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2 Experimental Techniques 

This chapter serves as an introduction to the experimental 

techniques that have been employed in the course of this thesis. We will 

start by giving a description of scanning tunneling microscopy (STM), as 

it has been the main tool in all experimental chapters to gain insight on 

samples on the nanometer scale. Scanning tunneling spectroscopy (STS) 

has been used to probe local electronic structures. Large-scale structural 

information of our sample was acquired with low-energy electron diffraction 

(LEED). We also used photoelectron spectroscopy (PES) to further our 

understanding of our samples. X-ray photoelectron spectroscopy (XPS) 

was used to probe changes in the chemical environment of adsorbents, 

while ultraviolet photoelectron spectroscopy (UPS) and angle-resolved 

photoelectron spectroscopy (ARPES) revealed changes to the electronic 

structures of our samples. Lastly, we give a short reasoning as to why all 

our experiments had to be carried out in ultra-high vacuum (UHV) 

environments.  
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2.1 Scanning Tunneling Microscopy 

2.1.1 Functional Principle 

The invention of the STM in 1981 opened up the opportunity to 

probe a sample on the atomic scale.1 A probe is scanned across a surface 

line by line, generating a two-dimensional grid of data points. These data 

points are color-coded and plotted in dependence of their position, creating 

a STM image. 

Fig. 2.1 shows a schematic of a scanning tunneling microscope. A 

tip representing the aforementioned probe is brought within a few Å of a 

sample. A bias voltage Vbias is then applied between tip and sample, 

Fig. 2.1: Schematic of a scanning tunneling microscope in constant current mode. 
A tip and a sample are in close proximity of a few Å. When a bias voltage Vbias is 
applied between the two, a tunneling current It flows (red arrow). It is monitored 
while a piezo actuator moves the tip across the sample (dotted, red lines). Should 
It deviate from a set reference value, the control electronics adjust the tip-sample 
distance accordingly. The displayed image represents the z-position of the tip 
across the measured section of the sample. 
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allowing electrons to tunnel between them. As a result, a tunneling current 

It (red arrow) flows, which is proportional to the tip-sample distance. A 

piezo actuator moves the tip across the sample line by line in x- and y-

direction (dotted, red lines). At each point, It is measured and compared 

to a reference value by the measurement and control electronics. If It 

changes, e.g., due to a step edge on the surface, the tip is moved in z-

direction until It and the reference value coincide again. The z-positions of 

the tip at each measured point are combined into an image.  

The previous paragraph describes the so-called “constant current 

mode” of STM, as the tunneling current It is kept constant while the 

z-position is changed. Alternatively, the z-position can be kept constant 

while the changing current It is recorded. This mode is called “constant 

height mode”. 

2.1.2 Theoretical Description 

STM is based on the quantum mechanical phenomenon of 

electrons tunneling between the tip and the sample when they are in close 

proximity. In the following, we will illustrate several theoretical descriptions 

of tunneling, starting with the fundamental one-dimensional, rectangular 

potential barrier. 

Quantum Tunneling 

The most fundamental description of quantum tunneling is the 

one-dimensional, rectangular potential barrier (Fig. 2.2a). An electron 

approaches a barrier with height ϕ and width d from the left. The energy 

of the electron shall be E < ϕ. The electron is quantum mechanically 
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described as a wave function ψ. Its probability density |ψ|2 expresses the 

probability to find the electron at a given place at a given time. In classical 

physics, the electron would be reflected at the barrier. In quantum 

mechanics, ψ can overcome the barrier and is described by the stationary 

Schrödinger equation 

 ℋψ(x) = �- ħ
2me

∂2

∂x2  + ϕ(x)� ψ(x) = Eψ(x) (1) 
where ℋ  is the one-dimensional Hamiltonian, ħ  the reduced Planck 

constant, me the electron rest mass, and E the total energy of the system.  

