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Zusammenfassung

Diese Arbeit beschäftigt sich mit elektronischen Anregungen von physisorbierten Helium-
schichten auf Metallsubstraten. Die Änderung der elektronischen Eigenschaften im Ver-
gleich zur Gasphase, hervorgerufen durch die vergrößerte Heliumdichte und die Nähe zur
Metalloberfläche, wird untersucht. Weiterhin wird der Einfluss von unterschiedlichen Sub-
straten systematisch studiert. Hierzu wurden bis zu zwei Heliumschichten in einem speziell
konstruierten Kryostaten auf Ru (001), Pt (111), Cu (111) und Ag (111) Oberflächen ad-
sorbiert. Diese Proben wurden unter Verwendung eines Flugzeitdetektors und von Syn-
chrotronstrahlung spektroskopisch untersucht. Die experimentellen Ergebnisse wurden im
Vergleich mit ausführlichen theoretischen Modellrechnungen analysiert.
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Abstract

This thesis deals with electronic excitations of helium physisorbed on metal substrates. It
is studied to what extent the electronic properties change compared to the gas phase due to
the increased helium density and the proximity of the metal. Furthermore, the influence of
different substrate materials is investigated systematically. To this end, up to two helium
layers were adsorbed onto Ru (001), Pt (111), Cu (111), and Ag (111) surfaces in a custom-
made cryostat. These samples were studied spectroscopically using synchrotron radiation
and a time-of-flight detector. The experimental results were then analyzed in comparison
with extensive theoretical model calculations.
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Chapter 1

Introduction

In the literature, a vast amount of attention has been devoted to the study of helium because
it is an intriguing subject for a number of reasons. Firstly, it is the simplest and smallest
closed-shell system in the electronic ground state, which leads to a very weak interatomic
helium-helium interaction. Together with its small mass, this gives rise to the macroscopic
quantum nature of helium. In particular, helium exhibits a very large zero-point motion
such that it solidifies only under external pressure even at 0 K. Moreover, while helium in
the ground state couples only weakly, it exhibits a high reactivity in the excited state.

These interesting properties have lead to numerous experimental and theoretical studies
of the three-body system helium. In particular, the energies and oscillator strengths of
neutral and continuum excitations in gaseous helium are precisely known for one- and two-
electron excitations [1]. The pioneering experiment of Madden and Codling [2] showed
different intensities for doubly excited helium Rydberg series, which were first interpreted
by Cooper, Fano and Pratts [3]. Since then, neutral two-electron excitations in helium are
regarded as a prototype for electron correlation in three-body systems similar to H+

2 and H−

[4].
In more densely packed helium arrangements, the excitation energies are increased with

the helium density due to the repulsive interaction of the closed-shell helium atoms. This
behavior was found for liquid [5, 6] and solid helium [7, 8] as well as helium clusters
[9, 10] and bubbles [11]. Furthermore, all these measurements show broadened resonance
lines indicating that more complex excited states have to be invoked, whose configuration is
not fully understood. This phenomenon is absent for the heavier rare gases, which suggests
that particularly interesting effects arise in helium systems.

On the other hand, the analysis of adsorbates is one of the main objectives of surface
science. Here, not only the interaction inside the adsorbate but also its coupling to the sub-
strate is investigated. There is a multitude of studies dealing with physisorbed rare gases
(see, e.g., Ref. [12] and the references therein for an overview). In particular, the electronic
excitations of the heavier rare gases, physisorbed on a Ru (001) surface, have been studied
in detail [13]. Physisorbed helium however, is not as well understood. Previous studies
dealing with helium layers on glass [14], coinage metals [15], nichrome [16] and alkali
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2 Chapter 1 Introduction

metals [17] may be sufficient for cryotechnical questions. However, they do not meet the
usual standards of surface science because of possible inhomogeneities [18], which can cor-
rupt charge transfer processes due to their large dynamic range. There are further studies of
helium on Grafoil, a graphite material with large inner surface, which is quite homogeneous
and easy to prepare. For this substrate, very detailed measurements of the adsorption of he-
lium have been performed [19]. However, studies on Grafoil are limited to thermodynamic
and scattering measurements, because the inner surface is not accessible with spectroscopy.
There is just a single study of a helium monolayer physisorbed on a well-defined metal
substrate [20], where measurements were restricted to photo- and thermodesorption.

Summing up, no spectroscopic investigations of helium physisorbed on a well-defined
metal substrate exist so far. This is despite the fact that the presented measurements for
dense helium suggest even richer effects than for the heavier rare gases considered so far.
Most likely, this gap in the literature is due to the substantial experimental difficulties in the
stable preparation of helium adlayers on well-defined metal substrates.

These issues are resolved in the present thesis, for which up to two helium layers were
stably adsorbed on several well-defined metal substrates using a custom-made cryostat. This
system was then investigated spectroscopically with synchrotron radiation and a time-of-
flight detector. It turns out that physisorbed helium indeed exhibits a richer electronic struc-
ture than the heavier rare gases. A key factor for the analysis of the excitation spectra is the
possibility of a simultaneous recording of three different decay products, namely electrons,
fluorescence photons, and metastable particles. The examination of the experimental data
was performed in conjunction with extensive model calculations carried out by J.-P. Gauy-
acq in close cooperation with our group. Also taking into account the quantum nature of
helium, this provides a fairly complete interpretation for the electronic nature of the excited
states in physisorbed helium as well as their decay mechanisms. As a consequence, our ex-
amination also yields a better understanding of dense helium systems in general, for which
the broadening of the resonances was found to be a salient feature.

In the following, we present a brief outline of the contents of this thesis. In Chapter 2,
the necessary physical background is introduced. Subsequently, in Chapter 3, the experi-
mental setup is explained in detail with particular emphasis on the custom-made cryostat.
Chapter 4 contains the body of the thesis. In Section 4.1, we present the results for the
helium bilayer and the corresponding model calculations. This system is discussed first be-
cause its rich electronic structure can be explained particularly well by the interplay between
experiment and theory. Next, in Section 4.2, we turn to the helium monolayer. Dilute he-
lium bilayers, which are intermediate systems between bi- and monolayers, are the content
of Section 4.3. Then, Section 4.4 focuses on sandwich layers consisting of an outer helium
layer and an inner layer composed of neon or argon. Subsequently, Section 4.5 deals with
the impact of varying the metal substrate. Whereas ruthenium (001) was used in the previ-
ous sections, we also consider platinum (111), copper (111), and silver (111) here. Finally,
Chapter 5 concludes and provides an outlook.



Chapter 2

Physical background

2.1 Electronic excitations

Electronically excited states can be created in different ways depending on the experiment.
One possibility is inelastic scattering of charged particles at the investigated system. Fre-
quently, electrons are employed in these measurements, e.g., in electron energy loss spec-
troscopy (EELS), in Auger electron spectroscopy (AES), or in desorption induced by elec-
tronic transitions (DIET).

Excitations of specific electronic states are mostly generated by monochromatic pho-
tons. Here, the photon energy hν and the selection rules for electronic transitions determine
the possible initial and final states. An excitation using polarized light allows for a deter-
mination of the orientation of the investigated system relative to the polarization vector.
Monochromatic synchrotron radiation is ideally suited for these investigations. The photon
energy can be varied in a wide energy range by the use of appropriate monochromators.
This enables the examination of a multitude of electronic excitations.

In the following, a brief overview is given on the different types of electronic excitations
created by photon absorption. Initially, isolated atoms and molecules are examined. Then,
excitations in condensed and adsorbed systems are described.

Generally, a distinction is made between neutral bound excitations and ionic continuum
excitations. For an isolated atom, the corresponding schematic potential picture is depicted
in Figure 2.1. The following atomic electronic states can be distinguished:

• Occupied and unoccupied atomic orbitals.

• A series of unoccupied Rydberg orbitals below the vacuum level. The Rydberg states
converge towards the ionization threshold.

• The continuum states above the vacuum level.

The scheme shows the absorption of a photon by a core electron. The descriptions made
here are valid for all electrons, though. If the photon energy is larger than the ionization
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4 Chapter 2 Physical background

Figure 2.1: Schematic potential picture of an atom.

potential of the excited electron, the latter is promoted into the continuum and escapes
from the atom. This describes an ionization process, in which the final state consists of a
positively charged ion and a free electron. The emitted electron can be detected using a
suitable analyzer. This process is referred to as hole or continuum excitation.

For excitation energies below the vacuum level, neutral or bound excitations are created.
Here, two cases can be distinguished. On the one hand, transitions into unoccupied Rydberg
orbitals with a larger main quantum number compared to the highest occupied level exist.
For systems with closed electron shells like helium, only such excitations can take place. On
the other hand, transitions may exist into orbitals with a principal quantum number which
also exhibits occupied states. This process is called valence excitation or excitation into a
valence orbital. Due to the closed-shell electron configuration, this type of excitation is not
possible for rare gases.

An analogous classification is valid for isolated molecules as well. A schematic potential
picture of a homonuclear molecule is depicted in Figure 2.2. The following electronic levels
exist in a molecule larger than H2:

• Energetically low lying core orbitals.

• Above the former, the occupied molecular orbitals are located. The highest lying
molecular orbital is denoted as HOMO (highest occupied molecular orbital).

• Subsequently, one or more unoccupied molecular orbitals exist. The lowest corre-
sponding state is called LUMO (lowest unoccupied molecular orbital).

• As for an atom, the next class of states are Rydberg orbitals. They are derived from
atomic states with higher quantum numbers and converge to the vacuum level.

• Above the vacuum level, the continuum states are located.
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Figure 2.2: Schematic potential picture of a molecule.

In analogy to the case of an atom, bound and continuum excitations exist in a molecule
as well. Additionally, scattering states can appear above the vacuum level. They are called
shape resonances and are caused by the centrifugal barrier in the potential curve [21]. Bound
excitations can take place into valence or Rydberg states below the vacuum level.

