall densities.
To characterize the influence of the wall density on the spectral width (and thus the
inverse lifetime) of corral states, static dI/dV spectra were acquired at the center
of each corral. The background-removed spectra [124] are shown in Fig. 5.10.
A first qualitative comparison of the spectra in Fig. 5.10 shows that the most
pronounced difference between the spectra is the width of the spectral peaks. The
widths decrease monotonically with increasing wall density: The 96-CO corrals
exhibit the narrowest peaks, while the 12-CO corral shows the broadest ones.
For both 96-CO configurations, additional spectral features appear between the
main l = 0 peaks. These weaker peaks can be attributed to states with l ̸= 0.
One possible contributing factor is the finite lateral extent of the tip apex. For
the measurements shown in Fig. 5.10, a tip terminating in three metal atoms was
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Figure 5.9: Constant-current STM images (−10 mV, 100 pA) of quantum corrals
with different wall densities: 961-CO in (a), 962-CO in (b), 48-CO in (c), 24-CO in
(d), 16-CO in (e), and 12-CO in (f). The 12-, 16-, and 24-CO corrals were constructed
using subsets of the adsorption sites occupied in the 48-CO corral, whereas both
96-CO configurations contain all 48 of these sites together with 48 additional CO
molecules. Images (a) and (b) share a common color scale, as do images (c) to (f).
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Figure 5.10: Background-removed dI/dV spectra [124] measured over the center
of CO quantum corrals with different wall densities. All corrals have the same radius
(7.13 nm) but differ in the number of CO molecules forming the wall. Two distinct
configurations exist for the 96-CO corral.
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used, as verified by the COFI method (see Section 4.2). The enhanced sensitivity to
l ≠ 0 states in spectra acquired at the center of the 96-CO corrals is further aided
by the comparatively narrow spectral widths of all corral states. Consequently,
neighboring resonances overlap less strongly, allowing the weaker l ≠ 0 peaks to
remain distinguishable from the dominant l = 0 peaks.
The full widths at half maximum Γwall of the spectral peaks1 are summarized in
Fig. 5.11(a), where a pronounced energy dependence is again observed. This depen-
dence is well captured by the average path length model introduced in Section 5.2
[Eq. (5.7)], as indicated by the solid lines in Fig. 5.11(a). Despite the overall
good agreement between the average path length model and the data, outliers are
observed in the cases of the 16-CO corral and the 12-CO corral. For the 16-CO
corral, the state with n = 6 and l = 0 at approximately 150 mV stands out, while
for the 12-CO corral, the outliers include the n = 4, l = 0 state at approximately
−200 mV and the n = 6, l = 0 state at around 150 mV. One possible origin of these
anomalies is the lower wall density of the 16- and 12-CO corrals. The sparse walls
may allow surface-state waves scattered by nearby adsorbates, defects, or step edges
to penetrate more strongly into the corral and interfere with the confined standing
wave patterns, thereby modifying the measured energy distributions of the corral
states. In addition, the larger gaps between neighboring CO molecules may produce
stronger variations in the confinement potential along the corral wall, potentially
shifting the energies of individual corral states or inducing mixing between states
with similar energies. In general, the average deviation of the data points from the
fit, including the outliers, is 5%.
The corresponding fitted average path lengths for the different corrals are shown in
Fig. 5.11(b). As the corral walls become more densely packed with CO molecules, the
extracted average path length of the confined surface-state electrons increases. This
behavior is qualitatively consistent with the theoretical considerations of Crampin
et al. [23]. An empirical fit further reveals that the average path length x scales as
√
ρwall. This is indicated by the solid red line in Fig. 5.11(b).

1For this analysis, the data were fitted using a combination of seven pure Gaussian curves and a
single linear offset. The modulation broadening was included in the fit function as a convolution
with a semicircular function [see Eq. (2.10)]. The same applies to the Fermi- and RF-broadening,
which were accounted for as additional Gaussian broadening terms [see Eq. (2.12) and (2.13)].
This particular analysis was performed by Michael Schelchshorn. A closely related analysis method
is described in his master’s thesis [119].
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Figure 5.11: (a): Energy-dependent spectral widths Γwall of l = 0 corral states
measured at the center of quantum corrals with different wall densities and a common
radius of 7.13 nm. Solid lines represent fits of the average path length model [Eq. (5.7)].
The average path lengths x of the confined electrons in each quantum corral are
displayed in every plot. (b): Average path length x extracted from the fits in (a) as
a function of wall density ρwall (logarithmic scale). Blue markers denote the data
points; numbers indicate the corresponding number of CO molecules in the corral wall.
The inset presents the same data on a linear scale. The red line shows the empirical
relationship.
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5.4. Discussion

5.4.1. Relating spectral width and wall density

As highlighted in Section 5.2, the dominant mechanism limiting the lifetime of
confined surface-state electrons in a quantum corral is their interaction with the
corral wall. In general, three processes can occur when an electron interacts with the
wall: reflection, absorption (for example, into bulk states), and lateral transmission.
The latter two are lossy1 channels. Considering these three interaction mechanisms,
the total probability for an electron-wall interaction can be written as

PR + PA + PT = 100%. (5.8)

Experimentally, the respective probabilities (PR for reflection, PA for absorption,
and PT for transmission) are found to scale with the wall density ρwall.
For a wall density of ρwall = 0 nm−1, the probability for transmission is PT = 100%,
since neither reflection nor absorption at a boundary is possible. As the wall density
ρwall increases, the separation between neighboring CO molecules decreases, which is
expected to reduce the probability PT for lateral transmission through the corral wall.
Furthermore, the experimental results clearly show (see Figs. 5.10 and 5.11) that
the lifetimes of corral states (i.e., inversely related to the spectral widths) increase
monotonically with wall density. This implies a monotonic increase of the reflection
probability PR with increasing ρwall. Accepting that the interaction of surface-state
electrons with the corral wall includes lossy absorption channels, an increase in ρwall

also suggests an increase in the number of such lossy absorption channels2 (increase
in the number of scatterers), and therefore a monotonic increase of the absorption
probability PA. These relations – the monotonic decrease of PT from 100% with
increasing ρwall, the monotonic increase of both PR and PA, and the constraint that
the sum of all probabilities equals 100% – are illustrated schematically in Fig. 5.12.
Within this simplified framework, two notable observations can be made. First,

1Here, the term “lossy” refers to processes in which an electron leaves the corral state it currently
occupies. This can occur, for example, via scattering into bulk states (i.e., leaving the Shockley
surface state) or via tunneling through the corral wall, where no confined corral states exist.

2It is assumed here that each CO molecule in the wall of the corral opens a lossy absorption channel
for electrons. As a result, the number of lossy absorption channels increases with the number of
CO molecules in the wall.
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Figure 5.12: Schematic illustration of the three possible interactions for a surface-
state electron at the corral wall: reflection (PR), transmission into the surrounding
surface state (PT, lossy), and absorption (PA, lossy). The sum of all probabilities
is PR + PT + PA = 100%. Experimental results show that the corral state lifetimes
increase with increasing wall density ρwall, which is consistent with an increasing
reflection probability. At a critical wall density ρcrit.

wall, the probabilities for transmission
and absorption are equal. The linear dependence of the probabilities on ρwall is used
purely for illustrative purposes. The actual functional forms and slopes are unknown.
Both scenarios — absorption exceeding reflection (as shown) or vice versa — are
therefore possible. Nevertheless, the experimental trends require that the transmission
probability decreases more rapidly with increasing wall density than the absorption
probability increases.

beyond a critical wall density ρcrit.
wall, the dominant lossy channel changes from lateral

transmission to absorption at the corral wall. Second, the transmission probability
must be more sensitive to variations in ρwall than the absorption probability.
Several theoretical approaches in the literature offer different perspectives on the
dominant lifetime-limiting process in quantum corrals. Some studies identify cou-
pling to bulk states (absorption) as the primary mechanism [24, 97, 129], while
others, such as the work by García-Calderón and Chaos-Cador [131], suggest that
coherent processes like tunneling (transmission) play a more significant role. In
contrast, some theoretical treatments rely entirely on elastic scattering mechanisms
without introducing bulk coupling [132, 133]. Taking these theoretical considerations
together with the experimental observations presented here, one can propose that
corrals with low wall density operate in a regime where transmission dominates
the lifetime limitation, whereas for corrals with high wall density, an absorptive
loss channel, commonly associated with coupling to bulk states, becomes dominant.
Within the scope of this work, the critical wall density ρcrit.

wall cannot be determined.
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5.4.2. Gaussian spectral line shape

In the following, three possible mechanisms that could explain the Gaussian spectral
line shape are discussed: (1) a non-exponential survival probability of electrons,
originating from scattering at the corral wall, (2) an electron-phonon coupling to a
collective vibrational mode of the boundary, called the breathing mode, and (3) a
direct modulation of the corral-state energies caused by that breathing mode.

Non-exponential survival probability from scattering at the wall Previous
studies of quantum corrals have predominantly described the spectral line shapes
of confined surface-state electrons by Lorentzian functions (e.g., Refs. [79, 128,
134, 135]). A Lorentzian line shape corresponds to an exponential decay of the
survival probability in the time domain, which implies that electrons inside the
corral experience a uniform decay probability at any given moment in time. Such
a description is appropriate when the dominant lifetime-limiting mechanism acts
homogeneously in time and space.
The results presented in this work, however, indicate that the dominant mechanism
limiting the lifetime of corral states is the interaction of confined electrons with the
corral wall. This fundamentally changes the nature of the decay process: Instead
of experiencing a uniform decay probability, electrons predominantly “leave” the
corral state at interaction events with the boundary. As a consequence, the survival
probability of an electron inside the corral is not expected to decay exponentially in
time, and a non-Lorentzian spectral line shape emerges. To illustrate this effect,
a semiclassical single-particle model is considered in which an electron propagates
freely inside the corral and interacts with the wall only once before leaving the
corral state through a lossy channel (absorption or transmission).
The measurements reported in Section 5.1 were performed with tunneling currents
below ≈ 500 pA, corresponding to one electron tunneling every ≈ 320 ps. This is
several orders of magnitude longer than the lifetimes inferred from the measured
spectral widths, which are typically on the order of tens of femtoseconds1. This
suggests that the observed line shapes are intrinsic properties of the corral states
and are negligibly influenced by the tip position and the tunneling electrons. Con-

1A spectral width of Γ = 45 meV, which is approximately the width of the peaks of the big 48-CO
corral around the Fermi energy, corresponds via Tlife = ℏ/Γ to a lifetime of about 15 fs.
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sequently, the corral wall can be used as a reference point and thus defines a set
of possible path lengths and corresponding travel times for electrons, as shown
schematically in Fig. 5.13(a)-(c).
Assuming equal probability for all paths, the resulting survival probability is obtained
by mapping the travel times, leading to the curve shown in Fig. 5.13(d). The resulting
survival probability clearly deviates from an exponential decay, which results in a
non-Lorentzian peak shape in the energy domain.
This simple framework demonstrates that a wall-limited decay mechanism alone is
sufficient to qualitatively explain the observed deviation from Lorentzian behavior.
Although the inclusion of multiple scattering events could lead to peak shapes
resembling a Gaussian distribution in the energy domain, such an extension is
beyond the scope of this work and is reserved for future theoretical studies.

Electron-phonon coupling to a collective boundary mode Gaussian spectral line
shapes have been reported previously in other confined systems, such as quantum
dots [136] and defects in salt layers [137], where they were attributed to a strong
coupling between electrons and a phonon mode of the nanostructure itself. In the
context of quantum corrals, a plausible candidate for such a phonon mode is a
coherent radial motion of the corral wall, also referred to as a breathing mode.
Although a direct interaction between neighboring CO molecules can be neglected
due to their large separation (e.g., 938 pm in the 48-CO corral), adsorbates on metal
surfaces are known to interact over long distances through the surface state (e.g.,
Refs. [138–141]). The radially symmetric corral states may induce a coherent motion
of the CO molecules, enabling a collective phonon mode of the corral boundary. In
the regime of strong electron-phonon coupling, this coherent motion might provide
an explanation for the Gaussian shapes observed in the energy distributions. While
a more rigorous computational approach addressing this phenomenon would be
beneficial, this remains outside the scope of this work.

Direct modulation of corral state energies by boundary motion The existence
of a breathing mode could also directly influence the energy of the corral states. A
modulation of the corral radius due to radial motion of the wall would shift the
energy positions of the confined states: Reducing the radius (RC − ∆RC) increases
the energy, while increasing the radius (RC +∆RC) lowers it. A continuous variation
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Figure 5.13: (a): The blue markers give the position of the CO molecules in
the big 48-CO corral. The red dashed lines indicate the possible paths an electron
can take when starting at the wall. (b): The possible path lengths from panel (a).
(c): Traveling times ttravel of an electron at the Fermi energy, corresponding to the
path lengths in panel (b). (d): Survival probability curve translated from panel (c),
considering only one scattering event. The non-exponential shape in the time domain
results in a non-Lorentzian peak shape in the energy domain.
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5.4. Discussion

of the radius would therefore lead to a broadening of the measured spectral peaks.
According to the hard wall model [see Eq. (3.7)], the energy difference introduced
by the breathing mode at the extreme positions (RC ± ∆RC) is

∆Ebreathing = (Ecirc
n,l + 440 meV) ·

[
R2

C
(RC − ∆RC)2 − R2

C
(RC + ∆RC)2

]
. (5.9)

Here, Ecirc
n,l denotes the energies of the unmodulated corral states, as introduced in

Subsection 3.2.2.