The one-dimensional, rectangular potential barrier is well described 

and solved in most suitable textbooks.2–4 Hence, we will only briefly outline 

the results. In Fig. 2.2a, we are able to distinguish three areas (labelled 

Fig. 2.2: Two representations of quantum tunneling. (a) The fundamental case of 
a one-dimensional, rectangular potential barrier with width d and height ϕ. We 
can distinguish three parts: (I) An incoming wave function ψ with energy E < ϕ
is partly reflected and partly transmitted at the barrier. (II) Within the barrier, ψ
decays exponentially until it continues with lower amplitude in (III). (b) Barrier 
between two metal electrodes according to Simmons.5 A bias voltage Vbias results 
in an offset of the Fermi levels between the two electrodes. For low bias voltages 
Vbias ≃ 0 V, the tunneling barrier ϕ takes on the shown symmetric shape with ϕ�
being the mean barrier height. 
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I-III). The incoming wave ψ moves from the left and arrives at the barrier 

at x = 0 where it is partly reflected. Hence, in I the incoming and reflected 

wave are superimposed. Inside the barrier (II), ψ travels further while 

exponentially decreasing with x. Behind the barrier (III), ψ continues with 

lower amplitude and thus lower probability density. As a result of the 

tunneling through the barrier, we can establish a tunneling current It that 

is dependent on the width of the barrier d as: 

 It ∝ exp[-2kd],     k=�2me(ϕ-E)
ħ2  (2) 

where k is the reciprocal decay length within the barrier. 

In STM, the tip and sample can be pictured as two metallic 

electrodes which are separated by an insulator, i.e., vacuum (Fig. 2.2b). 

When applying a voltage bias Vbias between the two electrodes, tunneling 

can occur. Simmons theoretically described such a system and calculated 

the net current density J from one electrode into the other at low 

temperatures and for different magnitudes of Vbias.5 For low voltages 

Vbias ≃ 0 V, the potential barrier ϕ adopts a symmetrical shape as shown 

in Fig. 2.2b. For this case, the net current density yields: 

 J = e2

4π2ħ
ϰVbias

Δs
exp[-2ϰΔs],     ϰ=�2meϕ�

ħ2  (3) 
where e is the elementary charge, Δs the width of the barrier ϕ at the 

Fermi level EF
1  of electrode 1, and ϰ the reciprocal decay length as a 
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function of the mean barrier height ϕ�. Eq.(3) can also be expressed in 

terms of the conductivity σ of the tunneling barrier: 

 J = σ Vbias

Δs
,     σ= ϰe2

4π2ħ
exp[-2ϰΔs] (4) 

In Eq.(4) J is a linear function of Vbias, hence the tunneling as 

described shows ohmic behavior. Furthermore similar to Eq.(2), the 

conductivity is an exponential function of Δs, i.e., the distance between 

the electrodes. For a realistic value for the barrier height of ϕ� = 4 eV, the 

reciprocal decay length is ϰ = 1 Å-1. As a result, J is highly sensitive to 

small changes in the distance between the two electrodes, i.e., variation of 

1 Å changes the tunneling current by one order of magnitude. 

Tunneling with a Tip 

So far, we described tunneling without regarding the non-trivial 

geometry of the tip. In 1983, Tersoff and Hamann were the first to report 

a quantitative theory of tunneling in STM taking the shape of the tip into 

account.6 By making certain assumption, the authors were able to 

principally explain the lateral resolution of STM. By applying their theory 

to the Au(110) surface, Tersoff and Hamann found a good agreement with 

experimental results by Binnig et al.7 Tersoff and Hamann further 

elaborated their description in 1985.8 
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Fig. 2.3a shows the tip-sample geometry assumed by Tersoff and 

Hamann. At its apex, the tip is modeled as a sphere with radius R and 

center r0 and in distance d to the sample. Let the wave functions Ψμ and 

Ψν represent the many-particle states of the tip (index μ) and sample 

(index ν) with the energies Eμ and Eν in absence of tunneling. The 

tunneling current It can then be expressed as: 

 It = 2π
ħ

∑ f�Eμ�μν [1 - f(Eν + eVbias)] �Mμν�2δ�Eμ - Eν� (5)  f(E) = �exp �(E - EF)
kBT

�  + 1�-1 (6) 
with f(E) being the Fermi-Dirac distribution for the energy E, kB the 