A further classification of the molecular orbitals is based on their importance for the
molecular binding, which involves an energy shift relative to the atomic states. Bonding
and anti-bonding molecular orbitals are formed, whose occupation determines the molecu-
lar binding. The diagram of a helium dimer He2 is depicted in Figure 2.3. Both electron
pairs in the 1s level occupy the bonding orbital σg as well as the anti-bonding orbital σu of
the molecule. Since both effects compensate each other, no chemical bond is developed.
Nevertheless, a helium dimer with a very small binding energy of 1.1 mK (9.5 · 10−8 eV)
exists due to van-der-Waals interaction [22]. In an electronically excited helium dimer He∗2,
the anti-bonding molecular orbital is not fully occupied, though. This leads to the devel-
opment of a strong binding due to the interaction between the three remaining 1s electrons
[23]. The same result applies also for the ionized helium dimer, i.e., the ionimer He+2 .

The above pictures for atoms and molecules describe the excitation of one electron per
photon. Notwithstanding this simple one electron picture, intrinsic multiple electron exci-
tations are possible due to electron correlation. In this case, the photon absorption leads to
the promotion of more than one electron into a higher level. For helium – as investigated in
this thesis – both electrons are promoted into higher states. In this process, all combinations
ranging from doubly bound He∗∗, ionic/bound excited He+∗ to doubly ionized He++ are
possible for the final state.

Figure 2.4 is taken from [24] and depicts the 1Se states in helium. Here, the main quan-
tum number of the inner electron is denoted by N . In the present thesis, we examined
one-electron excitations (N = 1). Concerning the two-electron excitations, helium consti-
tutes a special case. A strong correlation of the two helium electrons leads to a high intensity
of one out of three dipole-allowed Rydberg series. The other two series are suppressed and
only exhibit a small intensity [2].
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Figure 2.3: Diagram of the molecular orbitals in a helium dimer.

The condensed phase shows a considerably altered behavior compared to the gas phase.
Here, an energy band structure is developed [25]. For insulators, the highest completely
occupied band is denoted as valence band, whereas the lowest unoccupied band is called
conduction band. The energy difference between both bands is determined by the band
gap. The electronic excitations in insulators are classified in analogy to isolated atoms or
molecules.

• The ionization in the gas phase corresponds to the excitation of an electron into the
conduction band for the condensed phase. For electrons from the valence band, the
excitation energy has to be larger than the band gap. For core electrons, it has to
be larger than the energy difference between core level and conduction band. If an
electron in the conduction band is promoted above the vacuum level, it can be detected
in analogy to the photoionization in the gas phase. For a negative electron affinity as
for, e.g., rare gas solids, the conduction band edge is located above the vacuum level.
In this case, ionization can take place for excitation energies that are smaller than the
band gap.

• The bound excitations in atoms and molecules have an analogy in the condensed
phase called excitonic states. If the excited electron stems from a core level, a strongly
localized core exciton is created. In contrast, the excitation of a valence electron
results in a mobile valence exciton.

• In rare gas solids (RGS), only Rydberg-like excitations exist, which resemble the
behavior of the gas phase. In molecular crystals bound by van-der-Waals interaction,
both valence and Rydberg excitations are possible [26].

Besides the band structure, polarization screening exists in solids and condensed two-
dimensional systems. Both effects lead to changes in the energetics of electronic excitations.
The density of the unoccupied band states in a solid or an adsorbed monolayer deviates from
the density of states for the respective isolated atom or molecule. Therefore, the transition
probability for electronic excitations in solids is modified as well.

The investigation of solid helium shows that excitons only exhibit a small dispersion
[8]. Hence, band structure effects are rather weak for solid helium mainly due to the large
zero-point energy.
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Figure 2.4: Level diagram of the 1Se states of helium ranging from the ground state to the
eighth ionization threshold [24].

For atoms or molecules close to the surface of a solid, the energetics of the electronic
transitions shows further modifications. They are caused by the symmetry breaking at the
surface and screening effects. The influence of these effects on the electronic excitation is
investigated in the present thesis.

2.2 Electron spectroscopy

In the present thesis, the mostly employed measurement technique is electron spectroscopy.
Based on the photoelectric effect, it was developed and established by Siegbahn under the
term ESCA (electron spectroscopy for chemical analysis) [27, 28]. By now, it constitutes
a powerful standard technique for the investigation of solids and their surfaces. According
to the applied energy range, one can roughly differentiate the following terms. X-ray pho-
toelectron spectroscopy (XPS) is used for excitation energies above 100 eV, whereas ultra-
violet photoelectron spectroscopy (UPS) is the correct term below 100 eV. Upon the impact
of monochromatic photons, the energy spectrum of the emitted electrons is recorded. It
contains information on the occupied states of the investigated system. This technique is
surface-sensitive due to the small inelastic mean free path of the photoelectrons.
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In the following, the basic theory of photoemission is briefly discussed. A detailed
theoretical analysis in the context of surface investigation can be found in [29].

The kinetic energy of a photoelectron ejected upon absorption of a photon can be de-
duced from energy conservation:

Ei
kin = EN − EN−1

i + hν.

Here, EN denotes the total energy of the initial state with N electrons and EN−1
i represents

the final state with (N − 1) electrons in the i-th excited state. The binding energy is then
defined as

EB,i = EN − EN−1
i .

The transition probability w for a small perturbation ∆ can be obtained by Fermi’s
golden rule [29]:

w ∝ 2π

~
| 〈Ψf |∆|Ψi〉 |2δ(Ef − Ei − hν).

Here, Ψi and Ψf denote the many-particle wave functions of the initial and the final state,
respectively. The transition matrix element 〈Ψf |∆|Ψi〉 contains the orientation of the tran-
sition dipole and the electric field vector. Furthermore, the photoionization cross section
exhibits a strong angular dependence. The angular distribution of the photoelectrons ex-
cited by linearly polarized light is given by [30]:

L(γ) = 1 +
β

2

(
3 cos2 γ − 1

)
.

Here, β describes an asymmetry parameter, which depends on the investigated material and
the applied energy range. For our spectroscopic measurements of helium, β is determined
by the s orbitals of the helium ground state atoms. This leads to an asymmetry parameter
of β = 2 [31]. The quantity γ denotes the angle between the polarization vector and the
emission direction of the photoelectron.

In our experiments, we employed two different polarizations. For Axy-polarization, the
electric field vector is parallel to the surface. In contrast, the electric field vector is (nearly)
perpendicular to the surface for Az-polarization. Hence, the angular distribution of the
photoelectrons differs between both polarizations. For convenience, we now write α for
the angle between the surface normal and the emission direction of the photoelectron. Note
that for Az-polarization, this is just the quantity γ from above, whereas it differs by 90◦ for
Axy-polarization. Thus, the photoelectron distribution is symmetric around α = 0◦, which
coincides with the alignment of the detector. Taking into account β = 2, we obtain the
following angular distribution for Az-polarization:

LAz(α) = 3 cos2 α.

For Axy-polarization, this implies
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LAxy(α) = 3 sin2 α.

The photoelectron detector is located at α = 0◦ and has only a small aperture angle. Hence,
a major fraction of the electrons following excitation with Az-polarized light can be de-
tected. In contrast, for Axy-polarization, only a small fraction of the emitted photoelectrons
reaches the detector.

The angular dependence combined with polarized electromagnetic radiation can be used
for, e.g., orientation measurements of adsorbed molecules. The corresponding experimen-
tal technique, which employs the angular dependence of photoelectrons is called ARPES
(angular resolved photoemission spectroscopy) [32]. This method is commonly employed
to determine the electronic band structure E(k||) of, e.g., two-dimensional adsorbate struc-
tures.

However, such angle-resolved measurements were not performed in the present thesis,
where the experiments were restricted to perpendicular emission k|| = 0. Nevertheless, the
variation of the polarization allowed to determine the symmetries of the initial states at the
Γ-point of the surface Brillouin zone.
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Chapter 3

Experimental Setup

The present experimental setup was designed especially for this experiment to achieve two
main purposes. Firstly, to enable a stable adsorption of up to two layers of helium on
clean metal single crystals, namely ruthenium (001), platinum (111), copper (111), and sil-
ver (111). Secondly, to allow for the investigation of this system with synchrotron radiation
as well as laboratory methods. The apparatus was originally designed by P. Feulner, and
further developed during my PhD thesis as well as my prior diploma thesis. In its present
state, it fully meets the desired objectives. In the following, the components of the experi-
mental setup are described. A special emphasis is put on the cryostat and the time-of-flight
detector.

3.1 Vacuum chamber

A clean and well-defined surface of the metal substrate is essential for the experiment and
thus requires a chamber pressure in the ultra high vacuum range (UHV). In the vacuum
chamber described here, we obtain a base pressure of about 2 · 10−11 mbar after bake-out.
This ensures the cleanliness of the sample for several hours at the very low sample temper-
atures used here, where the sticking factor of all components of the residual gas apart from
helium is close to one.

A scheme of the apparatus is shown in Figure 3.1. It consists of three stacked levels,
which are connected to each other. They contain the following components:

1. Lower pump level

• A turbo molecular pump (520 l/s) with a high compression ratio and appropriate
roughing pumps

• A titanium sublimation pump with liquid nitrogen cooling

• A quadrupole mass spectrometer for the analysis of the residual gas

• A Pirani gauge for the rough and fine vacuum range

11



12 Chapter 3 Experimental Setup

Figure 3.1: Scheme of the UHV chamber.