To fully account for the spectral widths reported in Figs. 5.8 and 5.11(a) via this
mechanism, radial amplitudes of approximately 200 pm would be required. This
estimate is based on the peak widths of the big 48-CO corral near the Fermi level,
which are approximately 45 meV. Since 200 pm exceeds the radius of a copper
atom (132 pm), and no laterally displaced CO molecules were observed during
the measurements, it can be concluded that breathing-induced energy modulation
cannot be the dominant broadening mechanism.

The requirement of such a large amplitude suggests that the breathing mode may
only contribute partially to the observed spectral widths. To estimate its realistic
contribution, the established positional uncertainty of an isolated CO molecule can
be used, which can be approximated by a Gaussian FWHM of about 33 pm [142].
Interpreting this uncertainty as a fluctuation in the corral radius yields an estimated
Gaussian broadening of 4.1 meV for states at the Fermi energy (440 meV above the
band edge). For higher-energy states located 400 meV above the Fermi level, the
broadening increases to approximately 7.8 meV. Thus, even such a small coherent
adsorbate motion of a few tens of picometers is expected to contribute non-negligibly
to the measured energy distributions.

In conclusion, it is proposed that the overall Gaussian line shape arises from a
combination of three effects: (1) non-exponential survival probability originating
from wall-limited scattering, (2) electron-phonon coupling to a collective boundary
mode, and (3) the direct modulation of corral state energies by the collective
boundary motion.
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5. Tailoring electronic lifetimes of corral states

5.5. Summary and Outlook

Summary

In this chapter, the spectral properties of quantum corral states were investigated
using scanning tunneling spectroscopy. Two circular quantum corrals were con-
structed on Cu(111) with different radii (7.13 nm and 3.57 nm) but identical wall
densities. By comparing the measured local density of states (LDOS) with a linear
combination of probability densities obtained from a hard wall model, the energy
distributions of individual corral states, including states with l ≠ 0, were determined.
Analysis of the energy distributions revealed that the line shape of all observed
states is best described by a Gaussian function rather than a Lorentzian. In addition,
a clear correlation was found between the size of the corral and the spectral width:
Larger corrals host states with narrower energy distributions, while smaller corrals
lead to broader energy distributions. This indicates that the dominant limitation of
the state lifetime originates from the interaction of the confined electrons with the
corral wall.
On the basis of this observation, a classical model was introduced to relate the
spectral widths of the corral states to the average path length of a surface-state
electron. The model quantitatively captures the experimentally observed energy
dependence of the spectral widths and allows the lifetime of corral states to be
characterized by a single parameter.
To further characterize the electron-wall interaction, quantum corrals with varying
wall densities were constructed. The measured spectral widths decrease systemati-
cally with increasing wall density, demonstrating that denser boundaries support
corral states with longer lifetimes. This behavior indicates that increasing the wall
density suppresses lateral transmission through the corral wall more strongly than
it affects the coupling of corral states to bulk electronic states at the boundary.
Finally, three mechanisms were considered to explain the observed Gaussian line
shape of the corral state energy distributions. While previous studies commonly
describe the energy distributions of corral states using Lorentzian functions, implying
an exponential decay of the electron survival probability, the results presented
in this work suggest that the wall interaction dominates the lifetime limitation.
This lifetime limitation due to electron-wall interaction leads to a non-exponential
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survival probability and, consequently, to non-Lorentzian spectral profiles. In
addition, literature reports Gaussian line shapes in systems where electrons are
strongly coupled to phonon modes [136, 137]. In the present system, a plausible
candidate is a collective breathing mode of the corral wall, corresponding to a
coherent radial motion of the CO molecules. Such a mode can also contribute
to Gaussian broadening both through electron-phonon coupling and through a
direct modulation of the corral radius. Although the estimated magnitude of the
radius modulation alone cannot fully account for the observed widths, it is likely to
represent a contributing mechanism to the overall Gaussian line shape.

Outlook

Recent research has demonstrated that the lifetimes of laterally confined field-
emission resonances can be prolonged by increasing the lateral extent of the confining
potential or the vertical confinement [143]. The results presented in this thesis
demonstrate that a similar lifetime enhancement can be achieved for adsorbate-based
quantum corrals confining the Shockley surface state, either by increasing the corral
radius (see Fig. 5.8) or by increasing the wall density (see Fig. 5.11). Building on
these findings, several strategies can be considered to further increase the lifetime
of quantum corral states.
A first approach is to further suppress lateral transmission through the corral
wall. The systematic variation of the wall density presented in this work reveals
an approximately order-of-magnitude change in the average electron path length.
Extrapolating the observed trend in Fig. 5.11(b) suggests that a hypothetical wall
allowing nearest-neighbor occupation on every Cu adsorption site could yield an
average path length of approximately 16 nm. While such a density cannot be realized
with CO molecules, the effective wall thickness could be increased by constructing
multi-row boundaries, for example using double- or triple-row CO walls. Using this
approach, it may be possible to suppress the lifetime-limiting effects of transmission
(tunneling) so significantly that the spectral widths become primarily dominated by
electron-electron scattering, electron-phonon interactions, and coupling to the bulk.
A second route to lifetime enhancement involves modifying the vibrational properties
of the corral boundary. As discussed in Subsection 5.4.2, part of the observed
Gaussian broadening is likely related to the vibrational motion of the CO molecules
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5. Tailoring electronic lifetimes of corral states

forming the wall. The use of adsorbates that exhibit a reduced vibrational amplitude
in comparison to that of CO could serve to mitigate this effect (for instance,
adsorbates that are more rigidly bound to the surface).
Finally, reducing the coupling of corral states to bulk states represents a promising
strategy for further lifetime enhancement. As shown in Subsection 5.4.1, bulk
coupling becomes increasingly relevant at high wall densities and can ultimately
limit the achievable lifetime. The use of alternative adsorbates with weaker bulk
coupling [127, 144] could minimize this effect. Additionally, the influence of bulk
coupling may be further reduced by carefully choosing the substrate material. While
significant progress has already been demonstrated on semiconductor substrates [28],
layered two-dimensional materials may provide an especially attractive platform for
realizing long-lived corral states in future experiments.
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6. Characterizing the decay lengths
of interatomic forces

Most of the work presented in this chapter has been published in Physical Review
B [145]. Parts of the text and figures are reproduced from this publication. All
experiments, data analyses, and modeling were carried out by the author.

This chapter investigates the interaction between an AFM tip and the confined
Shockley surface state inside a quantum corral on Cu(111). Section 6.1 presents
constant-height AFM measurements inside square quantum corrals and analyzes
the distance dependence of the attractive and repulsive tip-corral interactions. The
robustness of the extracted decay lengths with respect to tip configuration and
corral wall density is also examined.
To interpret these observations, Section 6.2 introduces a model of Pauli repulsion
and examines the attractive metal-tip interaction within the chemical-attraction
picture proposed by Stilp et al. [17]. Based on these results, Section 6.3 compares
the experimentally observed decay length ratio with the ratio assumed in the Morse
potential. Finally, Section 6.4 relates the measured decay lengths to interactions
between two natural atoms in order to clarify why both attractive and repulsive
interactions are longer ranged in the quantum corral system.

6.1. AFM measurements inside quantum corrals

The analysis of the distance-dependent tip-corral interaction begins with a square
quantum corral, constructed from 26 individually positioned CO molecules. A
constant-current STM image of this structure is shown in Fig. 6.1. The side lengths
of the corral are Lx = 6.13 nm and Ly = 6.20 nm. The intermolecular distance along
the upper and lower walls is 1020 pm, whereas along the left and right walls it is
885 pm. A detailed construction plan, including the precise adsorption sites of the
CO molecules, is provided in Appendix A.1.
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41

3 nm

0 pm

Figure 6.1: Constant-current STM image of the square quantum corral consisting of
26 CO molecules. The image was acquired with a metal-tip at a sample bias of 10 mV
and a tunneling current setpoint of 100 pA. The side lengths are Lx = 6.13 nm and
Ly = 6.20 nm. The checkerboard-like structure inside the corral reflects the confined
surface-state electron density near the Fermi level.

6.1.1. Constant-height AFM images and the total surface charge
density

This subsection illustrates how the AFM contrast observed inside the square quan-
tum corral reflects the spatial variation of the total surface charge density [17].
Figure 6.2(a) shows a constant-height AFM image acquired inside the quantum
corral using a CO-terminated tip. All AFM measurements presented in this chapter
were performed with a sample bias of V = 0 mV to suppress the tunneling current
and thus avoid cross-coupling between the STM and AFM detection electrodes of
the qPlus sensor [60].
The image in Fig. 6.2(a) was recorded at a tip-sample separation of 340 pm. At
this small separation, using a CO-functionalized tip, the Cu surface atoms appear
as small attractive (dark) features, consistent with previous high-resolution AFM
studies [30, 146]. Superimposed on the atomic lattice, broader spatial features
are visible. These originate from the confined Shockley surface state inside the
corral. The pattern consists of four bright regions around the center, surrounded
by eight light-dark features. To enhance the visibility of this long-wavelength
pattern, a Gaussian low-pass filter was applied to suppress the high-spatial-frequency
contributions of the Cu lattice [17]. Details of the filtering procedure are provided
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Figure 6.2: (a): Constant-height frequency shift image acquired with a CO-tip
inside the square corral. Cu surface atoms appear as small dark features. The
confined surface state manifests as four bright regions around the center, surrounded
by eight light-dark features. (b): Gaussian low-pass filtered version of (a) in order
to suppress the Cu grid [17]. (c): Constant-height frequency shift image acquired
with a monoatomic metal-tip inside the square corral. The confined surface state is
visible as four dark spots around the center of the image, surrounded by eight bright
spots. (d): Gaussian low-pass filtered version of (c). (e): Multiple scattering (MS)
simulation of the total surface charge density σMS

tot . Bright (dark) regions correspond
to a high (low) charge density. (f): Averaged diagonal line profiles extracted from
(b) and (d), compared to the simulated profile from (e). The horizontal axis d is
the distance from the center of the corral. For a qualitative comparison, an offset
of offCO = 3.73 Hz was added and the result was multiplied by a scaling factor of
ACO = 31 a.u.

Hz : ACO ·(∆fCO +offCO). The red dotted line represents the corresponding
averaged line profile from the metal-tip AFM image in (d). Similar to the CO-tip
case, the line profile is scaled by using offmetal = 6.65 Hz and Ametal = −14.7 a.u.

Hz . The
solid black line shows the simulated profile extracted from (e).
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in Appendix A.4. The filtered image is shown in Fig. 6.2(b).
A comparison between measurements obtained with CO- and metal-tips provides
direct insight into how the sign of the tip-corral interaction depends on the tip
termination. When the same region inside the square quantum corral is imaged
with a monoatomic metal-tip, the contrast is inverted [see Fig. 6.2(c,d)]. Regions
that appear bright with the CO-tip appear dark with the metal-tip. This contrast
inversion has previously been reported by Stilp et al. [17]. For metal-tips, regions
of enhanced total surface charge density σtot correspond to a stronger attractive
interaction, which was interpreted by Stilp et al. as chemical attraction [17], whereas
CO-tips exhibit increased repulsion. The latter was attributed to Pauli repulsion [17].
To relate the observed AFM contrast to the total surface charge density inside the
square quantum corral, the spatial variation of the total surface charge density
has to be modeled. In principle, this can be done within the hard wall framework.
To achieve a realistic simulation within this framework, a complete spectroscopic
analysis of the corral states must be carried out to determine the energy distributions
of the corral states. This would be comparable to what was described in Chapter 5
for the circular corrals. Since such an extensive characterization is not the aim of
this chapter, multiple scattering (MS) simulations are employed. The MS formalism,
developed by Heller et al. [24], treats surface adsorbates as δ-like s-wave scatterers
and is widely used to describe the electronic properties of quantum corrals. The
best agreement with experiment is obtained in the so-called “black-dot” limit, where
the scatterers include a strong absorbing channel [24]. The MS formalism provides
the spatially resolved local density of states as a function of the electron energy.
By integrating the simulated LDOS from the band edge of the Shockley surface
state up to the Fermi energy, a measure of the total surface charge density σtot is
obtained.
The simulations showed that the confined surface-state electrons exhibit an effective
mass m∗

e,conf. slightly higher than that of free surface-state electrons m∗
e,free. The best

agreement between simulation and measurement was found for m∗
e,conf. = 0.45 ·me,

while the effective mass of the free Shockley surface state is m∗
e,free = (0.405 ±