Boltzmann constant, and Mμν the tunneling matrix element between Ψμ 

Fig. 2.3: Schematic of tunneling with a tip. (a) Tunneling geometry according to 
Tersoff and Hamann.6 The tip apex is a sphere with radius R and center r0. The 

tip-sample distance is d. dS marks an arbitrary integration area between tip and 
sample. (b) Tip in constant current mode according to Rohrer.10 The tip follows 
the contour of the local density of states of the surface in order to keep It constant. 
In area I, tip and sample shall be in an arbitrary distance. In area II, the density 
of states of the sample is locally increased, yielding a higher It. As a result, the tip 
retracts. In area III, a topological feature also results in a retraction of the tip. 
Area II and III are in STM principally indistinguishable. 
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and Ψν. Eq.(5) is symmetric in μ and ν, illustrating that tunneling can 

occur in both directions. The Fermi-Dirac distribution ensures that 

tunneling can only occur from occupied into unoccupied states. It should 

be noted that energy loss is not accounted for in Eq.(5), i.e., tunneling is 

here described as an elastic process. 

For small voltages and temperatures Eq.(5) becomes: 

 It = 2π
ħ

e2Vbias ∑ �Mμν�2μν δ(Eν - EF)δ�Eμ - EF� (7) 
where EF is the Fermi level and δ the Dirac delta function. 

Using Bardeen’s analytical solution for the tunneling current flow 

between two planar metals separated by an insulating layer,9 we can 

express the matrix element as: 

 Mμν = - ħ2

2�e
∫ dS �Ψμ

*∇Ψν - Ψν
*∇Ψμ� (8) 

with dS being an arbitrary surface between tip and sample (Fig. 2.3a).  

To advance further, the treatment of the tip is simplified by 

neglecting any angular dependency of Ψμ and approximating Ψμ as having 

an asymptotic spherical form, i.e., being a s-wave function. If we 

furthermore assume equality of the work functions of tip and sample 

(φtip = φsample = φ), Mμν  can be evaluated and the tunneling current 

becomes: 

 It = 32π3e2

ħ
VbiasφDμ(EF)

R2

κ2 exp[2κR] ∑ |Ψν(r0)|2ν δ(Eν - EF) (9) 
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 κ = �2meφ
ħ2  (10) 

where Dμ(EF) is the density of states (DOS) per unit volume of the tip at 

Fermi level, and κ the reciprocal decay length that here depends on the 

work function φ of tip and sample. Note, that Eq.(9) only includes 

undistorted wave functions of the surface. 

 We can identify the sum in Eq.(9) as the local density of states 

(LDOS) of the surface ρν at tip position r0 and Fermi level EF: 

 ρν(r0,EF) ≡ ∑ |Ψν(r0)|2ν δ(Eν - EF) (11) 
so that for a conducting tip and sample, Eq.(9) can be written as: 

 It ∝ VbiasDμ(EF)ρν(r0,EF)exp[-2κd] (12) 
Eq.(12) shows that for a flat DOS of the tip, i.e., Dμ = const, STM 

probes the LDOS of the sample. Hence for STM running in constant 

current mode, the tip follows the contour of constant ρν which notably can 

deviate from the actual topography (Fig. 2.3b).10 Furthermore, since Ψν is 

described as Bloch waves decaying exponentially into vacuum, It also 

decays exponentially with the tip-sample distance d. 

Tersoff and Hamann also approximated the effective lateral 

resolution δx in dependence of R and d as: 

 δx = �2
κ

(R + d) (13) 
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which for 2κ-1 ≃ 1.6 Å, d ≃ 6 Å, and R ≃ 9 Å, as assumed by Tersoff and 

Hamann, yields a resolution of approximately 5 Å. 