2. Medium measurement and preparation level

• A time-of-flight detector (TOF) with integrated helium gas doser (cf. Section
3.6)

• A second capillary gas doser for all other dosing gases

• An ion gun for sample cleaning via sputtering

• An ionization gauge to measure the chamber pressure in the HV and UHV range

• A metal evaporator (cf. Section 3.5)

• A Low Energy Electron Diffraction (LEED) optics for the crystallographic char-
acterization of the surface

• A hemispherical electron energy analyzer and an x-ray tube with aluminum /
magnesium twin anode for laboratory XPS measurements

3. Upper cryostat level

• The upper level contains the cryostat, which extends into the medium level. It
is pivot-mounted with a rotary feedthrough, which is pumped double differen-
tially. This enables the crystal, which is fixed to the cryostat, to be moved to the
different experimental tools in the medium level.

Gas dosing system The gas dosers mentioned above are connected to a gas dosing system.
It is pumped separately and reaches a base pressure of about 5 · 10−10 mbar. The pressure
during dosing is approximately 5 · 10−4 mbar, so that a gas purity of better than 10−5 is
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ensured. For the experiments with 4He, we used a particularly pure gas with a nominal
degree of purity of 6.0, which is equivalent to a contamination level of 1 ppm. It was cleaned
additionally with an Oxisorb gas cleaning cartridge. Unfortunately, the helium gas turned
out to be of poorer quality than denoted by the manufacturer, namely a contamination level
of about 100 ppm, consisting mostly of water. Thus, we further cleaned the gas with a
liquid nitrogen cold trap. Other gases in the dosing system were 3He, neon, argon, xenon,
and oxygen.

3.2 Cryostat

The cryostat is the centerpiece of the apparatus and had to meet the following competing
requirements:

• The stable adsorption of two monolayers helium on the metal substrate requires a
sample temperature off less than 1.2 K [33].

• The cleaning of the metal substrate necessitates heating up to 1570 K. High sample
temperatures always lead to a warming of the environment and an increasing residual
gas pressure due to thermal desorption. Thus, the time required for cooling down the
sample to the measuring temperature after heating has to be as short as possible, in
order to minimize sample contamination.

• The helium layer on the metal substrate should be stable for the duration of a mea-
surement. However, the black body radiation of the 300 K environment photodesorbs
the helium layers from the substrate very efficiently [20]. Therefore, its impact had to
be minimized.

Commercial cryostats cannot satisfy the combination of these requirements, in particu-
lar, the wide temperature range. For this reason, an appropriate cryostat has been developed
in our group.

For previous thermodesorption measurements of helium on platinum [33], a cryostat
was custom-made. Based on this experience, the cryostat described here was newly de-
signed and further developed in the present thesis and my prior diploma thesis [34]. This
system achieves a measuring temperature at the sample of less than 1.2 K, ensuring a stable
adsorption of mono- and bilayers of helium on the metal substrates. Measurements are pos-
sible for approximately four hours before a refilling of the cryostat is necessary. This leads
to a liquid helium consumption of only 50 ml per hour. Two single crystals, platinum (111)
and ruthenium (001), were stationary mounted to the cryostat as samples. In the following
the setup of the cryostat is explained in detail.
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3.2.1 Cryostat tube

Figure 3.2: Scheme of the cryostat: liquid he-
lium (blue) in cryostat tube (black), cooling
head (gray) and radiation shield (red).

The cryostat is designed as a 4He bath-
cryostat. Thereby, a certain amount of
liquid helium is filled into a thermally in-
sulated reservoir. Subsequently, the va-
por above the liquid level is pumped until
the working temperature is reached. The
liquid helium in the tube is thermally con-
nected to the sample via a cooling head.
Since the cryostat temperature depends
logarithmically on the helium vapor pres-
sure, the latter has to be reduced as much
as possible. This is achieved by two es-
sential measures.

Firstly, the amount of helium to be
pumped is kept small with approximately
200 ml. It is located inside a high-quality
stainless steel tube with a diameter of 45

mm in the interior of the radiation shield
(cf. Section 3.2.2 below). The wall of the
tube is only 0.25 mm thick, which mini-
mizes the heat load due to thermal con-
duction from the upper part of the cryo-
stat. Contaminations at the inner side
of the tube lead to an increased creeping
of the superfluid helium along the tube
walls. As a consequence, the pressure
rises due to helium vaporization in the
upper warmer part of the tube. For this
reason, the tube walls are kept exception-
ally clean. In particular, the inner part of the cryostat was pumped during the bake-out of
the UHV chamber to prevent corrosion and contamination of the walls by the ambient air.

Secondly, the throughput of helium gas is maximized. In principle, this can be achieved
by large tube cross sections in combination with appropriate pumps [35]. However, large
cross sections also imply loss of helium due to thermal radiation from the warmer tail of
the pumping pipe into the cooling head. A suitable trade-off is achieved by the following
choice of geometry. The conductance value for the cold gas in the tube with 45 mm diameter
is sufficient, while the loss of pressure is small. The pipe to the pump system from the upper
part of the cryostat has a diameter of 150 mm. Therefore, the conductance value is adequate
for helium gas at room temperature. The transition from cold to warm helium gas, or from
small to large tube cross section respectively, takes place in the upper part of the cryostat. It
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is completely cooled by liquid nitrogen and minimizes the thermal radiation with apertures
mounted perpendicular to the cryostat tube.

The temperature of the liquid helium is determined by the measurement of its vapor
pressure. Here, a typical value was 5 · 10−2 mbar, which corresponds to a temperature of
900 mK [36]. The sample is connected to the liquid helium via the cooling head. The final
temperature at the sample can be estimated from the thermal conduction of the cooling head
and is less than 1.2 K.

Continuous-flow cryostat It is also possible to operate this cryostat as a continuous-flow
cryostat. Contrary to bath cryostat operation, a mix of liquid and gaseous helium is contin-
uously supplied to the system. In this mode, any temperature between 300 K and 4 K can be
obtained by controlling the helium flow.

Pump system The cryostat is pumped by two Roots pumps and a rotary piston pump
operated in series. The Roots pumps have pumping speeds of 1000 m3/h and 500 m3/h,
respectively. The rotary piston pump has a pumping speed of 200 m3/h.

A vibration decoupling between the cryostat and the main pump turned out to be indis-
pensable. Therefore, the connection between both is established by two membrane bellows.
They are protected against large length alterations using soft damping devices made of rub-
ber. A panel, that is weighted with two lead bricks, hangs between the bellows to damp
oscillations. This decoupling system turned out to be very effective. In the measurement
chamber, no spurious vibrations could be detected.

Due to pressure alterations in the helium circuit, this soft construction tightens by about
3 cm during operation. Resulting forces and the ensuing loss of adjustment of the cryostat
and the chamber have to be avoided. For this reason, the main pump is placed on an air
bearing base and thus follows length alterations.

3.2.2 Radiation shield

Black body radiation coming from the environment at room temperature affects both the
sample and the cryostat. It causes photodesorption of the adsorbed helium layers [33],
which would make long measurements at stable conditions impossible. Furthermore, the
unshielded thermal radiation increases the minimal achievable temperature and causes high
liquid helium consumption in the cryostat. In order to minimize these effects, the cryostat
and the sample are completely enclosed by a radiation shield cooled by liquid nitrogen. The
black body radiation depends on the fourth power of the temperature. Therefore, a temper-
ature reduction from 300 K to 77 K due to the radiation shield diminishes the radiation by a
factor of more than 200.
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Figure 3.3: Scheme of the outer radiation
shield. The cooled parts are depicted in red.

The radiation shield consists of three
parts. Two partial shields cover the cryo-
stat inside and outside the vacuum cham-
ber, whereas the third partial shield encloses
the time-of-flight detector. All parts are
made of copper, which ensures a good ther-
mal conduction (cf. Figure 3.4) and is con-
venient to handle.

The partial shield of the cryostat inside
the vacuum chamber encloses the cryostat
tube. It is constructed as a hollow cylin-
der, which is wrapped by a liquid nitrogen
pipeline. The pipeline is squeezed to the
cylinder with clamps to ensure a good heat
transfer. The bottom side of this assembly
is closed with a copper panel.

The partial shield of the cryostat out-
side the vacuum chamber is depicted in Fig-
ure 3.3. It resides on top of the cryostat
tube and forms a massive cylindrical cap, covered with a circular panel. On this panel, the
plane bottom side of a reservoir is situated, which contains liquid nitrogen. Via this contact
the radiation shield is cooled from the nitrogen reservoir. Since both parts are not fixed per-
manently, but only lie on top of each other, the cryostat is rotatable relative to the nitrogen
reservoir.

The helium siphon is inserted into a tube that is located in the center of the nitrogen
reservoir, and sealed with a compression fitting. In the bath mode, the siphon is removed
after filling the cryostat and then replaced by a thermally insulating plug. In the continuous-
flow mode, it remains in the cryostat.

In the cylindrical cap, there are two circular apertures pointing to the pump system and a
window. The amount of thermal radiation increases with the size of the apertures. This leads
to an increase of the temperature in the cryostat. At the same time, the conductance value
is increased, because more helium can be pumped. The size of the apertures is optimized
regarding both effects. Hence, this assembly does not only serve as a radiation shield but
also acts as a connection between the cryostat tube and the pump system.

A glass mirror tilted by 45◦ is mounted inside the cylinder at the aperture facing the
window. This mirror is cooled and thus does not reflect thermal radiation into the cryostat.
It allows to monitor optically the boiling of the helium.

The third partial shield, which encloses the time-of-flight detector, is described in Sec-
tion 3.6.
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Figure 3.4: Thermal conductivity of several materials dependent on the temperature [36].
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Figure 3.5: Measurement
geometry inside the radiation
shield.

Measurement geometry Two holes are located in
the radiation shield at the height of the sample. They
are depicted in Figure 3.5.

Firstly, a small entrance slit (3 × 1 mm) exists for
the synchrotron radiation. The light illuminates the
sample at an angle of 10° relative to the crystal sur-
face.

Secondly, a cylindrical extension points along the
crystal surface normal towards the detector. During
the measurements, the liquid nitrogen cooled time-of-
flight detector was moved close the cylindrical exten-
sion. In this position, no gap remains between the ra-
diation shields of cryostat and detector. Thus, ambient
black body radiation can only impact the sample via
the small entrance slit.