0.025) · me (e.g., Refs. [15, 47, 69–73]). Details about the determination of the
effective mass are given in Appendix A.5. A slight increase in the effective mass of
confined electrons is a known phenomenon and has also been observed, for example,
in semiconductor quantum dots [147]. Furthermore, Freeney et al. [82] simulated
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6.1. AFM measurements inside quantum corrals

square-shaped quantum corrals on Cu(111) using a muffin-tin model and reported
effective masses of 0.48 ·me and 0.46 ·me, which are in good agreement with the
value obtained here. The effective mass was determined to ensure a consistent
description between simulation and experiment, but it is not central to the analysis
presented in this thesis and will therefore not be discussed further.
The simulated total surface charge density σMS

tot for the square quantum corral is
shown in Fig. 6.2(e). Bright regions correspond to a higher total surface charge
density, whereas dark regions correspond to a lower surface charge density.
Comparing the filtered AFM image obtained with the CO-tip [Fig. 6.2(b)] with the
simulated surface charge density [Fig. 6.2(e)] shows that regions of increased surface
charge density correspond to regions of increased repulsive contrast in the AFM
image. The opposite behavior is observed for measurements with a metal-tip. In
this case, regions of higher surface charge density correspond to a stronger attractive
contrast, which appears dark in the AFM image [Fig. 6.2(d)]. Figure 6.2(f) shows
the average line profiles along the two diagonals of the respective images. For a
qualitative comparison between measurement and simulation, an offset was added
to the measured line profiles and subsequently multiplied by a scaling factor. The
values are provided in the caption of Fig. 6.2. For the metal-tip measurement, the
scaling factor is negative, effectively inverting the profile. This reflects the inverted
contrast observed with a metal-tip.
It is worth noting that the maxima of the line profiles in Fig. 6.2(f) are slightly
further apart for the metal-tip measurement than for the CO-tip measurement.
Specifically, the maxima are separated by 2 nm for the metal-tip and by 1.7 nm for
the CO-tip. Previously, it has been reported that the close proximity of an AFM
tip can shift the energy of the corral states [17]. CO-tips were reported to increase
the energy of the corral states slightly, leading to a small depopulation of states
near the Fermi level, whereas metal-tips slightly lower the energy of the states, and
thereby increase the electron population.
Such tip-induced energy shifts alter the total surface charge density, which can
explain the subtle differences both among the measured AFM profiles themselves
and between the experimental profiles and the MS simulations. In addition, the
simulated total surface charge density may deviate slightly from the experiment
because the band edge of the Shockley surface state was chosen to be −440 meV
below the Fermi level, a value that varies slightly in the literature.
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Overall, the qualitative agreement between AFM measurements and MS simulations
demonstrates that the measured frequency shift signal reflects the spatial variation
of the total surface charge density inside the quantum corral. This supports the
contrast behavior of AFM measurements in corrals reported by Stilp et al. [17].

6.1.2. Distance dependence of attractive and repulsive
interactions

The observations and considerations discussed above were based on AFM images
recorded at a specific tip-sample separation. However, recording constant-height
AFM images at different tip-sample distances provides additional insight into the
distance dependence of the interaction between the probe tip and the corral states.
The evolution of the frequency shift contrast C∆f as a function of the tip-sample
distance z is shown in Fig. 6.3. Each data point of C∆f in Fig. 6.3 is extracted
from a single AFM image. The contrast is defined as the average absolute difference
between the four innermost extrema, marked by blue crosses, and the center of the
corral, marked by the green square [see Fig. 6.2(b) and (d)]. The maximum and
minimum values obtained from these extrema define the error bars.
It should be emphasized that the total span of the error bars (from minimum to
maximum) is nearly the same for both the CO-tip and metal-tip measurements. The
apparent difference in their size originates from the much smaller contrast signal
observed in the CO-tip data.
The frequency shift contrast decays exponentially with increasing tip-sample sep-
aration for both the CO-tip and the metal-tip. The extracted decay lengths are
λrepul.

CO = (48 ± 11) pm and λattr.
metal = (65 ± 6) pm. For CO-tip measurements, no

attractive force contrast was observed. The interaction contrast remained purely
repulsive. As discussed in Section 2.1, an exponential dependence of the fre-
quency shift contrast entails that the corresponding force contrast CF also fol-
lows an exponential behavior [35]. The force contrasts are therefore given by
CF

CO(z) = 291 fN · exp[−(z − 323 pm)/λrepul.
CO ] for the CO-tip measurements and

CF
metal(z) = 1522 fN · exp[−(z − 417 pm)/λattr.

metal] for the metal-tip measurements.
These expressions show that at the smallest tip-sample separations (323 pm for the
CO-tip and 417 pm for the metal-tip) force contrasts of 291 fN and 1522 fN were
measured. The force contrasts are displayed as solid red lines in Fig. 6.3.
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Figure 6.3: (a): Frequency shift contrast C∆f
CO measured with a CO-tip as a function

of the tip-sample distance z. An exponential behavior is observed with a decay length
of λrepul.

CO = (48 ±11) pm. The contrast is defined as the difference between the average
of the four innermost maxima and the central minimum of one constant-height AFM
image. (b): Frequency shift contrast C∆f

metal measured with a metal-tip, yielding a
decay length of λattr.

metal = (65 ± 6) pm. Here the contrast is defined as the average
difference between the central maximum and the four innermost minima. In both
cases the frequency shift contrast was fitted with an exponential decay function (solid
red lines). The corresponding force contrasts are shown on the right axis. The red
shaded regions indicate twice the standard deviation of the fits and the definition of
the data point error bars is given in the main text.
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λrepul.
CO (pm) λattr.

metal (pm)
Corral 1 48 ± 11 65 ± 6

(Figs. 6.1-6.3)
Corral 2 40 ± 13 67 ± 8

(Appendix A.6) 39 ± 14
Denser corral 51 ± 9 68 ± 13

(Fig. 6.4)
Average 46 ± 6 66 ± 5

Table 6.1: Decay lengths of the AFM contrast measured with CO- and metal-tips
for different quantum corrals and tip configurations. Corral 1 was first measured
with a monoatomic metal-tip and subsequently with a CO-terminated tip (same
metal-tip background but equipped with a CO at the apex). Corral 2 was constructed
after several preparation cycles on the same copper sample and measured with a
different mesoscopic tip configuration. For the CO-tip measurements of corral 2, the
measurement and analysis were repeated to verify reproducibility. The denser corral
was measured using the same tips as for corral 1.

While the decay lengths obtained from Fig. 6.3 already provide a first estimate of
the distance dependence of the probed interactions, it is important to verify that
these values are not specific to a particular tip configuration or quantum corral.
To improve the reliability and accuracy of the extracted decay lengths and test
their robustness against experimental variations, additional measurements were
performed with different tips in a separate quantum corral1. The corresponding
analysis is presented in Appendix A.6 and summarized in Table 6.1. The obtained
decay lengths are consistent within experimental uncertainty, demonstrating that
the decay length of the interaction between the corral states and the probe tip
is independent of the mesoscopic tip geometry and the local environment of the
quantum corral.
The negligible influence of the mesoscopic tip geometry can also be estimated
quantitatively. Because the interaction between the tip and the corral states decays
exponentially on a length scale of a few tens of picometers, the dominant contribution
originates from the frontmost atom of the tip apex. For a monoatomic metal-tip, the
atoms in the second layer are located approximately 200 pm further away from the

1While both measurement series were carried out on the same sample, the sample underwent
multiple sputtering and annealing cycles between the two sessions. Moreover, the mesoscopic tip
configuration was not identical. In the period separating the two experiments, the tip apex was
altered several hundred times via pokes.
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surface. With a decay length of 66 pm, their contribution to the force amounts to
only about 5% of that of the apex atom. Consequently, the mesoscopic tip geometry
has only a negligible influence on the measured force contrast.
In Chapter 5, it was shown that the electronic properties of corral states depend on
the wall density. A higher wall density increases the lifetime of the confined states.
However, the decay of the corral states towards the vacuum should not be affected
by this parameter. To verify this experimentally, AFM measurements were also
performed in a corral with twice the wall density of the one presented in Fig. 6.1.
The construction plan of this denser square corral is provided in Appendix A.1.
Applying the same analysis as for the less dense corral yields very similar decay
lengths of (51 ± 9) pm for the repulsive force and (68 ± 13) pm for the attraction.
The values are summarized in Table 6.1 and the corresponding analysis is shown in
Fig. 6.4.
As is evident from Table 6.1, the measured decay lengths remain identical within
the experimental uncertainty, independent of the mesoscopic tip geometry, the
environment of the corral, or the density of the corral wall. This motivates the
introduction of a quantitative relationship between the decay lengths of the attractive
interaction with a metal-tip and the repulsive interaction with a CO-tip:

λattr.
metal = (1.4 ± 0.2) · λrepul.

CO . (6.1)

This relation shows that, for quantum corrals on Cu(111), the decay lengths of the
measured attractive and repulsive interactions differ by a factor of 1.4.
As discussed in Subsection 6.1.1, the close proximity of the probe tip can slightly
shift the energies of the corral states. Such shifts can modify the occupation of
states near the Fermi level and thereby influence the total surface charge density.
In principle, this effect could alter the distance dependence of the frequency shift
contrast. As shown in Chapter 5, corral states in denser structures have longer
lifetimes and therefore narrower energy distributions, making their total surface
charge densities more sensitive to tip-induced energy shifts. Since both dense and
less dense corrals yield identical decay lengths within the experimental uncertainty
(see Table 6.1), the influence of this effect can be considered negligible.
It is well known that the CO molecule at the apex of an AFM tip is flexible and
can bend laterally during scanning. This bending can even enhance the spatial
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Figure 6.4: (a): Constant-current STM image of the denser square quantum corral,
consisting of 52 CO molecules, measured with a metal-tip at a sample bias of −10 mV
and a tunneling current setpoint of 100 pA. The corral has side lengths of 6.13 nm in
the horizontal direction and 6.20 nm in the vertical direction. (b): Constant-height
frequency shift image acquired with a metal-tip inside the quantum corral. (c) and
(d): Frequency shift and corresponding force contrast measured with a CO-tip and
a metal-tip as a function of the tip-sample distance z. Both measurements show
an exponential distance dependence with decay lengths of λrepul.

CO = (51 ± 9) pm and
λattr.

metal = (68 ± 13) pm. The extracted decay lengths are consistent with those obtained
for the less dense corral.
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resolution when imaging molecules on surfaces [115]. However, since the analyzed
frequency shift and force contrasts presented in this thesis were calculated based on
local extrema, and consequently no lateral force was acting on the CO-tips at those
points, the influence of CO bending on the reported decay lengths can be considered
negligible. Nevertheless, to obtain a better understanding of AFM measurements
inside quantum corrals, it is instructive to provide a rough estimate of the CO
bending amplitude that occurs during measurements in the corral.

Due to the exponential dependence of the force contrast, the corresponding potential
energy contrast CV

CO at the smallest tip-sample separation zmin is given by

CV
CO(zmin) = CF

CO(zmin) · λrepul.
CO . (6.2)

Using the values discussed above [CF
CO(zmin = 323 pm) = 291 fN and λrepul.

CO = 48 pm],
one obtains a potential energy contrast of CV

CO(323 pm) = 14 yJ = 87µeV. This
corresponds to the potential difference between the center of the corral and the
outer extrema of the interaction landscape. To estimate the lateral force acting on
the CO molecule, the lateral gradient of this potential is considered. The lateral
distance between the center of the corral and these extrema is approximately 1 nm.
As a first-order approximation, it is assumed that the potential energy landscape
changes linearly between the center and the outer extrema. The lateral force is then

F lat.
CO = 14 yJ

1 nm = 14 fN. (6.3)

With a lateral stiffness of a CO molecule on a metal-tip of klat.
CO = 0.24 N/m [148],

this force results in a lateral deflection of

∆x = F lat.
CO
klat.

CO
= 58 fm. (6.4)

Compared to the approximate distance between the frontmost oxygen atom and
the metal atom of the tip apex (≈ 300 pm), this deflection is negligible.

The observed decay lengths of the repulsive and attractive interactions therefore
represent robust quantities that are independent of the specific mesoscopic tip
geometry, local environment, and wall density of the quantum corral.

Stilp et al. [17] were the first to investigate circular quantum corrals using AFM and
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interpreted the attractive interaction between the confined Shockley surface state
and a metal-terminated AFM tip as a chemical interaction. They reported attractive
decay lengths of 56 pm and 51 pm for two circular Fe corrals on Cu(111): a larger
corral with a radius of 7.13 nm consisting of 48 Fe adatoms and a smaller corral
with a radius of 3.57 nm consisting of 24 Fe adatoms. Both corrals had the same
wall density, which is very close to that of the less dense square corral investigated
in this thesis. However, no uncertainties are given regarding the reported decay
lengths. In contrast to the measurements presented in this thesis, Stilp et al. did
not report a similarly systematic analysis of repeated measurements for different
tip configurations and corrals. If one assumes uncertainties of similar magnitude
to those obtained here, i.e., on the order of ±10 pm, the decay lengths reported by
Stilp et al. are compatible with the values presented in this thesis (see Table 6.1).
In addition to possible systematic experimental uncertainties, such as thermal drift
or small deviations in the z-calibration, another effect may contribute to the slightly
smaller values reported in Ref. [17]. As shown in the same publication, the close
proximity of a metal-tip shifts corral states downward in energy. Such tip-induced
energy shifts modify the occupation of states close to the Fermi energy and thereby
alter the local density of states and the total surface charge density inside the
corral. As a consequence, the measured decay length of the contrast is influenced
not only by the distance dependence of the force itself, but also by the tip-induced
modification of the electronic structure. This effect may therefore have contributed
slightly to the extracted decay lengths.
In the following section, model descriptions of Pauli repulsion and chemical attraction
are introduced to examine how these reported interaction pictures relate to the
experimentally observed decay lengths and why they are different.