The description of Tersoff and Hamann is limited by the 

assumptions made. Bardeen’s expression for Mμν  is only valid in the 

absence of mutual interaction between tip and sample. The assumption of 

small voltages in the meV regime is often invalid, as bias voltages in the 

regime of 1 V are commonly used. Furthermore, it is common to cover the 

tip with adatoms and molecules.11–14 In such case, the assumption of a 

constant DOS of the tip might not be applicable. Lastly, the approximated 

lateral resolution δx is too low to explain atomic resolution observed on 

metal surfaces. This is due to the assumption of a s-orbital for the tip wave 

function. The better lateral resolution was explained once Chen advanced 

the theory by introducing spatially more localized pz and dz2 orbitals to 

represent the tunneling tip.15  

2.1.3 Scanning Tunneling Spectroscopy 

According to Eq.(12) the tunneling current It depends on the LDOS 

around EF for small bias voltages. Hence, by varying Vbias in a certain 

interval ΔVbias around EF while keeping the tip-sample distance d constant, 

we can tune the number of electronic states of the sample that contribute 

to It. Only states that are within the energy interval ΔE = eΔVbias will be 

involved in the tunneling process. Hence by performing STS, we are able 

to locally probe the unoccupied and occupied states of the sample around 

EF. Electrons in the highest-lying state within ΔE contribute most strongly 

to It because their transmission probability is the highest.16 An important 
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consequence is that low-lying occupied orbitals of adsorbates on metal 

surfaces are difficult to probe in STS. 

Information of the LDOS are included in It-Vbias spectra and can 

be highlighted by deriving dI/dV spectra. However, Feenstra et al. showed 

that the normalized differential conductance (dI/dV)/(I/V) is almost 

independent of tip-sample separation.17 As a result, (dI/dV)/(I/V)-Vbias 

spectra have the closest resemblance to the LDOS of the sample.  

For the understanding of STS spectra it is crucial to note that 

features in STS cannot only be a result of sample states but also tip 

states.16 Furthermore in contrast to (inverse) photoemission spectroscopy, 

STS can only probe states that extend into the vacuum and overlap with 

the tip. 

2.2 Low-Energy Electron Diffraction  

2.2.1 Functional Principle 

Analyzing particles or waves scattered by a crystal gives insight 

into its structure. Low-energy electrons were used for the first time in such 

an experiment by Davisson and Germer in 1927.18 Low-energy electrons 

are especially suitable to study the surface due to two reasons. Firstly, with 

typical energies around E = 30 - 200 eV, the de Broglie wavelength of 

these electrons is around λ = h(2meE)−2 ≈ 1 - 2 Å, i.e., λ is in the order of 

interatomic distances. Secondly, the inelastic mean free path of these 

electrons is small, rendering this technique very surface sensitive. A 

schematic of a four-grid experimental setup is shown in Fig. 2.4a.19 
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Electrons are generated with a filament held at voltage -V, which is in the 

order of eV. As the sample is grounded, the electrons are then accelerated 

towards it. A Wehnelt cylinder and an array of lenses aid in focusing the 

beam. The beam travels through a hole in a fluorescent screen and four 

grids, which face the sample in a hemispherical geometry. When impinging 

on the sample, elastically and inelastically scattered electrons from the 

sample propagate freely into the space, since the first grid is grounded. By 

Fig. 2.4: LEED experimental setup and corresponding Ewald construction. (a) A 
schematic of a four-grid LEED setup. A filament held at negative voltage -V
generates electrons (solid, red arrow) which are accelerated toward a grounded 
sample through a Wehnelt cylinder and lenses. Scattered electrons (dashed, red 
arrow) move through a set of four grids (dashed, black lines) towards a fluorescent 
screen. A suppressor voltage -(V - dV) filters inelastically scattered electrons. (b) 
Ewald construction for diffraction on a surface. The incidence wave vector k0

terminates at a reciprocal lattice rod, generating the Ewald sphere. Wherever rods 
and sphere intercept, a scattered wave vector k is defined. The difference between 
the components of both vectors parallel to the surface yields the 2D reciprocal 
lattice vector Gh,k . Based on Oura et al. 19 
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applying a voltage -(V - dV) in the magnitude of the acceleration voltage 

between the second and the third grid, inelastically scattered electrons can 

be suppressed. The fourth grid screens the other grids and the sample from 

the field applied at the fluorescent screen. The screen itself is biased in the 

order of +kV, hence any electrons passing the suppressing grids are 

accelerated towards the screen, where the diffraction patterns can be 

observed. 