3.2.3 Cooling head

A scheme of the cooling head is displayed in Figure 3.6. It constitutes the connection
between the liquid helium in the cryostat tube and the sample. As for the material, we chose
silver because it has a high thermal conductivity at the low temperatures required here (cf.
Figure 3.4).

Figure 3.6: Scheme of the
cooling head.

On the side facing the tube, the cooling head exhibits
numerous slits, which substantially increase the surface and
thereby improve the thermal coupling. This is particularly
important during the cooling phase, in which the helium in
the cryostat is gaseous.

The vacuum side of the cooling head is connected to the
sample crystal via a clamping mechanism and a stick. The
clamping mechanism consists of a cuboid with a slit, also
fabricated of silver. At this interface, a good thermal cou-
pling is very important. Therefore, the cuboid and the head
were polished, cleaned thoroughly and fixed permanently
by stainless steel screws. Likewise, the sample mounting
stick is firmly fixed in the slit of the cuboid by compressing
the latter with two screws.

The sample mounting stick has to meet several require-
ments. On the one hand, it should have a good thermal
conductivity at low temperatures. This keeps the temperature difference between the sam-
ple crystal and the cooling medium as small as possible. On the other hand, the thermal
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conductivity should be low at high temperatures. This keeps the heat load on the cryostat
during sample heating as small as possible. The latter is essential to maintain a low tempera-
ture of the cooling head during the sample cleaning between measurements. This minimizes
the loss of helium during recooling of the cryostat. Furthermore, the material of the stick
should have a higher melting point than the platinum and ruthenium samples in order to stay
solid during heating procedures.

These requirements are met by a stick made of single crystalline tungsten [37] with
0.7 mm2 cross section and 8 mm length. It is firmly connected by spot welding to the
platinum- and the ruthenium single crystal, respectively.

A separation of the mounting stick and the silver cuboid damages the latter. Hence, the
sample crystal is permanently fixed to the cryostat tube via the cooling head assembly. As
a consequence, it is necessary to construct a separate cryostat insertion for every sample
crystal. In this thesis, we used platinum and ruthenium crystals as samples. Therefore,
two cryostat tubes with corresponding cooling heads and tungsten single crystal sticks were
built.

Insulation The spectroscopic methods applied here require sample potentials varying be-
tween −30 V and +70 V (cf. Section 3.6.2). It is not possible to electrically insulate the
sample from the cryostat, because the thermal conductivity of current insulator materials is
too poor. Therefore, a voltage has to be applied to the cryostat during the measurements.
Hence, the cryostat has to be electrically insulated from both the chamber and the helium
pumps. This disallows the use of conventional CF vacuum connections with copper gaskets.

Instead, two viton O-rings are used to seal the flange between the cryostat and the vac-
uum chamber. The volume between the two O-rings is differentially pumped. In-situ ad-
justable ceramic spacers prevent both flanges from coming into contact. The sealing per-
formance of this assembly is comparable to a conventional CF connection. In addition to
the electric insulation, this construction allows for the correction of small angle errors by a
variation of the gasket slit.

The cryostat is insulated from the helium pump system by the use of elastomer gaskets
and nylon screws.

3.3 Sample heating

The sample heating is equipped with a tungsten filament and is schematically depicted in
Figure 3.7. It is located behind the sample and is therefore attached to the inner wall of the
radiation shield. The heating can be operated as a radiation heating as well as an electron
bombardment heating.

The radiation mode produces a slow, and thus very well manageable, temperature in-
crease up to 500 K. It is used for the preparation of helium and other rare gas adlayers.
Thereby it is fundamental that no electrons hit the sample, which could cause stimulated
desorption.
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Figure 3.7: Scheme of the sample
heating.

The electron bombardment mode causes a rapid
temperature increase due to the impact and the de-
celeration of the electrons on the sample. Since high
temperatures of more than 1600 K can be achieved
here, it is well-suited for sample cleaning.

In many electron bombardment heating units,
high-voltage is applied to the sample. Thereby, the
electrons are directed from the grounded filament to
the sample. For safety reasons though, it is not pos-
sible to apply high voltages to the sample and therewith to the cryostat. Hence, the sample
is grounded and the filament is put on negative high-voltage. Consequently, the filament
can emit electron in all directions. The fraction of electrons missing the sample would be in
the range of 20% without counteractions. This would lead to desorption from the walls due
to electron collisions, and therefore to a significant pressure increase and contamination of
the sample. In order to avoid this effect, a shield was designed that encloses the filament
from four sides. It is put on a negative potential, which is higher in absolute values than
the filament potential. Thus, the electrons are deflected towards the sample. The electron
loss is reduced to less than 1% using this assembly with the potentials given in Figure 3.7.
The chamber pressure during heating is typically 5 · 10−10 mbar, ensuring the purity of the
sample.

3.4 Temperature measurement

Sample At the sample, the temperature is varied between less than 1.2 K and 1570 K,
which limits the alternatives for the temperature measurement.

The sample temperature during the bath mode operation of the cryostat was estimated
from the vapor pressure. An absolute temperature measurement in the helium adsorption
range of less than 4 K is in principle not necessary. During the test phase in the laboratory,
the helium layers have already been characterized by thermodesorption measurements [34].
Furthermore, a heating program was developed to prepare well-defined helium monolayers
by controlled heating.

An exact determination of the temperature is required from 60 K for xenon thermodes-
orption measurements to monitor the sample cleanliness. In addition, the temperature has
to be controlled during heating up to 1570 K. To this end, chromel-alumel thermocouples
are used, which are connected to the sample crystal by spot welding. This method reliably
covers the required temperature range. The thermo-voltage is converted into temperature
values using a temperature controller developed by Schlichting [38].

Radiation shield The temperature of the radiation shield is also determined by chromel-
alumel thermocouples.
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Cryostat In order to determine the amount of liquid helium in the cryostat, a level sensor
is essential. To this end, two Allen-Bradley resistors [33] were placed inside the cryostat
tube at different heights. In the temperature range below 10 K, their resistance increases by
more than three orders of magnitude as a function of temperature [39]. By measuring these
resistances, the level of liquid helium in the cryostat is monitored.

3.5 Metal evaporator

The two single crystals platinum (111) and ruthenium (001) were permanently fixed to the
corresponding cryostat tubes. An exchange of these substrates, and cryostat tubes, respec-
tively, is rather time consuming. It requires the opening of the entire vacuum chamber, the
swap of the cryostat tubes and the subsequent bake-out of the vacuum chamber. In order to
save time during the measurement periods, the additional substrate metals – namely copper
and silver – are grown epitaxially on ruthenium (001). Thereby, they form copper (111) and
silver (111) surfaces [40, 41].

In conventional boat evaporators, the deposition metal is located in a small crucible,
from which it is evaporated upwards onto the sample [42]. In the experimental setup pre-
sented here, the radiation shield completely encloses the sample. The only opening in the
radiation shield, which is suited for the evaporator access, is the hole for the time-of-flight
detector. Therefore, the metals have to be evaporated horizontally onto the sample. Since
no conventional boat evaporator met this requirement, we constructed a custom-made evap-
orator in our laboratory.

Figure 3.8: Scheme of the metal evapo-
rator.

The method of resistive evaporation is ac-
complished by passing a large current through
a resistive crucible, which contains the mate-
rial to be deposited. In this case, a tungsten
foil with a thickness of 0.05 mm is used. It
is bent along its direction of rolling forming
a loop to contain the deposition metal. On
the edges, the loop is slightly bent upwards to
prevent the melting metal from leaking. The
tungsten loops are connected to massive copper contacts using a clamp mechanism. A
scheme of this setup is depicted in Figure 3.8, where copper is deposited in the left loop and
silver in right loop.

An alternating current of about 50 A heats the loop up to the evaporation temperatures of
1450 K for copper and 1320 K for silver. The deposition temperature is monitored to ensure
a precise and reproducible evaporation. Therefore, tungsten-rhenium thermocouples are
employed, which are well suited for high temperatures. In order to ensure a good thermal
coupling, the thermocouples are spot-welded to the bottom side of the tungsten loop, as
depicted in Figure 3.8.
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It is necessary to cool this setup to minimize the emission of contamination onto the
sample. For this purpose, a cooling water circuit was operated via a tube with 6 mm diam-
eter, that is connected to the evaporator. Furthermore, an aperture for each deposition loop
restricts the metal particle beam to the sample region. Finally, a shutter located in front of
the apertures, which is mounted on a rotary feedthrough, serves as a closing device for the
evaporator.

3.6 Time-of-flight detector

The combination of a time-of-flight measurement and a pulsed excitation allows to record
the whole spectrum N(Ekin) of the emitted particles. For example, the spectra of the emit-
ted electrons for selected excitation energies can be recorded by the use of a pulsed and
tunable photon source like synchrotron radiation in single bunch mode. The resulting data
set N(hν,Ekin) is two-dimensional. It contains the electron signal dependent on the photon
energy and kinetic energy of the emitted electrons. An appropriate selection of the po-
tentials at the spectrometer also allows for the detection of ions, metastable particles, and
photons. The advantage of this method is, particularly in comparison to energy-dispersive
measurements with, e.g., a hemispherical analyzer, the short measurement duration due to
recording the whole spectrum at once. This high efficiency leads to a low radiation exposure
and thereby enables investigation of sensitive samples like helium layers.

In the following, the setup of the time-of-flight spectrometer as well as the corresponding
electronics are described.

3.6.1 Setup

The essential components of the spectrometer are the 3 mm long acceleration distance, the
251 mm long drift distance and the particle detector unit. The latter consists of a chevron
setup of two microchannel plates (MCP) and an anode. The setup is depicted schematically
in Figure 3.9.