6.2. Model descriptions of tip-corral interactions

To interpret the experimentally observed decay lengths, simplified analytical models
for the two dominant interaction mechanisms are introduced. These models capture
the essential distance dependence of Pauli repulsion and chemical attraction and
provide a simple framework for understanding the measured force contrasts.
Stilp et al. [17] interpreted the attractive interaction observed between a metal-
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terminated AFM tip and the confined Shockley surface state as a chemical interaction.
This interpretation was based on the exponential distance dependence of the mea-
sured attraction, with decay lengths of about 50 pm, comparable to values reported
for chemical interactions between a metal-tip and individual atoms. In addition,
calculations presented by Stilp et al. showed that long-range electrostatic forces
provide only a negligible contribution to the observed contrast. The analysis of
the frequency shift contrast also largely suppresses the long-range van der Waals
background arising from the interaction between the tip and the underlying Cu
surface atoms. However, a spatially varying van der Waals attraction between the
tip and the confined surface state cannot be excluded experimentally based on the
measured distance dependence alone. In the following, the attractive interaction is
discussed within the chemical-interaction interpretation proposed in Ref. [17].

6.2.1. Model description of Pauli repulsion for CO-tips

Before introducing the model description of Pauli repulsion, it is important to
note that the decay length of the repulsion, which was extracted from the CO-
tip measurements, is greater than the decay length of the surface charge density
(λρS = λψS/2 = 42 pm). This behavior can be understood within a commonly used
model description of Pauli repulsion which uses an overlap integral of the total
charge densities of the tip ρCO and the sample ρS. Because the electronic wave
functions of both the tip and the sample decay exponentially into the vacuum, the
overlap of their electron densities, and therefore the resulting Pauli repulsion, is also
expected to exhibit an approximately exponential dependence on the tip-sample
separation. The overlap integral of the total charge densities is given by

FPauli ∝ − ∂

∂z

∫
[ρtip(r⃗)ρS(r⃗)]αdr⃗, (6.5)

with α ≈ 1 (e.g., Refs. [116, 149–151]). In this model, the overlap integral is used
to approximate the potential energy of the two interacting systems. Taking the
derivative in the z-direction then yields the normal force FPauli, to which AFM is
sensitive.
Equation (6.5) shows that the measured force, and therefore the force contrast,
depends on both the decay length of the sample charge density and that of the
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tip. In Section 3.1, the decay length of the sample electron density was determined
as λρS = 42 pm in the context of the electronic properties of the Shockley surface
state. The charge density at the apex of the CO-tip can be approximated as an
s-wave-like distribution (i.e., Slater-type functions for large distances from the
atomic core). Based on the effective nuclear charge Zeff ≈ 4.5 for the valence
electrons of oxygen [152], the charge density of the frontmost part of a CO-tip
decays approximately1 with a decay length of 12 pm. Approximating the electron
density of the sample also as an s-wave-like distribution has the advantage that
Eq. (6.5) becomes analytically solvable, and similar solutions have been reported
in related forms in textbooks (e.g., Ref. [153]). The analytically solved overlap
integral for two s-wave-like electron densities is provided in Appendix A.7. A
justification of the s-wave approximation on the sample side will be discussed later
in Subsection 6.2.3.
Figure 6.5 shows the modeled Pauli repulsion between the tip and the corral states
using the electron density decay lengths λρS = 42 pm and λρCO = 12 pm with α = 1.
Fitting the modeled curve with an exponential function in the height range where
the CO-tip measurements were conducted (between 300 pm and 450 pm) yields a
decay length of λPauli

CO = 43 pm. This value is slightly larger than the charge density
decay length of the Shockley surface state and lies within the measured error window
of (46 ± 6) pm.

Discussion of the modeled decay length

Despite the good agreement between the modeled and measured decay length of
Pauli repulsion, three possibilities were identified that could explain why the modeled
decay length is slightly shorter than the measured one.
One possibility stems from the fact that the decay length of the Shockley surface
state towards the vacuum was calculated using the work function of Cu(111) reported
in the literature: Φ = 4.94 eV [47]. It is known that the close proximity of a probe tip
can locally alter the potential landscape of the surface, which leads to a modification
of the work function [154, 155]. Such a perturbation of the system by the AFM tip

1This estimate is based on Slater-type s-orbitals [152]: ψSlater ∝ rn∗−1 · exp
(
−r · Zeff/(a0n

∗)
)
. In

this equation, r denotes the radial distance from the atomic core, a0 the Bohr radius, n∗ the
effective quantum number, and Zeff the effective nuclear charge. For large r the exponential
function dominates and the decay length of the wave function is given by λeff = (a0n

∗)/Zeff .
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Figure 6.5: Modeled repulsive force (blue), based on Eq. (6.5). The electron
densities of tip and sample were approximated by s-like distributions. The distance
between the tip and the surface (center of the s-like electron density) is given by
R. The electron density decay lengths for the tip and sample are λρCO = 12 pm and
λρS = 42 pm. The modeled curve was fitted with an exponential function (red) in
the region between R = 300 pm and R = 450 pm, corresponding to the height range
where the CO-tip measurements were conducted. The fit yields a decay length of
λPauli

CO = 43 pm.

could lead to a longer decay length of the sample wave function than expected from
the unperturbed surface. A tip-induced effective sample work function of ≈ 4.5 eV
would be required to closely match the measured decay length1.
Another possible explanation for the slight difference between the measured and
simulated decay length is the scaling exponent α, which appears in the model
description of Pauli repulsion [149, 150]. For clarity and consistency, this exponent
was set to 1 up to this point. However, it has been shown that α can vary depending
on the interacting systems. For molecular systems [150], values slightly above 1 have
been reported, while interactions between single natural atoms often yield values
slightly below 1 [149]. To closely match the modeled and measured decay lengths, a
value of α = 0.92 would be required. This suggests that small deviations from the
idealized scaling behavior may be an intrinsic property of the interaction between
the corral system and the CO-tip. This possibility could be taken into account for
future refinements of the model.
A third possible contribution could arise from an additional long-range attractive
interaction between the CO-tip and the corral states, which is not included in

1This was estimated by adjusting λρ
S in Eq. (6.5) until the fitted decay length matched the measured

value. The effective work function was then calculated using Eq. (3.3) from Section 3.1.
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the model description of Pauli repulsion. Electrostatic forces are the most likely
candidate for such an interaction. However, calculations by Stilp et al. [17] demon-
strated that the electrostatic interaction between the AFM tip and the corral states
is negligibly small. This is caused by the formation of a compensation layer of
electron depletion below the corral states. The depletion layer has the same spatial
distribution but the opposite sign, resulting in strongly reduced electrostatic forces.
Furthermore, the remaining electrostatic interaction is expected to decay on the
order of several hundred picometers. Additionally, since the presented analysis con-
siders only the frequency shift contrast, spatially uniform long-range contributions,
including the van der Waals background arising from the interaction between the
tip and the underlying Cu surface atoms, are largely suppressed.

6.2.2. Model description of chemical attraction for metal-tips

A commonly used approximation for the distance dependence of chemical bonding
is the overlap of wave functions (e.g., Refs. [153, 155–157]):

F chem. ∝ ∂

∂z

∫
ψtip(r⃗)ψS(r⃗) dr⃗. (6.6)

Around the Fermi energy, which is the relevant energy regime for a quantum corral1,
metallic tips can predominantly be characterized by s-orbitals [158]. The decay
length of these orbitals can be estimated in the same way as the decay length of
the Shockley surface state [159, 160]: λψmetal =

√
ℏ2/(2me(Φ + 440 meV) = 84 pm,

where me is the electron mass and Φ = 4.94 eV is the work function of copper. This
estimate corresponds to the decay length at the onset of the Shockley surface state
band, which lies 440 meV below the Fermi energy. Between the band edge and the
Fermi level, the decay length of the tip varies only by about 5%. This slight variation
is neglected for the following steps, as it does not affect the interpretation. The
analytically solved overlap integral for two s-orbitals is provided in Appendix A.7.
Figure 6.6 shows the modeled chemical attraction based on the overlap of s-like wave
functions of tip and sample [Eq. (6.6)]. To account for the attractive interaction, a
phenomenological minus sign was introduced. Fitting the modeled curve with an

1The band edge of the Shockley surface state is located 440 meV below the Fermi energy. Compared
to the energy scales of natural atoms, this range is very narrow and located close to EF.
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Figure 6.6: Modeled attractive force (blue), based on Eq. (6.6). The wave functions
of tip and sample were approximated by s-orbitals. The distance between the centers
of the orbitals is denoted by R. The decay lengths of both wave functions were set to
84 pm (see text). The modeled curve was fitted with an exponential function (red) in
the region between R = 400 pm and R = 600 pm, corresponding to the height range
of the metal-tip measurements. The fit yields a decay length of λchem.

metal = 125 pm.

exponential function in the height range where the metal-tip measurements were
performed (between 400 pm and 600 pm) yields a decay length of λchem.

metal = 125 pm.
Within this simplified picture, the key difference between Pauli repulsion and
chemical attraction lies in the quantities entering the respective models. The Pauli
repulsion model depends on the overlap of the electron densities, i.e., the square of
the wave function (ρ ∝ |ψ|2), whereas the chemical attraction model depends on
the overlap of the wave functions themselves (ψ). Since the electron density decays
spatially as |ψ|2, it follows that the decay length associated with Pauli repulsion is
intrinsically shorter than that associated with chemical attraction.
The same trend is also observed experimentally (Table 6.1), where the repulsive
interaction measured with a CO-tip (46 pm) is shorter ranged than the attractive
interaction measured with a metal-tip (66 pm).

Discussion of the modeled decay length

It is important to emphasize that the presented description of the chemical interaction
between the tip and the corral states represents only a simplified model. While this
approach qualitatively explains why chemical attraction decays more slowly than
Pauli repulsion, the resulting decay length is approximately twice as large as the
experimentally observed value.
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A more accurate description of the interaction would require a more detailed
treatment of the electronic structure. For example, approaches based on a linear
combination of atomic orbitals (LCAO) naturally incorporate the spatial overlap
of different orbitals and therefore provide a more realistic description of chemical
bonding.
Developing such a model for the interaction between the AFM tip and the confined
surface-state electrons is beyond the scope of this thesis. Instead, the simplified
overlap model presented here is used to illustrate the qualitative physical origin of
the longer decay length of chemical attraction compared to Pauli repulsion.

6.2.3. Estimated Pauli repulsion for metal-tips and validation of
the model

The models introduced in the previous subsections describe the experimentally
accessible interaction regimes: Pauli repulsion measured with a CO-functionalized
tip and chemical attraction measured with a metallic tip. However, measurements
with a pure metal-tip were experimentally limited to the attractive regime, since
attempting to enter the repulsive regime resulted in tip instabilities. Although this
regime was therefore not directly accessible, estimating the repulsive interaction
expected for a metallic tip is instructive for interpreting the measured decay lengths
and helps constrain the decay length ratio discussed in Section 6.3. Furthermore,
the models used in the previous subsections are based on the use of s-like wave
functions and electron density distributions. The validity of these approximations
will also be evaluated below.

Estimated repulsive decay length for metal-tips

Assuming that the model description of Pauli repulsion based on the overlap of
electron densities [Eq. (6.5)] also holds for a bare metal-tip, the repulsive decay
length can be estimated within the same framework used for the CO-tip case. The
decay lengths of the tip and sample electron densities are set to λρmetal = λρS =
λψmetal/2 = λψS/2 = (84 pm)/2 = 42 pm. Figure 6.7 shows the resulting simulated
force, which is based on Eq. (6.5). Fitting an exponential function to the calculated
force curve in the height range between 400 pm and 600 pm, which corresponds to
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Figure 6.7: Modeled repulsive force (blue) for two s-like electron distributions.
The distance between the two centers is given by R, while the electron density decay
lengths were set to λρmetal = λρS = 42 pm. While experimentally not accessible, this
setup simulates the repulsive force expected for a bare metal-tip. The modeled curve
was fitted with an exponential function (red) in the region between 400 pm and 600 pm,
corresponding to the height range of the metal-tip measurements. The fit yields a
decay length of λPauli

metal = 52 pm.

the height range in which the metal-tip measurements were conducted, yields a
modeled decay length of λPauli

metal = 52 pm.
This value is considerably larger than the modeled decay length in the case of
a CO-tip, λPauli

CO = 43 pm (see Subsection 6.2.1). This difference arises from the
influence of the decay length of the tip electron density on the total decay length
of the measured interaction. In both calculations, the decay length of the sample
electron density was the same (42 pm), while the decay length of the tip electron
density differed: 12 pm for the CO-tip and 42 pm for the metal-tip. Consequently, a
longer decay length of the tip electron density results in a longer decay length of the
measured interaction. This illustrates that the total decay length of the interaction
is determined by both the sample and the tip electron densities. The influence
of the tip decay length on the effective interaction decay length will be discussed
further in Section 6.3.