2.2.2 Theoretical Description 

Spots in the diffraction pattern are visible, if the difference between 

the scattered wave vector k and the incidence wave vector k0 equates to 

the reciprocal lattice vector Gh,k,l: 

 k - k0 = Gh,k,l (14) 
which becomes in case of 2D surfaces: 

 k|| - k0
|| = Gh,k (15) 

due to the missing third dimension. Here, k|| and k0
|| are the wave vectors 

k and k0 projected parallel to the surface. Correspondingly, Gh,k is the 

reciprocal lattice vector Gh,k,l projected parallel onto the surface. 

The restriction of one dimension (dz → 0) also means that the 

reciprocal lattice points of a bulk become rods at the surface. This is 

depicted in Fig. 4b. The reciprocal lattice rods are perpendicular to the 
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surface. The radius of the Ewald sphere is determined by k0 pointing 

towards one rod. Any intercept between a rod and the sphere defines a 

scattered wave vector k, which will lead to a visible diffraction spot. The 

geometry of the resulting diffraction patterns gives information about the 

real space 2D lattice of the surface and its adsorbates. Additionally, the 

shape and intensity profile of diffraction spots are modified by surface 

defects.20 

2.3 Photoelectron Spectroscopy 

2.3.1 Functional Principle 

According to the photoelectric effect, observed 1887 by Hertz21 and 

explained 1905 by Einstein,22 when shining light of suitable energy onto a 

surface, photons may transfer their energy to atomic orbital electrons, 

resulting in electron emission. These emitted electrons carry a wide range 

of information, e.g., about the quality and relative quantity of the 

elemental surface composition or about the molecular environment of 

elements.23 Depending on the wavelength of the incoming photons, one 

commonly distinguished between XPS and UPS. The photons can be 

generated in lab-based light sources by accelerating high-energy electrons 

onto anodes or using gas discharge lamps. Examples are Al Kα anodes 

which yield X-rays with hν = 1486.6 eV or HeI discharge lamps which 

result in UV radiation with hν = 21.2 eV. Alternatively, experiments can 

be performed with synchrotron-based radiation. The important advantage 

of synchrotron-based radiation is its highly polarized high photon flux that 

can be tuned across a wide spectral range (visible to X-ray).19 



2 Experimental Techniques   

27 

A typical PES setup is shown in Fig. 2.5a.19 A light source produces 

photons that impinge on a sample, from where electrons are subsequently 

emitted. Through a lens setup the electrons are led into an electrostatic 

hemispherical analyzer. By applying a bias between its inner and outer 

hemisphere, the analyzer splits up the electron beam according to their 

energy. A multi-channel plate situated at the end of the analyzer counts 

the number of electrons for each energy. 

2.3.2 Theoretical Description 

The energy level diagram in Fig. 2.5b visualizes the relation 

between the initial energy of the electron Ei in a conducting sample and 

Fig. 2.5: Experimental setup and energy level diagram of PES. (a) Schematic of a 
PES setup. Coming from a light source, photons with an energy hν (solid, red 
arrow) irradiate a sample. The subsequently emitted electrons (dashed, red arrow) 
travel through a lens setup into a hemispherical analyzer. Due to an applied bias 
potential in the analyzer, the electrons spread out according to their energy. The 
electrons are finally detected with a multi-channel plate. (b) The relation between 
measured kinetic energy Ekin and initial energy of the electron Ei is shown in the 
energy level diagram. By electrical contact, the Fermi level EF is the same for 
sample and analyzer. However the vacuum barrier Ev is shifted due to the different 
work functions of the sample φs and the analyzer φa. E’kin is the kinetic energy of 
the electron with respect to the sample. Based on references 19 (a) and 23 (b). 
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the kinetic energy Ekin measured at the analyzer.23 While separated by 

vacuum, sample and analyzer are in electrical contact, i.e., their Fermi 

levels EF are at the same energy. In the sample, the photon transfers its 

energy hν to an electron with the initial energy Ei. The electron is lifted 

past the vacuum barrier Ev and has the kinetic energy: 

 Ekin
'  = hν - EB = hν - (EF - Ei) (16) 

Eq. (16) can also be expressed in terms of the analyzer: 

 Ekin
'  = Ekin + φa = Ekin + (Ev - EF) (17) 

where φa is the work function of the analyzer. Note that φa generally 

deviates from the work function of the sample φs . 