The acceleration distance is located between the sample and the entrance grid (a), which
are positioned parallel to each other. The grid (a) is on ground potential, whereas a voltage
is applied to the sample to accelerate the emitted particles. Furthermore, the difference be-
tween the work functions of the sample and the grid have to be taken into account. Both the
applied voltage and the contribution of the work functions sum up to the effective potential
Ueff . Since this assembly constitutes a parallel-plate capacitor geometry, the electric field
is homogeneous and well-defined.

The drift distance is limited by the entrance grid (a) and the first grid (b) in front of
the MCP setup, which are both on ground potential. The whole spectrometer is covered
with a magnetic shield made of mu-metal. Therefore, the drift distance is electrically and
magnetically field-free.
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Figure 3.9: Diagram of the time-of-flight detector. The time-of-flight tube, the entrance
grid (a) and the grid (b) are on ground potential. Depending on the detection mode, a voltage
is applied to the sample and the grid (c). The MCP setup (d), the anode (e), and the gas
doser (f) are additional displayed. The tube is entirely covered by a magnetic shield depicted
in gray. The nitrogen pipelines are not shown.

The particle detector unit consists of the grids (b) and (c), as well as the MCP setup (d),
and the anode (e). Depending on the detection mode, a voltage is applied to the grid (c),
the MCP setup and the anode. In all modes, the grid (c) is on a negative potential relative
to the front side of the MCPs. This prevents secondary electrons, which originate at the
MCPs, from being accelerated back to grid (c). This potential difference of 50 V causes
a post-acceleration. Here, the contribution of the work functions of both the grid and the
MCP material to this potential difference is comparably small. Due to its short length, the
post-acceleration distance can be neglected.

The high voltage applied to the MCP assembly is set to achieve an overall amplification
of 106. More precisely, an accelerating voltage is applied between the first and the second
MCP as well as between the second MCP and the anode (cf. Table 3.1). This setting nar-
rows the pulse width and thus optimizes the time structure of the measurements [43]. The
electron signal arriving at the anode is divided into the direct- and alternating current frac-
tions using an RC-combination. The direct current fraction flows off via a 1 MΩ resistor.
The alternating current fraction with frequencies in the GHz-range reaches the measurement
electronics via a low-inductance capacitor [44]. The latter is an integrated part of the anode,
which consists of a Kapton substrate covered with gold films on both sides.

Cooling the whole spectrometer is essential to minimize thermal radiation. To this end,
the time-of-flight tube is wrapped with thin copper tubes conducting liquid nitrogen. The
thermal radiation coming from the warm MCP setup is reduced using an aperture with a
diameter of 20 mm. The size of the aperture is optimized with respect to the acceptance
angle of the incident electrons.

A gas doser (f) is integrated into the detector to prepare adsorbate layers on the metal
substrate. This setup allows dosing of helium gas with closed radiation shield, i.e., with the
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Mode Sample Grid (c) MCP 1 MCP 2 Anode
front rear front rear

Electrons -4 0 50 725 1025 1700 2000
Ions +70 -300 -250 425 625 1400 1700

Metastables -30 -300 -250 425 625 1400 1700

Table 3.1: Potentials at the time-of-flight spectrometer in V.

cryostat shield and the detector shield in contact (cf. Figure 3.5). The helium gas doser is
located close to the detector’s wall and does not interfere with the electron trajectories.

3.6.2 Detection modes

The selection of detectable particles is achieved by applying an appropriate set of potentials
to the sample and the grid (c). The following three modes can be distinguished:

• Electrons The sample potential is chosen so that threshold electrons with Ekin = 0 V
reach the detector before the next light pulse arrives at the MCPs. Its value depends
on the length of the drift distance and the work function of the sample. We chose
a value of −4 V. The grid (c) is put on ground potential, whereas the first MCP is
set to positive potential. Thereby, the electrons are accelerated after passing the drift
distance. Hence, they gain enough energy to generate cascades of secondary electrons
and thus produce an event pulse.

• Ions A potential of +70 V is applied to the sample, which accelerates ions to the en-
trance grid. After the drift distance the ions are further accelerated to grid (c), which
is put on −300 V. Electrons cannot enter the detector due to the positive sample po-
tential and the negative grid potential. Since the MCP setup is on a positive potential
with respect to the grid, the ions are slightly retarded. Their kinetic energy is still
sufficient for detection.

• Metastable particles Since metastable particles are neutral, they always contribute to
the yield in the electron- and the ion mode as a time independent background signal.
In this mode, metastable particles are detected exclusively. A voltage of −30 V is
applied to the sample to prevent positive ions from entering the detector. This value is
sufficient, because the kinetic energy of photodesorbed helium ions only amounts to
a few eV. The grid (c) is put on−300 V, which keeps electrons away from the detector
as well. Consequently, only neutral particles can be detected. Since they cannot be
accelerated, their excitation energy has to be higher than the work function of the
MCPs, which is approximately 4 eV. For neutral particles with a smaller excitation
energy, detection is not possible.
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Figure 3.10: Block diagram of the electronics.

3.6.3 Electronics

The alternating current signal coming from the time-of-flight spectrometer is processed with
a highly sensitive measuring electronics depicted in Figure 3.10. Firstly, the signal comes to
a fast preamplifier (40 dB amplification, 100 ps rise time) and a discriminator (Ortec pico-
timing discriminator 9307). The average full width at half maximum (FWHM) of the pulses
after the amplifier was determined with a sampling oscilloscope to a typical value of 500 ps.
The signal pulses coming from the discriminator are recorded with a time measuring unit
(PTA) by Ortec (Picosecond Time Analyzer 9308). The PTAs have a very good time res-
olution of less than 25 ps FWHM and cover continuous rates up to 1.5 MHz. After every
registered event, there is a dead time interval of 50 ns where no further detection is possi-
ble. This constraint is avoided by the use of a second PTA. For this purpose, a fast flip-flop
switches the signal coming from the discriminator between both PTAs after every event.
Thereby, the dead time for a pair of events is reduced to approximately 3 ns. This limiting
value is determined by the discriminator.

To synchronize the electronics with the synchrotron, the recording of a reference signal
is necessary. This is accomplished using the bunchmarker signal delivered by BESSY II,
which has exactly the same repetition rate as the light pulses arriving at the sample. The
phase of the bunchmarker signal is arbitrary, but constant during the beamtime.

Both PTAs are controlled and the data is saved by a measurement program on a PC. The
latter also records the current on the refocusing mirror placed directly before the vacuum
chamber, which constitutes a measure for the light flux and controls monochromator and
undulator. Furthermore, the PC operates an electro-pneumatic shutter, which lets light im-
pact the sample only during the measurement. This avoids unnecessary radiation exposure
of the helium layers.

The time resolution is determined by a convolution of the duration of the synchrotron’s
light bunch and the jitter of the bunchmarker signal. This gives a total value of 70 ps.
Furthermore, the uncertainty of the discriminator is 40 ps and the error of the PTAs is 25 ps.
Hence, summing the squared errors leads to a total error of 84 ps.
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3.7 Data evaluation

3.7.1 Electron data

Removal of noise signals The recorded data is corrupted by high frequency pick-up com-
ing from leaks in BESSY’s high frequency system. Even though the superposed pick-up
signal was clearly identified by the technical staff of BESSY, it was impossible to switch off
these signals during the various beamtimes. It was also not possible to sufficiently shield
the apparatus. The pick-up does not induce additional events, but causes a modulation of
the discriminator threshold and therewith a modulation of the signal amplitude. Since it is
phase locked with the light pulse, its frequency and phase could be determined using Fast
Fourier Transformation (FFT). Based on these FFT data and applying the inverse function
of the threshold modulation, the interference effects were removed.

Energy representation The raw data consists of spectra with 20495 channels equidistant
in time. These are used to extract the flight time correlated to the electron events. Therefore
the channel numbers corresponding to both stray light from the sample surface Clight as
well as certain electron events Cevent are taken out of the spectra. Taking into account the
width of a time channel ∆tchannel, the difference between the arrival time of the light and
the electron can be determined. The travel time of the reflected light in the detector depends
on the distance of acceleration d, the distance of drift s, and the velocity of light c. This
gives the flight time corresponding to a certain electronic event as

tevent = ∆tchannel(Cevent − Clight) +
s+ d

c
.

The time-of-flight spectra N t(t) have to be converted into spectra NE(Ekin) with the
kinetic energy of the electrons on the abscissa. In [13], the following relation between flight
time t and initial velocity v0 of the electron resp. its kinetic energy has been established:

t =

√
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d

+
s√
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m
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. (3.1)

The first term describes the accelerated motion along the acceleration distance d, whereas
the second term describes the uniform motion along the drift distance s. The effective
potential Ueff is determined by the sum of the potential applied to the sample and the work
functions of both the sample and the grid (a). The term v0 represents the electron’s initial
velocity normal to the sample surface. As usual, the symbols e andm denote the elementary
charge and the electron mass. Equation (3.1) can be rewritten as

0 =

(
2tmd

eUeff

)
v30 +

[
t2 − 2md

eUeff
(d+ s)

]
v20 + (4td)v0 +

[
2t2eUeff

m
+ (2d+ s)2

]
.
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This polynomial equation of order three in v0 can be solved for v0 using Cardano’s formula
[45]. The kinetic energy of the electron is then given by Ekin = mv20/2. Hence, a certain
energy value can be associated with every flight time.

Coordinate transformation There are two ways of determining the NE(Ekin)-spectra.
In the first approach, an equidistant energy pattern is applied. To this end, the signals in

the time channels are sorted into the corresponding energy channels of eligible width. This
method implicitly considers the correct coordinate transformation, because the number of
events per phase space interval is conserved. Since the energy resolution decreases with
increasing energy, the energy channel width is always determined by the point of worst
resolution in the spectrum. Furthermore, aliasing effects due to the sorting mechanism
perturb the spectrum, when the energy channel width is close to the optimal value. Here,
optimal means the smallest width possible at a certain kinetic energy range.