Validation of the model approximations

In the previous subsections, both the wave functions and the electron density
distributions were approximated by s-like functions. While this approximation is
justified for the tip, its applicability to the sample may appear less intuitive because
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the surface-state electron density extends laterally across the surface.
Nevertheless, the s-wave approximation for the sample is advantageous because it
allows an analytical solution of the overlap integral while still capturing the essential
decay behavior. To verify that this approximation does not significantly affect the
resulting decay length, an overlap integral was calculated numerically using a more
realistic sample electron density. In this numerical approach, the tip electron density
was again modeled as an s-like distribution, while the sample electron density was
assumed to be homogeneous in the xy-plane and to decay only exponentially in the
z-direction:

ρS(z) ∝ exp
(

−|z|
λρS

)
. (6.7)

For this calculation, the decay lengths of the tip and sample electron densities were
set to λρmetal = λρS = 42 pm. The tip position (distance between tip and sample)
was varied between 200 pm and 800 pm, and for each position the three-dimensional
overlap integral was calculated numerically1. The resulting curve is shown in Fig. 6.8.
To compare the result with the analytical s-wave approximation used in the previous
subsections (Subsections 6.2.1 and 6.2.2), the numerical curve was fitted with an
exponential function in the range between 400 pm and 600 pm. The fit yields a
decay length of 52 pm, which is in excellent agreement with the value obtained
from the s-wave approximation (Fig. 6.7). This agreement demonstrates that
the simplified s-wave approximation captures the relevant decay behavior of the
interaction and therefore provides a reliable description of the force decay length
within the considered distance range.

1The sample electron density was modeled in the xy-plane within a 1 nm × 1 nm area, which was
discretized with a 5 pm pixel size. In the z-direction the same discretization was used and the
sample electron density was modeled from −200 pm to 900 pm with z = 0 pm defined as the surface
plane.
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Figure 6.8: Numerically calculated overlap integral (blue) between an s-like electron
distribution for the tip and a sample electron density that is homogeneous in the xy-
plane and decays exponentially in the z-direction. The distance between the tip and
the surface is given by R. Both decay lengths were set to λρmetal = λρS = 42 pm. The
curve was fitted with an exponential function (red) in the region between R = 400 pm
and R = 600 pm, yielding a decay length of 52 pm, identical to the value obtained
using the analytical s-wave approximation.

6.3. Decay length ratios and the Morse potential

The interaction potential between two atoms is often described by the semiempirical
Morse potential [161], which provides an intuitive model for interatomic interactions.
This potential consists of the sum of two exponential contributions: a short-range
repulsive interaction dominating at small separations and a longer-ranged attractive
interaction dominating at larger distances. Due to its simplicity and wide applica-
bility, the Morse potential is widely used in many fields of science, ranging from
surface catalysis to simulating dynamics in biological systems or gases [162]. It also
provides a useful conceptual framework for analyzing interactions measured with
atomic force microscopy.
In the original formulation by Morse, the attractive interaction decays with a
characteristic length that is twice as large as that of the repulsive interaction,
meaning µ = λattr.

Morse/λ
repul.
Morse = 2. This ratio is not observed in the experimental data

presented in this thesis. To assess whether the Morse ratio is compatible with the
corral system, the role of the tip termination must therefore be taken into account.
The attractive and repulsive decay lengths were not measured with the same tip:
Attraction was probed with a metal-tip, whereas repulsion was measured with a
CO-tip. Since the tip termination itself influences the measured decay lengths, the
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ratio cannot be taken directly from the experimental data. The following discussion
therefore uses the models introduced in this thesis to estimate physically plausible
decay length ratios for a single tip termination.
For the metal-tip measurements, only the attractive regime of the interaction could
be accessed, corresponding to the right-hand side of the minimum of the Morse-type
interaction curve. Attempts to enter the repulsive regime with a metal-tip were
unsuccessful because the strong forces between tip and sample led to tip instabilities
or material transfer into the corral. Consequently, the experimental data are
restricted to the attractive tail of the interaction, and a full Morse-type interaction
curve could not be fitted to the measurements. Instead, the measured attraction was
fitted with a single exponential function (Figs. 6.3 and 6.4), yielding an average decay
length of 66 pm. It should be noted that fitting the attractive tail of a Morse-type
interaction with a single exponential function leads to a systematic overestimation
of the decay length. The steep repulsive part of the interaction, dominant at small
tip-sample separations, slightly modifies the shape of the attractive tail, an effect
that is not captured by a simple exponential fit.
This systematic overestimation can be used to derive an upper bound for the physi-
cally relevant decay length ratio. A mathematical analysis provided in Appendix A.8
shows that the fitted attractive decay length λattr.

metal is always larger than or equal to
the pure attractive decay length λattr.

metal ≥ λpure attr.
metal , which means λpure attr.

metal ≤ 66 pm.
If the original Morse ratio of µ = 2 is applied, the corresponding repulsive decay
length for a metal-tip would have to satisfy λpure repul.

metal ≤ 33 pm. This is incompatible
with the experimental and modeled observations.
As demonstrated by the CO-tip measurements, Pauli repulsion in the corral system
is well described by the overlap integral of electron densities. Since the decay length
of the surface-state electron density is 42 pm, this value represents a strict lower
bound for the repulsive decay length of the interaction.
To further illustrate this behavior, Fig. 6.9 shows a systematic analysis based on
the electron density overlap model [Eq. (6.5)]. In this analysis, the decay length of
the sample electron density was fixed at λρS = 42 pm, while the decay length of the
tip electron density was varied between 1 pm and 100 pm. For each combination of
decay lengths, the resulting modeled force curve was calculated and fitted with an
exponential function in the experimentally relevant height range between 400 pm
and 600 pm. The fitted decay lengths λfit are plotted as a function of λρtip.
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Figure 6.9: Simulated dependence of the fitted decay length λfit on the tip decay
length λρtip. The decay length of the sample electron density was fixed at λρS = 42
pm, while λρtip was varied between 1 pm and 100 pm. The transition from a sample-
dominated regime (λρtip ≲ 30 pm) to a tip-influenced regime (λρtip ≳ 30 pm) illustrates
the convolution-like character of the interaction.

For very short decay lengths of the tip electron density, the resulting interaction
decay length remains close to the decay length of the sample electron density. The
resulting decay length is always larger than that of the sample electron density
(λρS = 42 pm). With increasing λρtip, the decay length of the interaction becomes
progressively influenced by the tip and eventually increases approximately linearly
with λρtip. This behavior reflects the convolution-like character of the interaction
between tip and sample electron densities. This analysis also explains why the
modeled Pauli repulsion decay length for a CO-tip (Subsection 6.2.1) remains close
to the sample decay length: The very short decay length of the CO-tip electron
density (12 pm) contributes only weakly to the total decay length of the interaction,
which is therefore dominated by the electron density of the sample.
The lower bound of the repulsive decay length therefore already excludes the
Morse ratio of µ = 2. Using the measured attractive decay length as an upper
limit yields µmax = 66 pm/42 pm = 1.6. Including the estimated repulsive decay
length for a metal-tip (52 pm, see Subsection 6.2.3) further tightens this constraint:
µmax = 66 pm/52 pm = 1.3.
It is important to note that the ratios presented here do not contradict the general
concept of the Morse potential. They show that the decay ratio assumed in its
original form is not applicable to the corral system.
The deviation from the Morse ratio suggests that the distance dependence of the
interaction in a quantum corral on Cu(111) differs from that of conventional atom-
atom interactions. To understand the origin of this difference, it is instructive to
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compare the decay lengths observed in the corral system with those reported for
interactions between natural atoms.

6.4. Comparison of a quantum corral to a natural
atom

A better understanding of the measured decay lengths of the interaction between
tip and corral can be achieved by comparing them with the decay lengths observed
in interactions between natural atoms. Natural atom-atom interactions exhibit the
same qualitative trend, with chemical attraction being longer ranged than Pauli
repulsion, but their characteristic decay lengths are considerably shorter than those
observed for the quantum corral system.
Ternes et al. [155] reported decay lengths for chemical bonding between a metal-tip
and individual Cu and Pt adatoms on Cu(111) of approximately 40 pm. Comparable
values were obtained by Rubio-Bollinger et al. [163] for metallic adhesion between
gold atoms in atomic junctions, where decay lengths of around 45 pm were found.
In contrast, the attractive interaction between a metal-tip and the corral states
decays more slowly, with a decay length of 66 pm.
A similar trend is observed for Pauli repulsion. CO-tips on CaF2 yielded a repulsive
decay length of 27 pm, and atomic scattering experiments across various atomic
species reported values of approximately 28 pm [164–169]. By comparison, the
repulsive interaction measured with a CO-tip over the quantum corral exhibits a
decay length of 46 pm.
The observed difference likely originates from the energy ranges of the interacting
electronic states. Natural atoms exhibit electronic states that are distributed over a
wide energy range, extending from deep-lying core levels up to the Fermi energy.
These electronic states extend several electron volts below the Fermi level and
include orbitals that are highly localized in space. For example, in Cu(111) the
onset of the sp-bands lies roughly 10 eV below the Fermi energy and extends over a
broad energy range [170–173]. In contrast, the 3d-band begins approximately 5 eV
below EF and is nearly fully occupied [170–173]. This situation is schematically
illustrated in the lower left panel of Fig. 6.10(a).
An electronic state in a one-dimensional potential well can be used to approximate the
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energy dependence of the decay lengths. Within such a framework, the exponential
decay length is given by λ = ℏ/

√
−2meE, where the energy E is relative to the

vacuum level (= 0). As an example, the 1s core level of copper has a binding energy
of approximately 9 keV [174], which corresponds to an estimated wave function
decay length of 2 pm. Because the atomic spacing in bulk copper is ≈ 255 pm,
such deeply bound orbitals barely overlap and therefore do not form bands. In
contrast, electronic states near the onset of the Shockley surface state, which lies
440 meV below EF, exhibit decay lengths of approximately 84 pm. The corresponding
dependence of the decay length on energy is illustrated in the lower right panel of
Fig. 6.10(a).
Between two natural atoms, the total chemical interaction can be understood as a
superposition of contributions from multiple orbitals across a wide energy range.
Orbitals with long decay lengths, located near the Fermi energy, begin to over-
lap at relatively large distances. As the atoms approach each other, deeper and
more localized orbitals start to overlap, leading to a more rapid increase in the
interaction force. The total interaction can thus be interpreted as a combination
of multiple orbital overlaps, each characterized by its own spatial decay. Because
short-ranged contributions from strongly bound orbitals are also present, the result-
ing effective interaction decays faster than the individual contributions near the
Fermi level alone. Since AFM is sensitive to the total charge density, including
contributions from highly localized states with large binding energies, this framework
also provides an explanation for the exceptional spatial resolution achieved in AFM
measurements [109].
For an artificial atom such as a quantum corral, the situation is different. The
occupied corral states lie within a very narrow energy window between the band
edge of the Shockley surface state and the Fermi energy, corresponding to an energy
range of only 440 meV. This situation is illustrated in the lower right panel of
Fig. 6.10(b). In contrast to natural atoms, the corral system does not contain
deeply bound, strongly localized states that could contribute to the interaction.
The occupied corral states originate from the Shockley surface state and therefore
exhibit decay lengths of 84 pm [17]. The estimated decay lengths of the electronic
states of natural atoms vary only slightly within the narrow energy range of the
occupied corral states (from 84 pm to 87 pm). This situation is illustrated in the
lower left panel of Fig. 6.10(b). As a result, the interaction between the corral
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Figure 6.10: Qualitative comparison of the electronic states contributing to tip-
sample interactions involving natural atoms and artificial atoms (quantum corrals).
The key difference is that natural atoms possess electronic states over a wide en-
ergy range, including deeply bound orbitals with very short decay lengths, whereas
quantum corrals contain only electronic states within a narrow energy window close
to the Fermi level. As a result, interactions involving natural atoms include short-
ranged contributions from deep orbitals, while interactions with quantum corrals are
dominated by long-ranged states. (a): Natural atom-atom interaction. Bottom left:
schematic density of states (DOS) of a natural atom at the AFM tip apex and of a
natural adatom on a surface. For clarity, identical DOS profiles are assumed for tip
and sample, both showing broad sp- and d-bands (lower-lying bands are omitted).
The Fermi energy EF lies Φ = 4.94 eV below the vacuum level, while EBE indicates
the band edge of the Shockley surface state. Bottom right: approximate dependence
of the decay length λ on the binding energy, following λ ∝ 1/

√
−E. (b): Interaction

between a natural atom and an artificial atom (quantum corral). Top left: schematic
comparison of the DOS of the tip and the corral states, where the tip DOS corre-
sponds to a magnified view of the natural atom DOS shown in (a). Bottom left: the
relevant interaction energy window for the corral is restricted to the range between
the Shockley surface state band edge EBE and the Fermi level EF. Bottom right:
local density of states (LDOS) at the center of the corral obtained from a dI/dV
spectrum (see Appendix A.5). Because only a narrow energy range contributes to the
interaction in the corral system, the resulting interaction is dominated by long-ranged
electronic states, leading to larger effective decay lengths than in natural atom-atom
interactions.
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states and the AFM tip is dominated exclusively by long-ranged electronic states,
which leads to longer decay lengths for both attractive and repulsive interactions
compared to interactions between natural atoms.
Examples from the literature further support that bonding in natural systems often
involves deeper-lying electronic states. For instance, the 3d-band of noble metals
plays a crucial role in the adsorption of CO, O, and CO2 on copper clusters [175] and
on transition metal surfaces such as Cu, Ag, and Au [176]. This band lies several
electron volts below EF. Even fully occupied semicore orbitals can participate
in bonding. For example, the existence of HgF4 has been explained by bonding
contributions from filled d-orbitals of mercury [177], while CsF5 has been predicted
to involve contributions from fully occupied p-orbitals [178]. A further example is
the uranyl ion UO2+

2 , in which the bonding is mainly governed by 5f - and 6d-orbitals,
while at shorter bond distances even the fully occupied 6p semicore orbitals begin
to hybridize and participate in the interaction [179–181]. Deeper-lying orbitals were
also shown to participate in bonding in solid-state systems [182]. The participation
of such strongly bound orbitals implies that interactions between natural atoms
contain contributions with very short decay lengths. As a result, the superposition
of these contributions leads to an overall interaction that decays more rapidly than
in the quantum corral system, where only electronic states near the Fermi level are
involved.
This interpretation also suggests a possible route toward shorter interaction decay
lengths in artificial atoms on surfaces. A reduction of the decay length of the
Shockley surface state towards the vacuum would shorten the interaction decay
length between an AFM tip and Shockley-surface-state-based corral states. This
could bring the values measured over artificial atoms closer to those observed for
natural atoms. Based on the modeling of the CO-tip measurements presented
in Subsection 6.2.1, the same overlap-integral model can be used to estimate the
sample electron-density decay length required to reproduce the interaction decay
length of approximately 28 pm observed for a CO-tip above a natural atom. For
this estimate, the sample electron-density decay length was varied until the fitted
interaction decay length reached approximately 28 pm. The resulting sample decay
length is about 27 pm.
As discussed in Chapter 3, the decay length of the Shockley surface state depends
on both the work function of the surface and the band edge of the surface state.