By comparing Eq. (16) and Eq. (17), the measured kinetic energy 

Ekin becomes: 

 Ekin = hν - EB - φa (18) 
Since the photon energy is given by the light source and the work function 

is determined by the analyzer, the binding energy in Eq. (18) can be directly 

inferred from the measured kinetic energy of the electrons. 
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2.3.3 Angle-Resolved Photoemission Spectroscopy 

During the photoelectric effect, not only the energy is conserved, 

but also the in-plane momentum k||: 

 k||
ex= k||

in + Gh,k (19) 
where the superscript ex (external) refers to the free electron that already 

escaped the bulk and the superscript in (internal) describes the electron in 

the bulk (Fig. 2.6a).24 Gh,k is again the reciprocal lattice vector of the 

surface. Note that the perpendicular component of the momentum k⊥ is 
not preserved. 

The in-plane momentum k||
ex  can be expressed in terms of its 

components on the surface kxex and kyex. Their moduli in terms of the polar 

angle θ and azimuthal angle ϕ ((Fig. 2.6b) are given as: 

Fig. 2.6: Geometry of ARPES experiments. (a) The in-plane momentum k|| of a 
photoelectron is conserved upon leaving the sample. (b) The emission direction of 
the photoelectron can be expressed in terms of the polar angle θ and azimuthal 
angle ϕ. 
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 kx = 1
ħ
 �2meEkin  sin θ cos ϕ (20) 

 ky = 1
ħ
 �2meEkin  sin θ  sin ϕ (21) 

Together with Eq. (18) and Eq. (19) it is now possible to deduce 

an electron dispersion relation EB(k||
in), i.e., a relation between the binding 

energy and the momentum of a photoelectron inside the sample, using Ekin 

and k||
ex of the photoelectron in vacuum. As both of these quantities are 

measurable, ARPES allows for a direct probing of the occupied states of 

the band structure of solids.25 

2.4 Ultra-High Vacuum (UHV) System 

As we perform experiments to unravel interactions and properties 

of adsorbates on surfaces, it is imperative to have well-defined and clean 

surfaces. This is hard to achieve at ambient pressure, since a monolayer of 

arbitrary particles adsorbs on the surfaces effectively instantaneously. If 

experiments are to be performed at low temperatures, the sample acts as 

cooling trap, thus amplifying this problem. Therefore, it is often mandatory 

to operate in an ultra-high vacuum (UHV) environment, where pressures 

range from 10-9 mbar to 10-12 mbar. These conditions allow the sample to 

be reasonably clean for hours or even days. For a detailed description of 

how to achieve, maintain, and operate a UHV system, the reader is referred 

to further literature.26 

  



2 Experimental Techniques   

31 

2.5 References 

1. Binnig, G., Rohrer, H., Gerber, C. and Weibel, E. (1982). Surface Studies 
by Scanning Tunneling Microscopy. Physical Review Letters 49, 57–61 

2. Eisberg, R. and Resnick, R. (John Wiley & Sons, 1985). Quantum Physics 
of Atoms, Molecules, Solids, Nuclei, and Particles. 