These two disadvantages suggest to consider a kinetic energy pattern with non-equidistant
channel widths. In this second approach, every time channel is linked to one energy chan-
nel. This leads to energy channels of unequal width and thus requires the consideration of
the coordinate transformation carried out here. The number of events per phase space inter-
val has to be kept constant, i.e.,

∫
N t(t)dt =

∫
NE(E)dE, where NE(E) =

∣∣ ∂t
∂E

∣∣N t(t) by
the change of variables formula. The correction factor

∣∣ ∂t
∂E

∣∣, which depends on the kinetic
energy, is given by the derivative of Formula (3.1):

∂t

∂Ekin
=

d

eUeff

[(
2E

m
+

2eUeff
m

)−1/2
−
(

2E

m

)−1/2]
− s

m

(
2E

m
+

2eUeff
m

)−3/2
.

Angular correction The detector’s acceptance angle is geometrically limited by the aper-
ture radius b and the drift distance s. Applying a negative potential to the sample acceler-
ates the photoelectrons. This means that the fraction of detected electrons increases with
decreasing kinetic energy. In particular, all electrons with Ekin = 0 reach the detector. As
a consequence, the acceptance angle becomes energy dependent. Taking into account the
electron momenta parallel and normal to the surface gives the angle α(Ekin), which is taken
to be half of the full acceptance angle. More specifically, we have

p||
p⊥

=
p sinα

p cosα +
√

2meUeff
=
b

s
,

hence

sinα =
(b/s)

(√
eUeff + (1 + (b/s)2)(Ekin − eUeff ) +

√
eUeff

)
√
Ekin(1 + (b/s)2)

. (3.2)

The energy dependence of the acceptance angle is displayed in Figure 3.11 for different
sample voltages. For Ueff = 0, the acceptance angle therefore is α = arctan

(
b
s

)
. The

dimensions of this detector lead to α = 2.29◦.
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Figure 3.11: Energy dependent acceptance angle α for several sample voltages U .

In order to correct the energy dependency of the acceptance angle, we normalize the
recorded data to the geometric angle of 2.29◦. In the following, we show how to achieve
this. Firstly, information on the angle dependency of the photoelectron yield is required.
The distribution of the photoelectrons is primarily determined by the polarization vector of
the linear polarized light used in the experiments, which was discussed previously in Section
2.2. Hence, we obtain two different angular distributions depending on whether we employ
horizontally or vertically polarized light.

Az-polarized light, i.e., with an electric field vector normal to the surface, yields a
cos2 α-distribution (cf. Section 2.2). For α = 0◦, the electron direction coincides with
the surface normal. Here, possible scattering effects apart from pure backscattering are ne-
glected. Due to the circular shape of the aperture the amount of photoelectrons at a certain
angle α(Ekin) is given by the volume of a solid of revolution:

VAz = 2π

∫ α

0

(x cos2 x)dx =
π

2

(
α2 − sin2 α + 2α cosα sinα

)
.

For Axy-polarized light, the photoelectron distribution shows a sin2 α-dependency (cf.
Section 2.2). Thus, a major amount of photoelectrons is emitted along the surface. The at-
traction due to the image potential in the substrate leads to a diminution of the photoelectron
signal in particular at low kinetic energies. Furthermore, multiple scattering effects should
also modify the photoelectron distribution [46]. Both effects lead to significant deviations
from the sin2 α-distribution mentioned above. However, a quantification of the magnitudes
of these effects appears to be rather difficult and requires further theoretical treatment. The
actual distribution lies somewhere between a sin2 α- and a uniform distribution. For sim-
plicity, we therefore assume a uniform distribution for photoexcitations by Axy-polarized
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light given by

VAxy = πα2.

In conclusion, for every kinetic Energy Ekin, the corresponding acceptance angle α
can be calculated via (3.2). The angle then determines the quantity V for the respective
polarization as a measure for the amount of detected photoelectrons. For the normalization
to the angle of 2.29◦, the correction factor depending on the kinetic energy is given by
V (2.29◦)/V (α).

Effective potential The effective potentialUeff is the only parameter left to be determined
in Equation (3.1). It is affected by both the potential applied to the sample and the work
functions of both the sample and grid (a). It is essential to compute Ueff as exactly as
possible, because it offsets the origin of the Ekin - axis.

A convenient way to do this is to consider the raw data with flight time t on the abscissa.
There, the vacuum cutoff designates the point of zero kinetic energy and the corresponding
flight time tEkin=0 can be extracted. By substituting v0 = 0 into (3.1), we obtain

Ueff =
m

2e

(
2d+ s

tEkin=0

)2

.

This expression gives a precise value for the effective potential Ueff .

Normalization Experimental data recorded at BESSY require normalization, because the
photon flux varies depending both on time and energy. To this end, the photo current on the
refocusing mirror is recorded as a measure for the photon flux. Unfortunately, the mirror
current turned out to be not proportional to the photon flux. A site-dependent contamination
of the mirror in combination with the beam diameter varying with the ring current is a
probable reason for this behavior.

We used another approach to normalize the spectra instead. From the staff at BESSY, we
obtained the time-dependent ring current as well as the energy-dependent monochromator
flux as isolated data sets. By considering both effects we were able to achieve a satisfactory
normalization.

Resolution The flight time and the kinetic energy are linked via Formula (3.1). Thus, the
most influential factor for the resolution in kinetic energy is the width of the time channels
∆tchannel. The channel width of the time analyzer in this experiment was set to 39 ps.
This fixed time channel width leads to corresponding widths in the non-equidistant energy
channels.

Nevertheless, the actual time resolution is worse than the time channel width of 39 ps.
It is determined by two factors – namely the jitter of the bunchmarker signal delivered by
BESSY and the width of the light pulse. This leads to a time resolution of 84 ps (cf. Section
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Figure 3.12: Kinetic energy resolution of the detector based on the time resolution (black)
and the geometrical uncertainty (blue). The resolution limited by the inverse sampling rate
is additionally given (dashed).

3.6.3). Hence, the time channel width of 39 ps constitutes an inverse sampling rate, which
is roughly half the time resolution of the experiment. This is in good agreement with the
Nyquist-Shannon sampling theorem [47].

The finite size of the aperture also contributes to the energy resolution. The maximal
momentum parallel to the surface of an electron with a certain flight time t is p‖,max = mb/t,
where b is the radius of the aperture. This yields a geometric uncertainty in kinetic energy
of ∆Ekin = p2‖,max/2m. This effect influences the resolution, in particular, at small kinetic
energies.

The resolution in kinetic energy is depicted in Figure 3.12. The non-equidistant channel
width leads to an energy dependent resolution in the spectra. The kinetic energy resolution
of the detector based on the time resolution of 84 ps is depicted in black, whereas the res-
olution based on the geometrical uncertainty is given in blue. Additionally, the resolution
limited by the inverse sampling rate of 39 ps is shown as a dashed line.

Below 12.5 eV, the geometrical uncertainty dominates the energy resolution. In this
energy range, the time resolution is of minor importance for the resolution of the detector. In
contrast, above 12.5 eV, the time resolution mainly influences the kinetic energy resolution.
Hence, the parallel momentum of the electron can be neglected for large kinetic energies.

3.7.2 Fluorescence photon data

The yield of fluorescence photons constitutes an additional source of information. Using
the present detector, fluorescence photons can not be recorded exclusively. In all detection
modes, fluorescence photons can reach the detector and thus contribute to the time-of-flight
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spectra. Their signal appears at the trailing edge of the reflected synchrotron light signal,
i.e., towards larger flight times, where it shows an exponentially decreasing behavior. By
subtracting the background signal, the yield of the fluorescence photons can be derived
from the time-of-flight spectra. We employed this method for both electron spectra and
metastable particle spectra.

The angular distribution of the fluorescence photons differs from the respective distri-
bution of electrons. In principle, the preferred emission direction should be linked to the
symmetry axis of the excited orbital, which depends on the polarization of the synchrotron
radiation. For an s → p excitation by Az-polarized light, the magnetic quantum number
m is 0 with respect to the surface normal. Therefore, its symmetry axis is located along
the surface normal. An excitation by Axy-polarized light leads to m = ±1 with a sym-
metry axis perpendicular to the surface normal. Hence, p states excited by Axy-polarized
light should lead to a preferential emission of fluorescence photons along the surface nor-
mal. In contrast, fluorescence photons following an excitation in Az-polarization should be
mostly emitted parallel to the surface. However, we could not find evidence for such an
asymmetric behavior in our experimental data. In contrast, our observation indicates that
the distribution of the fluorescence photons is rather isotropic. This deviation from the ideal
case described above is most probably caused by two factors. Firstly, the large zero-point
motion of the helium atoms in the physisorbed layers creates disorder in the perfect crystal
arrangement. This might lead to an alteration of the initial orientation of the excited state
during the lifetime of the excitation. Secondly, the excited helium atom has to undergo a
desorption process to decay by the emission of a fluorescence photon (cf. Section 4.1.5).
This could also cause the breaking of the initial symmetry of the excited state.

The fluorescence photon yield is obtained directly from the time-of-flight data. Hence,
only the removal of pick-up and the normalization procedure described in Section 3.7.1 has
to be performed for the evaluation of the fluorescence photon yield.

3.7.3 Metastable particle data

As discussed in Section 3.6.2, one can record exclusively the signal of metastable particles
by an adequate selection of the detector potentials. In this mode, no electron contribution
is present. Nevertheless, the rather weak signal of fluorescence photons always adds to the
metastable yield.