91



6. Characterizing the decay lengths of interatomic forces

According to Eq. (3.3), achieving an electron-density decay length of 27 pm would
require a value of Φ+|EBE| ≈ 13 eV. Other noble-metal surfaces, such as Ag(111) and
Au(111), have work functions similar to that of Cu(111) [183], namely Φ ≈ 5 eV, and
Shockley surface state band edges EBE at approximately −60 meV and −490 meV,
respectively [184]. They are therefore not suitable candidates.
It has been shown that Be(0001) also hosts a Shockley surface state observable with
STM [185], with a band edge at approximately −2.8 eV below the Fermi energy [186].
Combined with a work function of about 5 eV, this would yield a native electron-
density decay length of roughly 36 pm. Evaluating the electron-density overlap
integral, as in Subsection 6.2.1, for a CO-tip results in an interaction decay length
of about 37 pm. This corresponds to 78% of the repulsive decay length observed for
the CO-tip measurements on Cu(111).

6.5. Summary and Outlook

Summary

In this chapter, constant-height AFM measurements conducted with CO- and metal-
terminated tips inside a square-shaped quantum corral on Cu(111) were presented.
The comparison between the measurements and simulations based on the multiple
scattering approach developed by Heller et al. [24] supports earlier observations [17]
that the interaction measured with atomic force microscopy in a quantum corral
scales with the surface charge density.
Metal-terminated tips interact attractively with the confined surface state, whereas
CO-terminated tips experience a repulsive interaction. Furthermore, the forces
measured with CO- and metal-terminated tips were found to decay exponentially
with distinct decay lengths. AFM measurements performed over quantum corrals
with identical geometry but a denser wall showed that the decay lengths of the
attractive and repulsive interactions are independent of the corral wall density and
the mesoscopic tip shape. The attractive interaction measured with a metal-tip
exhibits a decay length of λattr.

metal = (66 ± 5) pm, while the repulsive interaction
measured with a CO-tip yields λrepul.

CO = (46 ± 6) pm. The two decay lengths differ
by a factor of 1.4 ± 0.2.
Applying an established electron density overlap model to characterize Pauli repul-
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sion (between CO-tip and corral states) resulted in a calculated decay length of
λPauli

CO = 43 pm. A first-order approximation of the suggested chemical attraction
between a metal-tip and the corral states [17], based on the overlap of wave functions,
reproduces the experimentally observed trend λattr.

metal > λrepul.
CO , although it predicts a

decay length that is larger than the experimentally observed value.
A full Morse-type curve could not be fitted to the metal-tip measurements due to
experimental constraints. Instead, the attractive interaction was fitted with a single
exponential function, leading to a systematic overestimation of the attractive decay
length λattr.

metal ≥ λpure attr.
metal . By analyzing the measured decay lengths together with

the model descriptions, it was shown that the decay length ratio predicted by the
original Morse potential, µ = λattr.

Morse/λ
repul.
Morse = 2, does not apply to the quantum

corral system. The analysis presented in this chapter establishes an upper bound
of µmax = 1.6, demonstrating that the decay ratio assumed in the original Morse
formulation does not describe the interaction between an AFM tip and the confined
surface state.
Finally, a comparison between natural atoms and artificial atoms (quantum corrals)
showed that both attractive and repulsive interactions exhibit longer decay lengths
in the quantum corral system. This behavior can be attributed to the absence
of deep-lying, strongly localized orbitals within the narrow energy range of the
occupied corral states near the Fermi level. In contrast, natural atoms exhibit
electronic states across a wide energy range, including rapidly decaying orbitals far
below EF, which together result in a shorter effective decay length.

Outlook

Artificial nanostructures on surfaces generally provide an interesting platform for
investigating novel electronic and chemical phenomena. Recently, Sierda et al. [28]
introduced a method to simulate molecular electronic structures by constructing
small coupled quantum corrals on the semiconductor InSb. An intriguing question
for future studies is whether such artificial molecules exhibit a chemical reactivity
similar to their natural counterparts.
The growing field of designer electronic states has already created exciting systems
with unique properties, such as SSH chains [6] and kagome lattices [5] with interesting
topological behavior, or Lieb lattices [3, 4] and artificial graphene [2] with Dirac
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cones. These developments raise the fundamental question of how such exotic
electronic states participate in, for example, chemical interactions. In particular,
it remains to be investigated whether CO-functionalized and metallic tips interact
with these designer electronic states in a manner similar to the interactions observed
for individual quantum corrals.
Furthermore, quantum corrals have already been realized on a variety of other
materials, including graphene [187], Rashba surface alloys [83], semiconductors [28],
proximity-induced superconductors [130], and topological insulators [188]. A promis-
ing direction for future research is therefore to investigate the chemical bonding
interactions between probe tips and confined electronic states in such systems.
Finally, the interactions between confined electronic states in artificial nanostructures
and a probe tip can be explored using a variety of different tip terminations.
Established terminations include copper oxide tips [189, 190], Xe-functionalized
tips [191, 192], and magnetic molecules such as nickelocene [193]. Applying the
experimental approach presented in this thesis with alternative tip functionalizations
provides a promising avenue for investigating the nature of chemical bonds under
conditions of precisely controlled chemical reactivity. In addition, spin-polarized
tips [194, 195] offer interesting opportunities to investigate interactions on surfaces
of materials where magnetism plays an important role, such as superconductors or
topological insulators.
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perspective

The concept of an artificial atom is powerful because it suggests that selected
aspects of natural atoms can be recreated in a controlled solid-state environment.
As expected, the results presented in this thesis show that quantum corrals are not
simply enlarged versions of natural atoms. They are artificial quantum systems
in which individual ingredients of atomic behavior, such as confinement, lifetime,
and interaction with an external probe, can be separated and investigated more
independently than in natural atoms.
In a natural atom, the orbital structure, the spatial decay of the wave functions, and
the bonding behavior are largely determined by the nuclear charge and the resulting
atomic potential. Changing this potential means changing the chemical identity of
the atom. In a quantum corral, by contrast, the relevant electronic states originate
from the pre-existing Shockley surface state of Cu(111). The corral wall defines a
lateral confinement region for this two-dimensional electron gas and thereby turns
the continuous surface state into discrete corral states. Although both systems host
localized electronic states, the confinement is realized in different ways. Natural
atoms bind electrons in an attractive atomic potential, whereas quantum corrals
laterally confine a surface state with a boundary formed by atoms or molecules on
the surface.
The nanometer size of quantum corrals makes these artificial atoms directly accessible
to STM and AFM measurements. At the same time, the confining wall consists
of individually positioned surface adsorbates, allowing the artificial atom to be
modified by changing the geometry, density, or composition of the wall. Changing
the boundary also changes the artificial atom, but this is precisely the advantage:
The system can be modified in a controlled way, while the underlying electronic
state remains the Shockley surface state of Cu(111). Quantum corrals are therefore
valuable not because they perfectly imitate natural atoms, but because they allow
selected components of atomic behavior to be isolated and studied in a controlled
way.
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7.1. Decoupling lifetime, confinement, and
interaction range

A central theme of this thesis is the role of decay lengths. Two fundamentally different
decay problems were investigated. The first concerns the lateral propagation of
confined electrons inside the surface plane, which determines the lifetime and
therefore the spectral width of the corral states. The second concerns the vertical
decay of the electronic wave function into the vacuum, which determines the decay
length of the interaction with an AFM tip.
The results show that these two decay problems can be decoupled. Altering the
corral radius and wall density modifies the lifetime of the confined states by changing
the probability for lateral transmission through the boundary and loss at the corral
wall. At the same time, the vertical decay length of the interaction with the AFM
tip remains essentially independent of the wall density. This demonstrates that the
lifetime of an artificial state can be engineered via the boundary without necessarily
changing the vacuum decay of the underlying electronic state.
The corral wall therefore has to be viewed as an integral part of the artificial atom,
rather than as a passive geometric outline. Similar to the atomic core in a natural
atom, it defines the confinement of the electronic states. However, the corral wall
has a more versatile role: It acts as a reflector, a tunnel barrier, a channel to bulk
states, and possibly as a dynamic object via the vibrational motion of the CO
molecules. This is reflected in the observed dependence of the spectral width on the
wall density, which shows that the boundary affects not only the spatial structure
of the corral states, but also their lifetime and spectral shape.
The force measurements add a second layer to this picture. They show that the
spatial range, i.e., the decay length, of the interaction between an AFM tip and an
artificial atom is governed by the electronic structure of the participating states.
Because the occupied corral states originate from the Shockley surface state and
occupy only a narrow energy window near the Fermi level, the relevant wave-
function and electron-density components have a comparatively large characteristic
decay length into the vacuum. This explains why both attractive and repulsive
force interactions have larger decay lengths in the quantum corral system than in
interactions between natural atoms.
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Taken together, the lifetime measurements and the force measurements highlight
a central advantage of quantum corrals as artificial atoms. In natural atoms, the
lifetime of an electronic state and the spatial extent of its wave function are both
tied to the atomic potential, the shell structure, and the available decay channels.
Although these properties can be influenced, for example, by external fields or by
changing the atomic environment, this does not provide a simple structural tuning
knob like the wall density of a quantum corral. In a quantum corral, by contrast,
the wall density can modify the lifetime of the confined states, while the vertical
decay length into the vacuum remains mainly governed by the Shockley surface
state character. Quantum corrals therefore allow lifetime and interaction range to
be influenced by different physical ingredients, which is one of their key advantages
as artificial atoms.

7.2. Towards designer interactions

The results of this thesis suggest that quantum corrals can be used to move from
designer electronic states towards designer interaction landscapes. The findings
presented in this thesis show that the confined charge density is not only observable
in spectroscopic measurements but also determines where an external atom (i.e.,
the AFM tip) is attracted or repelled. The wave functions of the artificial atom
therefore become spatial templates for local interactions.
The vertical decay length of the force interaction is mainly governed by the electronic
character of the Shockley surface state and is therefore not easily changed by
modifying the corral wall. The in-plane interaction landscape, however, can be
shaped by changing the occupied corral states through geometry, size, and wall
density. Quantum corrals may therefore not allow arbitrary tuning of how far the
interaction reaches into the vacuum, but they do allow control over where inside
the artificial atom the interaction is strongest.
This distinction suggests a new way of thinking about artificial atoms. A corral
state is not only an artificial orbital with a given energy and spatial pattern, but also
a resonance with a finite quality factor. The spectral width describes how strongly
this state is coupled to its environment, while the real-space charge distribution
describes how it interacts locally with an external probe. Long-lived states with
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designed spatial patterns would therefore represent artificial orbitals whose energy,
lifetime, and interaction landscape can be optimized separately.
This idea also raises a broader conceptual question: Which ingredients are actually
required for atom-like chemical interactions? In a natural atom, bonding is tied to
electrons bound by a nuclear Coulomb potential and embedded in a complex shell
structure. In a quantum corral, there is no central nucleus forming the confined
state. Instead, a lateral boundary creates a structured electron density from the
pre-existing Shockley surface state. The observation of attractive and repulsive
force contrast shows that atom-like interaction patterns can emerge even when the
electronic state is defined by a boundary rather than by a nuclear potential.
Quantum corrals therefore provide a reductionist model system for atomic-scale
interaction physics. Natural atoms combine nuclear charge, core orbitals, valence
orbitals, shell structure, and chemical identity in a single object. In quantum corrals,
many of these ingredients are absent or can be varied separately. This makes it
possible to ask which aspects of chemical interaction require the full complexity of
a natural atom, and which already arise from a confined and spatially structured
electron density near the Fermi level.
In this sense, the long-term goal is not only to create artificial atoms with selected
energy levels. A more ambitious goal is to design quantum states with chosen
spatial charge distributions, controlled lifetimes, and measurable local interaction
patterns. Such systems provide a new route towards studying, for example, chemical
interactions in an environment where the electronic structure can be engineered
rather than merely accepted.