3. Chen, J. C. (Oxford University Press, 1993). Introduction to Scanning 
Tunneling Microscopy. 

4. Wiesendanger, R. (Cambridge University Press, 1994). Scanning Probe 
Microscopy and Spectroscopy. 

5. Simmons, J. G. (1963). Generalized Formula for the Electric Tunnel Effect 
between Similar Electrodes Separated by a Thin Insulating Film. Journal 
of Applied Physics 34, 1793–1803 

6. Tersoff, J. and Hamann, D. R. (1983). Theory and Application for the 
Scanning Tunneling Microscope. Physical Review Letters 50, 1998–2001 

7. Binnig, G., Rohrer, H., Gerber, C. and Weibel, E. (1983). (111) Facets as 
the Origin of Reconstructed Au(110) Surfaces. Surface Science 131, L379–
L384 

8. Tersoff, J. and Hamann, D. R. (1985). Theory of the Scanning Tunneling 
Microscope. Physical Review B 31, 805–813 

9. Bardeen, J. (1961). Tunneling From a Many-Particle Point of View. 
Physical Review Letters 6, 57–59 

10. Rohrer, H. (Springer, 1990). in Scanning Tunneling Microscopy and 
Related Methods (eds. Behm, R. J., García, N. & Rohrer, H.), 1–25 

11. Eigler, D. M., Lutz, C. P. and Rudge, W. E. (1991). An Atomic Switch 
Realized with the Scanning Tunnelling Microscope. Nature 352, 600–603 

12. Bartels, L., Meyer, G. and Rieder, K. H. (1997). Controlled Vertical 
Manipulation of Single CO Molecules with the Scanning Tunneling 
Microscope: A Route to Chemical Contrast. Applied Physics Letters 71, 
213–215 

13. Lyo, I.-W. and Avouris, P. (1989). Negative Differential Resistance on the 
Atomic Scale: Implications for Atomic Scale Devices. Science 245, 1369–
1371 

14. Huang, D., Uchida, H. and Aono, M. (1994). Deposition and Subsequent 
Removal of Single Si Atoms on the Si ( 111 ) 7 x 7 Surface by a Scanning 
Tunneling Microscope. Journal of Vacuum Science & Technology B 12, 
2429 

15. Chen, C. J. (1990). Origin of Atomic Resolution on Metal Surfaces in 
Scanning Tunneling Microscopy. Physical Review Letters 65, 448–451 



2.5 References    

 

32 

16. Lang, N. D. (1986). Spectroscopy of Single Atoms in the Scanning 
Tunneling Microscope. Physical Review B 34, 5947 

17. Feenstra, R. M., Stroscio, J. A. and Fein, A. P. (1987). Tunneling 
Spectroscopy of the Si(111)2x1 Surface. Surface Science 181, 295–306 

18. Davisson, C., Germer, L. H. and Heights, Y. (1927). Diffraction of 
Electrons by a Crystal of Nickel. Physical Review 30, 705–740 

19. Oura, K., Lifshits, V. G., Saranin, A., Zotov, A. V. and Katayama, M. 
(Springer, 2003). Surface Science: An Introduction. 

20. Henzler, M. (1982). LEED Studies of Surface Imperfections. Applications 
of Surface Science 11–12, 450–469 

21. Hertz, H. (1887). Ueber einen Einfluss des ultravioletten Lichtes auf die 
electrische Entladung. Annalen der Physik 267, 983–1000 

22. Einstein,  a. (1905). Über einen die Erzeugung und Verwandlung des 
Lichtes betreffenden heuristischen Gesichtspunkt. Annalen der Physik 322, 
132–148 

23. Ratner, B. D. and Castner, D. G. (Wiley, 2009). in Surface Analysis – The 
Principal Techniques 2nd Edition (eds. Vickerman, J. C. & Gilmore, I. S.), 
47–112 

24. Damascelli, A. (2003). Probing the Low-Energy Electronic Structure of 
Complex Systems by ARPES. Physica Scripta T109, 61–74 

25. Kevan, S. D. (1983). Evidence for a New Boradening Mechanism in Angle-
Resolved Photoemission from Cu(111). Physical Review Letters 50, 526–
529 

26. Altemose, V. O., Brubaker, W. M., Carlson, R. W., Denison, D. R., 
Dobrowolski, Z. C., Hablanian, M. H., Harra, D. J., Lamont Jr., L. T., 
Lichtman, D., Milleron, N., Osterstrom, G., Shapira, Y., Thomas, M. T., 
Weissler, G. L. and Wolgast, R. C. (1979). Vacuum Physics and 
Technology. Methods in Experimental Physics Volume 14 


	Chapter 2