The metastable particles show a constant signal without any time structure. This is be-
cause their flight time lies in the range of ten µs for kinetic energies of a few eV, which is
much larger than the time between two synchrotron light pulses of 800 ns (cf. Section 3.8).
Hence, the total metastable particle yield is obtained for each single spectrum. The appear-
ance of metastable particles involves a desorption process, in which the excited helium atom
is accelerated away from the surface. This leads to a pronounced asymmetry in their angular
distribution. The metastable particles are most probably emitted in a narrow cone around
the surface normal. Hence, for both polarizations, a large fraction of the emitted metastable
particles reaches the detector. As for fluorescence photons, the evaluation of the metastable
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Figure 3.13: Schematic drawing of a time-of-flight spectrum recorded in electron detection
mode. It features the electron signal (black), the photon signal (red), and the metastable
particle signal (blue, magnified for better visibility).

particle yield only requires the removal of pick-up and the normalization procedure.

3.7.4 Probe comparison

A main objective of the data evaluation is comparing the yields of the different probes. Here,
the exclusive measurement techniques require the recording of one spectrum for each of the
probes. An alternative method turned out to be very valuable during the data evaluation of
this thesis. This is the possibility of extracting the metastable signal from the data recorded
in the electron detection mode. As already discussed, the metastable particle yield exhibits
a constant background signal lacking time structure. In contrast, the electron yield shows a
time-dependent spectrum with an exponentially decreasing behavior at large flight times be-
hind the vacuum edge. Taking into account these different properties, the contribution of the
metastable yield can be extracted from the time-of-flight spectra with minimum crosstalk.
The metastable particle yield obtained in this way matches well with the data sets, in which
metastable particles were recorded exclusively.

In conclusion, a data set recorded in electron mode also gives access to the total yields
of fluorescence photons and metastable particles. The different contributions of the three
probes in a time-of-flight spectrum are depicted schematically in Figure 3.13. The described
method of extracting the yield of three probes from a single measurement has the great
advantage of full comparability. This is because all yields are measured at exactly the same
sample temperature and thus helium coverage.
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Figure 3.14: Coordinate system (hν,Ekin) depicting the two-dimensional data set extraction
[48].

3.7.5 Structure of the 3D spectra

The two-dimensional electron distribution N(hν,Ekin) can be depicted as a plane in the
coordinate system leading to a pseudo 3D plot. Figure 3.14 shows a coordinate system,
in which the electron signal would appear perpendicularly to the plane of projection [48].
Different information can be derived from this representation by cuts or by integration over
partitions:

• PES Cuts parallel to the Ekin - axis allow to infer the standard photoelectron spectra
(UPS or XPS), which allow the determination of binding energies. Along this axis,
neutral excitations occurring at certain excitation energies are visible.

• CFS Cuts parallel to the hν - axis yield constant final state spectra. These provide the
occupation of a final state depending on the excitation energy.
A CFS-cut along Ekin = 0 eV gives a threshold electron spectra to determine ioniza-
tion potentials.

• CIS Cuts with slope one imply constant ionic state spectra or constant initial state
spectra, respectively. They give photoemission structures with constant binding en-
ergy, e.g., the ionization cross section as a function of photon energy.

• TEY Integration over all kinetic energies provides the total electron yield. For con-
densed matter, the TEY is a measure of the photoabsorption.

• PEY Integration over certain kinetic energies allows to infer the partial electron yield.
Contrary to standard PEY detectors, this method allows considering every desired part
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Figure 3.15: Optical setup of the beamline UE112 PGM-1 [49].

of the kinetic energy scale.

• SE-distribution Integration over all excitation energies hν yields an averaged sec-
ondary electron distribution. This contains information on the unoccupied density of
states over the vacuum level.

3.8 Beamlines

The photoelectron spectroscopy experiments described in this thesis were performed at the
synchrotron radiation source BESSY II in Berlin. The time structure necessary for these
measurements is given in the single bunch mode, where only one electron bunch is filled
into the storage ring. The diameter of the storage ring determines the repetition frequency
of 1.25 MHz, to which the data acquisition equipment has to be adjusted. The required
photon energy lies in the VUV range (vacuum ultraviolet radiation) between 15 eV and
70 eV. During the present thesis, we performed four measurement periods at the beamline
UE112 PGM-1 and one measurement period at the beamline TGM-7.

3.8.1 UE112 PGM-1

The setup of the beamline UE112 PGM-1 [49] is depicted schematically in Figure 3.15.
The light coming from the elliptical undulator is collimated with the toroidal mirror M1
and arrives at the plane mirror M2. Coming from M2, the collimated light hits the plane
grating G with 300 l/mm under a variable angle. The cylindrical mirror M3 then focuses the
diffracted light perpendicularly onto the exit slit S. The latter can only be passed by photons
of a small energy range. Subsequently, the light is vertically and horizontally focused by the
spherical mirror M4 and the cylindrical mirror M5. The wavelength selection is controlled
by the movement of the mirror M2, the grating G and the undulator.
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The undulator provides light polarized horizontally, vertically, and circularly. In this
thesis, the term Axy-polarization is used for an electric field vector parallel to the sample
surface. Az-polarization though denotes an electric field vector tilted by 10◦ with respect to
the surface normal.

The relative energy resolution of the UE112 PGM-1 beamline is E/∆E = 30000. This
leads to an absolute resolution of 1 − 2 meV in the applied energy range of 20 − 30 eV.
The resolution is further influenced by the size of the variable exit slit. This leads to a total
resolution of approximately 5 meV, which can be achieved using this beamline.

3.8.2 TGM-7

The beamline TGM-7 comprises a somewhat simpler setup. More precisely, a focusing
mirror collimates the light coming from the dipole magnet onto the entrance slit ES. Then,
a toroidal grating with 950 l/mm conducts the wavelength selection. Subsequently, the light
passes an exit slit and is subsequently focused by a focusing mirror.

The beamline TGM-7 only providesAz-polarized light. Its energy resolution isE/∆E =

500 and thus leads to an absolute resolution of 50 meV in the utilized energy range.

3.9 Metal substrates

3.9.1 Single crystals

The substrates for the physisorption experiments should exhibit a sufficiently large binding
energy for helium. Previous measurements on thermal desorption of helium existed for the
hexagonally close-packed (111) surface of platinum. From these experiments, the binding
energy for helium on this surface was already known [20]. Hence, platinum (111) was
chosen as a substrate for the helium layers for the first experiments performed during my
diploma thesis [34]. Therefore, a platinum single crystal was stationary mounted on the
cryostat as a sample.

Besides a more precise examination of helium physisorbed on platinum (111), we also
performed measurements on several other substrates during the present thesis. For the (001)
surface of the transition metal ruthenium, the heavier rare gases were already studied as
adsorbates [13]. Furthermore, the binding energy for helium is only slightly smaller com-
pared to platinum (111). Hence, the hexagonally close-packed ruthenium (001) surface was
chosen as an additional substrate. To this end, a second cryostat insertion was constructed
for the assembly of a ruthenium single crystal.

3.9.2 Evaporated substrates

The change of a single crystalline substrate always involves a swap of the cryostat inset and
thus requires the bake-out of the entire vacuum chamber. Thus, a variation of the substrate
by the use of further single crystals resulted to be inconvenient. In order to minimize the
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required time for a substrate change, we employed the evaporation of noble metals. Copper
and silver of high purity were epitaxially grown on the ruthenium (001) surface. To this end,
both metals were inserted in a custom-made metal evaporator (cf. Section 3.5). They were
heated up to their melting points and directed towards the ruthenium sample. We employed
an evaporation time of 20 s and subsequent annealing for 10 minutes at 850 K for copper
and 830 K for silver. This procedure was sufficient to obtain film thicknesses in the range
of a few 100 layers. On the hexagonal ruthenium surface, both copper and silver again
form a hexagonal (111) structure with lattice parameters according to their respective bulk
structures [40, 41].

3.9.3 Cleaning procedures

A clean and well-defined metal substrate is a prerequisite for the investigation of physisorbed
helium. Depending on the condition of the crystal, different cleaning procedures were ap-
plied.

Treatment after reassembly After a reassembly of the sample into the vacuum chamber
and the subsequent bake-out, the single crystal is always severely contaminated by carbon
and oxygen. For a thorough cleaning of the substrate, the following procedure was devel-
oped. It is based on the methods proposed in Ref. [33, 50], as well as on the data obtained
by the investigation techniques described below.

For platinum we employed:

• 3 - 5 cycles of sputtering with argon or neon ions and subsequent heating up to 1100 K

• 40 oxygen adsorption-desorption cycles at 400− 1100 K

• 1 cycle of heating up to 1100 K

For ruthenium, we used a similar procedure at higher temperatures:

• 3 - 5 cycles of sputtering with argon or neon ions and subsequent heating up to 1100 K

• 20 oxygen adsorption-desorption cycles at 400− 1200 K

• 20 oxygen adsorption-desorption cycles at 400− 1400 K

• 1 cycle of heating up to 1570 K

Larger amounts of contamination, particularly graphitic carbon, have to be removed
by sputtering. To this end, the surface was bombarded with argon or neon ions. Argon
ions remove many kinds of contamination including heavier species. In contrast, neon is
perfectly suited to remove carbon due to their similar masses. One cycle consisted of 15

minutes sputtering at room temperature. The corresponding ion energy was 750 eV and the
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current on the sample was approximately 4 µA. After each sputtering cycle, the sample was
heated. On the one hand, the heating smoothes the roughened surface [50]. On the other
hand, contaminations diffuse from the bulk to the surface, from where they can be removed
in the following sputtering cycle. Hence, repeated cycles of sputtering and annealing of the
surface effectively reduce the amount of contamination in the bulk.

Residual carbon on the surface is gently removed by oxygen adsorption-desorption cy-
cles. To this end, the crystal was initially heated up and then cooled down with an oxy-
gen beam of approximately 3 · 1014 particles/s cm2 impacting the surface. This beam was
generated by a gas doser in the vacuum chamber, providing oxygen at room temperature.
During the oxygen treatment, the carbon on the surface oxidizes to carbon dioxide or carbon
monoxide, which desorbs from the surface.