7.3. Concluding remarks

The work presented in this thesis shows that artificial atoms are not only analogues of
natural atoms but also controllable laboratories for atomic-scale interaction physics.
By tuning the boundary of a quantum corral, the lifetime of confined electronic
states can be modified. By probing the same states with functionalized AFM tips,
the resulting interactions can be measured and compared to those of natural atoms.
Together, these results demonstrate that quantum corrals provide a model system in
which confinement, lifetime, and interaction with an external probe can be studied
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in a controlled and partially separable way.
The central insight is that artificial atoms do not need to reproduce all properties
of natural atoms to be useful. Their strength lies precisely in the fact that selected
properties can be isolated, modified, and probed independently. In this sense,
quantum corrals offer a route towards designing quantum states not only with
tailored energies and lifetimes but also with controlled spatial charge distributions
and experimentally accessible interaction landscapes.
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A.1. Quantum corral construction plans
The radii and side lengths given for the quantum corrals in this thesis are based on
the discrete adsorption sites of CO on Cu(111). For circular corrals, the calculated
radius can depend slightly on the value chosen for the Cu lattice constant, on
rounding, and on how the radius is determined from the discrete adsorption sites.
For consistency with the original 48-Fe quantum corral introduced by Crommie
et al. [79], the big circular corrals are referred to throughout this thesis by their
nominal radius of 7.13 nm. The big 48-CO corral studied here follows the same
lateral construction plan as the original 48-Fe corral, with the same relative distances
between neighboring wall scatterers. If the average radius is calculated as the mean
distance of all wall adsorption sites from the center of the corral, using the Cu
lattice constant a0 = 361.5 pm [106] yields an average radius of 7.15 nm. This differs
from the nominal value of 7.13 nm by about 0.3%, which is negligible for the present
analysis.
The same convention is used for the small 24-CO circular corral. Its nominal radius
is defined as half of the nominal radius of the big 48-CO corral, i.e., 7.13 nm/2 =
3.565 nm ≈ 3.57 nm. Calculating the mean distance of all wall adsorption sites from
the center gives an average radius of 3.58 nm.
Applying the same calculation to the circular corrals with different wall densities
shows that their average radii differ from one another by less than 1%. All big
circular corrals are therefore treated as having the same nominal radius of 7.13 nm.
The intermolecular distances and wall densities given for the circular and square
corrals are calculated using the same Cu lattice constant, a0 = 361.5 pm [106]. The
side lengths of the square corrals are also based on this value.
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A.1.1. Circular quantum corrals

b = 921pm  

c = 885pm  

a = 1022 pm  

big 48-CO corral 

a  = 511 pm96   

b  = 443 pm96   

configuration 1

configuration 2

big 96-CO corral 

a  = 2045 pm24   

c  = 1771pm24   

b  = 1843 pm24   

big 24-CO corral 
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a  = 2948 pm16   

b  = 2846pm16   

c  = 2705 pm16   

d  = 2669 pm16   

big 16-CO corral 

a  = 3860 pm12   

b  = 3579 pm12   

big 12-CO corral 

a = 1022pm  

b = 921pm  

c = 885 pm  

small 24-CO corral 

Figure A.1: Construction plans for the circular corrals studied in Chapter 5. Black
unfilled circles represent the Cu(111) surface atoms, while filled colored circles indicate
the positions of the CO molecules. The big corrals have a nominal radius of 7.13 nm,
whereas the small 24-CO corral has a nominal radius of 3.57 nm. For the big 12-, 16-,
24-, 48-, and both 96-CO corrals, the average intermolecular distances are 3719 pm,
2792 pm, 1876 pm, 938 pm, and 477 pm, corresponding to wall densities of 0.269 nm−1,
0.358 nm−1, 0.533 nm−1, 1.066 nm−1, and 2.096 nm−1, respectively. For the small
24-CO corral, the average intermolecular distance is 936 pm, corresponding to a wall
density of 1.069 nm−1.
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A.1.2. Square quantum corrals

885 pm  

1022 pm  

less dense corral - 26 CO molecules

511 pm  

443 pm  

dense corral - 52 CO molecules

Figure A.2: Construction plans for the square quantum corrals studied in Chapter 6.
Black unfilled circles represent the Cu(111) surface. Filled colored circles indicate
the positions of the CO molecules. The less dense square corral consists of 26 CO
molecules and the denser corral consists of 52. Both corrals have the same size with
side lengths of Lx = 6.13 nm and Ly = 6.20 nm. The average intermolecular distance
is 948 pm for the less dense corral and 474 pm for the dense corral. The wall densities
are 1.055 nm−1 and 2.110 nm−1.
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A.2. Comparison between experimental and fitted line
scans

Excellent agreement between the experimental dI/dV line scans and the fit with
Eq. (5.1) is found across the entire investigated bias range (−450 mV to 400 mV)
for both corrals. This is illustrated by the direct comparison between experimental
data and fit in Fig. A.3.
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Figure A.3: dI/dV measurements as a function of radial distance r from the center
and sample bias for the (a) big 48-CO corral and the (c) small 24-CO corral. The fits
with Eq. (5.1) to the experimental data are displayed in (b) and (d).

While there is excellent agreement between the data and the fit within the interior
of the corrals, clear discrepancies emerge near the corral walls, where the CO
molecules are positioned. For the big 48-CO corral, depicted in Fig. A.3(a) and
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(b), these discrepancies are prominent at a radial distance of r ≈ 7 nm. For the
small 24-CO corral, depicted in Fig. A.3(c) and (d), these differences are notable
around r ≈ 3.5 nm. This discrepancy originates from the exclusion of the LDOS
behavior near CO molecules in the wave function fits based on the hard wall model.
However, it is important to note that the fits accurately reproduce the LDOS within
the corral itself, which is the region of primary interest.

106



A.3. Energy distributions and fits for the big 48-CO and small 24-CO corral

A.3. Energy distributions and fits for the big 48-CO
and small 24-CO corral

The distributions were fitted with Eq. (5.3). Afterwards, the quality factor ξ was
determined as described in Subsection 5.1.2. In this section, all the reconstructed
energy distributions with ξ ≥ 0.80 are presented.

A.3.1. l = 0 states - big 48-CO corral

n,l
fit by

Eq. (5.3)

Figure A.4: Energy distributions of the states with l = 0 (red markers) fitted with
Eq. (5.3) (green line). The quality factor ξ, as described in Subsection 5.1.2, can be
found above each plot.
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α7,0 (meV)
Γwall 65 ± 7
ΓL 0 +

(−) 10
E7,0 −343.0 ± 0.8

α6,0 (meV)
Γwall 51 ± 2
ΓL 0 +

(−) 3
E6,0 −148.9 ± 0.3

α5,0 (meV)
Γwall 40 ± 2
ΓL 0 +

(−) 1
E5,0 0−24.0 ± 0.3

α4,0 (meV)
Γwall 37 ± 2
ΓL 4 ± 3
E4,0 −175.4 ± 0.3

α3,0 (meV)
Γwall 27 ± 1
ΓL 4 ± 1
E3,0 −294.3 ± 0.2

α1,0 (meV)
Γwall 16 ± 3
ΓL 0 +

(−) 1
E1,0 −429.3 ± 0.4

Table A.1: Results for fitting Eq. (5.3) to the reconstructed l = 0 energy distributions
of the big corral.
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A.3.2. l = 1 states - big 48-CO corral

n,l
fit by

Eq. (5.3)

Figure A.5: Energy distributions of the states with l = 1 (red markers) fitted with
Eq. (5.3) (green line). The quality factor ξ, as described in Subsection 5.1.2, can be
found above each plot.

α6,1 (meV)
Γwall 57 ± 3
ΓL 3 ± 3
E6,1 −245.6 ± 0.4

α5,1 (meV)
Γwall 48 ± 3
ΓL 0 +

(−) 4
E5,1 −55.2 ± 0.5

α4,1 (meV)
Γwall 41 ± 1
ΓL 0 +

(−) 2
E4,1 −105.6 ± 0.2

α3,1 (meV)
Γwall 36 ± 2
ΓL 0 +

(−) 2
E3,1 −239.4 ± 0.2

α2,1 (meV)
Γwall 24 ± 3
ΓL 7 ± 4
E2,1 −343.6 ± 0.4

Table A.2: Results for fitting Eq. (5.3) to the reconstructed l = 1 energy distributions
of the big corral.
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A.3.3. l = 2 states - big 48-CO corral

n,l
fit by

Eq. (5.3)

Figure A.6: Energy distributions of the states with l = 2 (red markers) fitted with
Eq. (5.3) (green line). The quality factor ξ, as described in Subsection 5.1.2, can be
found above each plot.

α5,2 (meV)
Γwall 51 ± 4
ΓL 0 +

(−) 2
E5,2 −145.9 ± 0.6

α4,2 (meV)
Γwall 42 ± 3
ΓL 0 +

(−) 4
E4,2 −27.6 ± 0.4

α3,2 (meV)
Γwall 41 ± 2
ΓL 0 +

(−) 1
E3,2 −179.5 ± 0.2

Table A.3: Results for fitting Eq. (5.3) to the reconstructed l = 2 energy distributions
of the big corral.
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A.3.4. l = 3 states - big 48-CO corral

n,l
fit by

Eq. (5.3)

Figure A.7: Energy distributions of the states with l = 3 (red markers) fitted with
Eq. (5.3) (green line). The quality factor ξ, as described in Subsection 5.1.2, can be
found above each plot.

α5,3 (meV)
Γwall 56 ± 5
ΓL 0 +

(−) 1
E5,3 −229.6 ± 0.7

α4,3 (meV)
Γwall 48 ± 4
ΓL 0 +

(−) 5
E4,3 42.8 ± 0.6

α3,3 (meV)
Γwall 40 ± 2
ΓL 0 +

(−) 2
E3,3 −117.0 ± 0.2

Table A.4: Results for fitting Eq. (5.3) to the reconstructed l = 3 energy distributions
of the big corral.
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A.3.5. l = 4 states - big 48-CO corral

n,l
fit by

Eq. (5.3)

Figure A.8: Energy distributions of the states with l = 4 (red markers) fitted with
Eq. (5.3) (green line). The quality factor ξ, as described in Subsection 5.1.2, can be
found above each plot.

α4,4 (meV)
Γwall 61 ± 7
ΓL 0 +

(−) 10
E4,4 −122 ± 1

α3,4 (meV)
Γwall 49 ± 3
ΓL 0 +

(−) 4
E3,4 −51.6 ± 0.4

α2,4 (meV)
Γwall 39 ± 4
ΓL 0 +

(−) 1
E2,4 −205.1 ± 0.5

Table A.5: Results for fitting Eq. (5.3) to the reconstructed l = 4 energy distributions
of the big corral.
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A.3.6. l = 5, l = 6 and l = 7 states - big 48-CO corral

n,l
fit by

Eq. (5.3)

Figure A.9: Energy distributions of the states with l = 5, l = 6, and l = 7 (red
markers) fitted with Eq. (5.3) (green line). The quality factor ξ, as described in
Subsection 5.1.2, can be found above each plot.

α3,5 (meV)
Γwall 41 ± 5
ΓL 0 +

(−) 1
E3,5 12.0 ± 0.8

α3,6 (meV)
Γwall 49 ± 4
ΓL 5 ± 5
E3,6 79.4 ± 0.60

α2,7 (meV)
Γwall 36 ± 5
ΓL 0 +

(−) 5
E2,7 −23.4 ± 0.7

Table A.6: Results for fitting Eq. (5.3) to the reconstructed l = 5, l = 6, and l = 7
energy distributions of the big corral.
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A.3.7. l = 0 states - small 24-CO corral

n,l
fit by

Eq. (5.3)

Figure A.10: Energy distributions of the states with l = 0 (red markers) fitted with
Eq. (5.3) (green line). The quality factor ξ, as described in Subsection 5.1.2, can be
found above each plot.

α3,0 (meV)
Γwall 95 ± 5
ΓL 0 +

(−) 7
E3,0 0 75.1 ± 0.8 0

α2,0 (meV)
Γwall 64 ± 3
ΓL 0 +

(−) 1
E2,0 −212.6 ± 0.4

α1,0 (meV)
Γwall 30 ± 1
ΓL 0 +

(−) 1
E1,0 −398.6 ± 0.2

Table A.7: Results for fitting Eq. (5.3) to the reconstructed l = 0 energy distributions
of the small corral.
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A.3.8. l = 1 states - small 24-CO corral

n,l
fit by

Eq. (5.3)

Figure A.11: Energy distributions of the states with l = 1 (red markers) fitted with
Eq. (5.3) (green line). The quality factor ξ, as described in Subsection 5.1.2, can be
found above each plot.

α3,1 (meV)
Γwall 113 ± 5
ΓL 0 +

(−) 7
E3,1 256.8 ± 0.6

α2,1 (meV)
Γwall 77 ± 3
ΓL 0 +

(−) 5
E2,1 −80.3 ± 0.5

α1,1 (meV)
Γwall 45 ± 4
ΓL 0 +

(−) 1
E1,1 −327.2 ± 0.5

Table A.8: Results for fitting Eq. (5.3) to the reconstructed l = 1 energy distributions
of the small corral.
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A.3.9. l = 2 and l = 3 states - small 24-CO corral

n,l
fit by

Eq. (5.3)

Figure A.12: Energy distributions of the states with l = 2 and l = 3 (red markers)
fitted with Eq. (5.3) (green line). The quality factor ξ, as described in Subsection 5.1.2,
can be found above each plot.

α2,2 (meV)
Γwall 49 ± 6
ΓL 0 +

(−) 1
E2,2 55.4 ± 0.9

α2,3 (meV)
Γwall 128 ± 10
ΓL 0 +

(−) 14
E2,3 218 ± 2

Table A.9: Results for fitting Eq. (5.3) to the reconstructed l = 2 and l = 3 energy
distributions of the small corral.
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A.4. Suppression of the copper grid in
constant-height AFM measurements

In constant-height AFM measurements performed with a CO-terminated tip inside
the quantum corral, the recorded contrast contains contributions from both the
confined Shockley surface state and the atomic lattice of the Cu(111) surface. In
the corresponding images, the Cu surface atoms appear as small attractive (dark)
features, as shown in Fig. 6.2(a) of the main text.
To make the longer-wavelength contrast associated with the confined Shockley
surface state more visible, the high-spatial-frequency contribution of the Cu lattice
was reduced by applying a Gaussian low-pass filter. Following a procedure similar
to that used in Ref. [17], each AFM image was first transformed into reciprocal
space by means of a fast Fourier transformation (FFT). In Fourier space, the image
was multiplied by a two-dimensional Gaussian kernel (in the kx and ky directions)
in order to attenuate the high-frequency components. The filtered image was then
transformed back into real space using the inverse FFT.
This filtering procedure was applied twice in succession, i.e., FFT → Gaussian
filtering → inverse FFT, followed by a second repetition of the same sequence.
Performing the filtering in two consecutive steps allowed for a controlled reduction
of the Cu grid while preserving the larger-scale contrast of interest.
The Gaussian filter width is specified in pixels by the full width at half maximum
in the kx and ky directions. All AFM images analyzed here contain between
(192 × 192) pixels and (208 × 208) pixels. For images recorded with a CO-tip,
filtering was required to suppress the Cu grid, and the two-step procedure was
carried out using a Gaussian kernel with a width of 12 pixels. By contrast, images
acquired with a metal-tip did not exhibit a visible Cu grid. In that case, the same
two-step filtering scheme was used only for mild smoothing of the data, employing
a Gaussian kernel with a width of 20 pixels.
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A.5. Multiple scattering simulation and effective mass
Previous studies on semiconductor quantum dots have shown that the effective
electron mass can depend on the size of the confined structure [147]. In smaller
quantum dots, larger values of the effective mass were reported, indicating that the
effective mass may depend on the geometric dimensions and confinement strength
of the system.
To determine the confined effective mass in the square quantum corral investi-
gated in Chapter 6, multiple scattering simulations in the black-dot limit [24] were
compared with differential conductance measurements, dI/dV , recorded inside
the corral. Spectra were acquired at two positions: at the center of the corral,
(x, y) = (0 nm, 0 nm), and at an off-center position, (x, y) = (0.53 nm, 0.53 nm). The
corresponding measurements and simulations are shown in Fig. A.13. To minimize
the remaining influence of the tip density of states, the local density of states of
the sample was extracted from the measured spectra using the full deconvolution
method introduced by Wahl et al. [124].
The best agreement between experiment and simulation was obtained for a confined
effective mass of m∗

e,conf. = 0.45 ·me, where me denotes the free electron mass. This
value is slightly larger than the reported range for the unconfined Shockley surface
state on Cu(111), m∗

e,free = (0.405±0.025) ·me (e.g., Refs. [15, 47, 69–73]), indicating
that confinement inside the corral leads to a small increase in the effective mass.
This result is also consistent with previous theoretical work on square corrals on
Cu(111). Freeney et al. [82] obtained values of 0.48 · me and 0.46 · me using a
muffin-tin model, which are close to the value found here.
Within the multiple scattering formalism, the spatially resolved local density of
states can be calculated as a function of the energy of the surface-state electrons.
By integrating the simulated LDOS from the onset of the Shockley surface state up
to the Fermi level, a quantity proportional to the total surface charge density σtot is
obtained.
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Figure A.13: Comparison of dI/dV spectra (blue markers) with multiple scattering
(MS) simulations (solid red line). The best agreement between experiment and
simulation was obtained for a confined effective electron mass of m∗

e,conf. = 0.45 ·me.
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A.6. Experimental force contrast measured with a
second CO-tip and a second metal-tip over a
square-shaped quantum corral

(a)

(b)

(c)
attr.

F
F

F

f
f

f
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Figure A.14: Contrast in ∆f and F measured with a second CO-tip and a second
metal-tip, as a function of tip-sample separation z. The two CO-tip measurements
yield λrepul.

CO,(a) = (40 ± 13) pm and λrepul.
CO,(b) = (39 ± 14) pm. The metal-tip measurement

yields λattr.
metal = (67 ± 8) pm. To show reproducibility of the measurement technique

itself, the contrast evolution was determined twice with the same CO-tip.
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A.7. Analytical solution of the overlap integral
To model the repulsive and attractive interactions between the AFM tip and the
corral states, overlap integrals are used in Section 6.2. In the following, the analytical
solution of the overlap integrals is presented using normalized s-waves:

ΨA/B(r⃗) = 1√
π(λΨ

A/B)3
exp

(
−

|r⃗ − R⃗A/B|
λΨ

A/B

)
. (A.1)

The centers of the respective wave functions are given by R⃗A and R⃗B, while λΨ
A

and λΨ
B describe the decay lengths of the wave functions. The overlap integral S is

defined as
S =

∫
ΨA(r⃗)ΨB(r⃗)dr⃗. (A.2)

This integral can be solved in a straightforward way by using R = |R⃗A − R⃗B|, which
describes the distance between the two centers of the wave functions, and elliptical
coordinates:

µ = |r⃗ − R⃗A| + |r⃗ − R⃗B|
R

and ν = |r⃗ − R⃗A| − |r⃗ − R⃗B|
R

. (A.3)

The differential volume element is then given by [153]

dr⃗ = R3

8 (µ2 − ν2) dµ dν dφ, (A.4)

with 1 ≤ µ < ∞, −1 ≤ ν ≤ 1, and 0 ≤ φ ≤ 2π [153]. The analytical solution of the
overlap integral is

S =


(

1 + R

λΨ + R2

3(λΨ)2

)
exp

(
− R

λΨ

)
if λΨ

A = λΨ
B = λΨ

χ[S1S2 − S3S4] if λΨ
A ̸= λΨ

B

(A.5)

with

χ = R3

4

(
1
λΨ

A

)3/2( 1
λΨ

B

)3/2

,
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S1 =
(K2

p + 2Kp + 2)exp(−Kp)
K3

p
,

S2 = exp(Km) − exp(−Km)
Km

,

S3 = exp(−Kp)
Kp

,

S4 =
exp(−Km)

[
(K2

m − 2Km + 2)exp(2Km) −K2
m − 2Km − 2

]
K3

m

and

Kp = R

2λΨ
A

+ R

2λΨ
B
,

Km = R

2λΨ
A

− R

2λΨ
B
.

To adapt Eq. (A.5) for electron density (ρ) overlaps, one must consider that the
decay length of the electron density (λρ) is half the decay length of the corresponding
wave function (λΨ). This follows directly from |Ψ|2 ∝ ρ. Squaring the exponential
term |exp(−|r|/λΨ)|2 results in exp(−(2|r|)/λΨ) = exp(−|r|/λρ), where λρ = λΨ/2.
Additionally, specific scaling factors must be applied when using Eq. (A.5) for
density-based calculations:

• 1
64π

(
1
λρ

)3/2( 1
λρ

)3/2

when λρA = λρB = λρ

• 1
64π

(
1
λρA

)3/2( 1
λρB

)3/2

when λρA ̸= λρB.
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A.8. Single-exponential fit to the attractive branch of
a Morse-type interaction

The Morse potential, commonly used to describe the interaction between two atoms,
consists of two exponential contributions: one repulsive and one attractive. The
corresponding force therefore also consists of two exponential parts:

FMorse(z) = A exp
(

− z

λrepul.
Morse

)
−B exp

(
− z

λattr.
Morse

)
(A.6)

= exp
(

− z

λrepul.
Morse

)(
A−B exp

[
−zλ

repul.
Morse − λattr.

Morse

λrepul.
Morseλ

attr.
Morse

])
, (A.7)

where A and B are positive prefactors, λrepul.
Morse denotes the decay length of the

repulsive component, and λattr.
Morse the decay length of the attractive component. The

AFM measurements were conducted at the position z = z0 + ϵ, where z0 denotes
the base height of the measurement, and ϵ the relative displacement. Inserting this
into Eq. (A.7) gives

FMorse(z0 + ϵ) = exp
(

−z0 + ϵ

λrepul.
Morse

)(
A−B exp

[
−(z0 + ϵ)λ

repul.
Morse − λattr.

Morse

λrepul.
Morseλ

attr.
Morse

])
. (A.8)

Here, it is assumed that the full force curve between the corral states and the tip
follows a Morse-type interaction (first attractive, then repulsive). However, the
experimental data for the metal-tip measurements can only be fitted with a single
exponential function in the attractive regime. This can be expressed as

FMorse(z0 + ϵ) = exp
(

−z0 + ϵ

λrepul.
Morse

)(
A−B exp

[
−(z0 + ϵ)λ

repul.
Morse − λattr.

Morse

λrepul.
Morseλ

attr.
Morse

])
︸ ︷︷ ︸

Eq. (A.8)

≈ −C exp
(

−z0 + ϵ

λattr.
fit

)
︸ ︷︷ ︸

fit function

.

(A.9)

In this equation, the left-hand side (first row) describes the actual Morse-type force,
while the right-hand side (second row) gives the single exponential function used for
fitting. The constant C is positive and denotes the amplitude of the fitted function.
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The general goal of this derivation is to see how the fitted decay length λattr.
fit relates

to the true attractive decay length λattr.
Morse. Before applying a natural logarithm, both

sides of Eq. (A.9) are multiplied by −1 since the measured forces with a metal-tip
are clearly attractive (F < 0). This leads to the following expression:

ln
(
−FMorse(z0 + ϵ)

)
= −z0 + ϵ

λrepul.
Morse

+ ln
(

−A+B exp
[
−(z0 + ϵ)λ

repul.
Morse − λattr.

Morse

λrepul.
Morseλ

attr.
Morse

])
︸ ︷︷ ︸

logarithmic form
of Eq. (A.8)

≈ ln(C) − z0 + ϵ

λattr.
fit︸ ︷︷ ︸

logarithmic form
of fit function

.

(A.10)

A Taylor expansion of the ln-term in the logarithmic form of the full Morse curve
[first row of Eq. (A.10)] around ϵ = 0 yields

ln
(
−FMorse(z0 + ϵ)

)
= − z0

λrepul.
Morse

− ϵ

λrepul.
Morse

+ ln
(

−A+B exp
[
−z0

λrepul.
Morse − λattr.

Morse

λrepul.
Morseλ

attr.
Morse

])

+ B

A exp
(
z0
λrepul.

Morse − λattr.
Morse

λrepul.
Morseλ

attr.
Morse

)
−B

λrepul.
Morse − λattr.

Morse

λrepul.
Morseλ

attr.
Morse

ϵ+ O(ϵ2).

(A.11)

To simplify this expression and to better compare it to the logarithmic form of the
fit function [see second row in Eq. (A.10)], the general ratio µ = λattr.

Morse/λ
repul.
Morse with

µ > 1 is introduced, and all terms independent of ϵ are combined into an offset:

ln
(
−FMorse(z0 + ϵ)

)
=
(

− µ

λattr.
Morse

+ κ(z0)
)
ϵ+ offset + O(ϵ2), (A.12)

with
κ(z0) = B

A exp
(
z0

1 − µ

λattr.
Morse

)
−B

· 1 − µ

λattr.
Morse

. (A.13)

By comparing the coefficients of ϵ in Eq. (A.12) and the ln-form of the fit function
[see second row in Eq. (A.10)], a relation between the fitted decay length λattr.

fit and
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the true attractive decay length λattr.
Morse can be found:

1
λattr.

fit
= µ

λattr.
Morse

− κ(z0). (A.14)

This relation shows that the fitted decay length λattr.
fit generally differs from the true

attractive decay length λattr.
Morse through the correction term κ(z0), which depends on

the measurement height z0.
In the limit of a large tip-sample separation (z0 → ∞), where the repulsive part of
the Morse-type interaction becomes negligible, the correction term [see Eq. (A.13)]
becomes

κ(z0 → ∞) = − 1 − µ

λattr.
Morse

, (A.15)

which, when inserted into Eq. (A.14), leads to

1
λattr.

fit
= µ

λattr.
Morse

+ 1 − µ

λattr.
Morse

= 1
λattr.

Morse
⇒ λattr.

fit = λattr.
Morse. (A.16)

This shows that the fitted decay length only matches the true attractive decay
length in the limit of a large tip-sample separation. Another important point is the
minimum of the Morse-type interaction curve, which is located at

zmin = −λattr.
Morse

1 − µ
ln
(
µA

B

)
. (A.17)

At this position, the correction term in Eq. (A.13) becomes

κ(zmin) = µ

λattr.
Morse

, (A.18)

which, when inserted into Eq. (A.14), leads to

1
λattr.

fit
= 0 ⇒ λattr.

fit = ∞. (A.19)

Since the correction term κ(z0) is monotonic between these two critical points (at
large separation and at the minimum of the Morse-type interaction curve), this
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defines the boundaries for the fitted decay length:

λattr.
fit ∈ [λattr.

Morse,∞), (A.20)

which yields the central result:

λattr.
fit ≥ λattr.

Morse. (A.21)
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