The described procedure was only employed for the single crystals platinum and ruthe-
nium. Since the epitaxially grown substrates silver and copper were freshly prepared at the
beginning of every measurement day, sputtering and oxygen treatment were not necessary.

Treatment between measurements During the measurements, temperatures below 1.2 K
were obtained. In this temperature range, the sticking coefficient for adsorption on the sur-
face is close to one for all residual gas atoms in the vacuum chamber. Hence, the sample had
to be cleaned periodically between the measurements. In order to desorb the contamination
from the surface, it was sufficient to heat the sample for 30 s. The corresponding heating
temperatures were 1100 K for platinum, 1570 K for ruthenium, 850 K for copper, and 830 K
for silver.

Treatment at the beginning of a measurement day Frequent heating processes between
the measurements cause the diffusion of contamination from the crystal bulk to the sur-
face. Hence at the beginning of each measurement day, it was necessary to remove these
aggregated contaminations. One sputtering cycle of 15 minutes and subsequent heating ef-
fectively removed adsorbed contamination from the single crystals.

3.9.4 Investigation techniques

The following methods were employed to monitor the quality of the surface.

XPS X-ray photoemission spectroscopy (XPS) was used to investigate the substrate after
insertion into the chamber in order to detect possible contaminations. After the sputtering
cycles, the sample was tested again. Besides a strongly weakened carbon peak, the corre-
sponding spectrum did not show further contaminations. In principle, the amount of carbon
on the surface could be monitored again after the oxygen treatment. However, the carbon
peak was too small to be resolved. Hence, this method was not sensitive enough for further
examination of the already cleaned surface.
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Figure 3.16: Secondary electron distribution of Pt (111) recorded at hν = 305 eV. The signal
of the clean sample is depicted in black, whereas the signal of the contaminated sample is
shown in gray.

LEED Low energy electron diffraction (LEED) was also employed for the inspection
of the crystal surface. For the single crystalline substrates, the diffraction reflexes were
always bright and sharp. Thus, a determination regarding the amount of contamination on
the surface was not possible using this technique. Nevertheless, LEED was employed for
the evaluation of the crystal quality and the detection of grain boundaries and facets of the
single crystalline samples. For the epitaxially grown substrates, the crystal structure was
monitored using LEED.

Secondary electron distribution The excitation of the sample with photons or electrons
causes, besides photoemission, also the emission of secondary electrons. The distribution
of the secondary electrons exhibits maxima and minima according to the electronic density
of states above the vacuum level of the respective sample. More precisely, it depends deli-
cately on the participation of unoccupied surface states and thus contamination effects. The
secondary electron distribution turned out to be very sensitive on contamination by organic
substances, water and oxygen [51].

Figure 3.16 displays a comparison between a clean and a contaminated platinum crystal.
The black curve shows the clean surface and exhibits a maximum at 3.6 eV in kinetic en-
ergy. This maximum appears enlarged and shifted about 1 eV towards the vacuum threshold
for the contaminated sample depicted in gray. Furthermore, the clean sample shows three
additional peaks located at 10, 12.5, and 19 eV. In contrast, for the contaminated sample,
only one shifted peak is visible at 9 eV. Both peaks at higher kinetic energy are suppressed.
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These findings coincide with the results described in Ref. [52]. Similar effects are also
visible for the ruthenium (001), copper (111) and silver (111) surface. Hence, the secondary
electron distribution allowed for a simple and efficient monitoring of the sample cleanliness.
The spectrum depicted in Figure 3.16 has been recorded at a photon energy of 305 eV. The
photoemission cross section for carbon is maximal at this energy, so that the XPS spectra at
this energy constitute an additional test on carbon contamination.

Secondary electron spectra can be measured following excitation by either photons or
electrons. During the beamtimes at BESSY II, the synchrotron radiation was used as a
photon source. The secondary electron distribution is independent of the excitation energy
and is recorded in every measurement. Hence, this method constitutes an in-situ monitoring
of crystal cleanliness, which does not require further evaluation procedures.

For laboratory measurements, a pulsed electron gun was inserted into the chamber.
The secondary electron spectra were then recorded at electron energies between 800 and
1000 eV. In this energy range, the penetration depth of the incident electrons is sufficiently
large. These spectra displayed the same features compared to those recorded by photon
excitation.

3.10 Helium adlayers

3.10.1 Binding energy

The physisorbate helium is more weakly bound than all other rare gases. From thermo-
desorption measurements, the binding energy of one helium layer on platinum is known to
be 104 K or 9.0 meV, respectively [33]. The binding energy of a second helium layer on
platinum was estimated as 27 K or 2.3 meV, respectively. This corresponds to a desorption
temperature of 1.2 K [33]. Hence, this temperature constituted the main objective for the
design of experimental setup, particularly the cryostat. The adsorption of a second helium
layer on well-defined platinum (111) was then achieved for the first time during my diploma
thesis [34].

A third helium layer should be even more weakly bound, by a factor of about three
compared to the second layer [53]. The corresponding binding energy was estimated as
9.5 K or 0.82 meV, respectively [33]. Hence, the desorption temperature of a third helium
layer should be in the range of 0.4 K. However, the cooling capacities of our experimental
setup based on the concept of a 4He bath cryostat is already pushed to its limits by achieving
about 1 K. As a consequence, the population of a third helium layer can be ruled out for the
measurements of this thesis.

The temperature range considerably below 1 K can only be accessed using a 3He-4He
dilution refrigerator or magnetic refrigeration [54]. A combination of these cryostat systems
with the cleanliness requirements for well-defined metal substrates would be rather complex
and expensive, though.

Besides 4He, we also investigated 3He as an adsorbate. The electron shell of both species
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is identical. Thus, in good approximation, the potential between surface and helium atom is
independent of the isotope. Nevertheless, their zero-point motions are different due to the
distinct masses. They can be estimated by the approximation of the helium potential via a
harmonic oscillator.

The zero-point energy of the harmonic oscillator is given by

En =
1

2
~ω.

Here, ω is given by

ω =

√
const.

m
.

The energy ratio of both helium isotopes then is

En(3He)

En(4He)
=

√
m4

m3

≈ 1.152.

Thus, 3He exhibits a zero-point motion which is 15.2% larger compared to 4He.
Arms et al. [55] performed experimental studies of the Debye-Waller factor in solid 3He

and 4He. This quantity is directly related to the zero-point motion of both helium isotopes,
which increases with increasing temperature. The zero-point motion is specified by the one-
dimensional mean-squared displacement 〈u2〉 of the helium atoms from their lattice sites.
At 14.2 K, they obtained 〈u2〉 = 0.129 Å2 for 3He and 〈u2〉 = 0.113 Å2 for 4He. Thus, the
mean squared displacement is 14.8% higher compared to 4He. This value matches very well
with the ratio obtained from the simple oscillator model.

The large zero-point motion of 3He leads to a reduced binding energy compared to 4He.
From thermodesorption measurements, the binding energy ratio on platinum (111) of both
isotopes was estimated as 0.89 [20].

3.10.2 Preparation

Gaseous helium at 80 K was dosed onto the less than 1.2 K warm substrate via the gas doser
inside the radiation shield. After a few seconds of dosage, two layers 4He were adsorbed on
the substrates platinum and ruthenium. For a constant bilayer saturation coverage during the
measurements, a constant background pressure of 1 · 10−9 mbar was set. For the substrates
copper (111) and silver (111), only a partial coverage of the second helium layer could be
obtained. This is due to the lower binding energy for helium on the noble metal surfaces.

Specific coverages below the maximal coverage were obtained by controlled heating.
A custom-made control unit allowed for the preparation of arbitrary coverages up to the
maximal coverage. The calibration of the control system was performed using photoelectron
spectra as well as thermodesorption data obtained in my diploma thesis [34].
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Neutral One-Electron Excitations

This chapter examines the excitation of one helium electron into an unoccupied state below
the first ionization potential. Here, both electrons remain in a bound helium state. Therefore,
we speak of neutral or bound excitations. All experiments described here were performed
using synchrotron radiation at BESSY II.

A detailed analysis of the neutral excitations in a helium bilayer is presented first, be-
cause they exhibit rich structural properties and allow for the most complete interpretation
among our data sets. To isolate the contribution of the inner helium layer, we then inves-
tigate the neutral excitations in a helium monolayer. Comparing bilayer and monolayer
results, it turns out that the respective contributions of both layers are almost completely
separable. Next, the neutral excitations are studied for a dilute bilayer, where the helium
coverage is varied between bilayer and monolayer. Subsequently, we move on to the inves-
tigation of sandwich layers, in which the inner layer consists of a heavier rare gas. After
varying the composition of the helium layers, we then turn to a systematic study of different
substrates.

4.1 Helium bilayer

In this section, the neutral excitations of a helium bilayer on ruthenium (001) are examined.
Initially, the electron yield is analyzed. Subsequently, the electron yield is compared to the
yields of fluorescence photons and metastable particles. These results are then discussed
in the context of the available literature. Furthermore, we introduce theoretical calcula-
tions, which were performed by J.-P. Gauyacq in close collaboration with our group. The
combination of experiment and theory enables a detailed interpretation of the experimental
data, taking into account, in particular, the quantum nature of helium and the coupling to
the substrate. Finally, the underlying decay mechanisms of the electronic excitations are
examined.
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4.1.1 Electron yield

Figure 4.1 depicts the electron yield of a helium bilayer on ruthenium (001) for the excitation
with light in Az-polarization. In this 3D diagram, the electron emission perpendicular to the
sample is plotted as a function of the photon energy and the kinetic energy of the electrons.
Several features can be distinguished in this spectrum. The continuum excitations of the
helium layers and the ruthenium substrate appear as structures with slope one. Furthermore,
secondary electrons lead to faintly visible structures along the hν - axis at constant kinetic
energies. Finally, the neutral excitations of helium can be observed parallel to the Ekin -
axis for specific excitation energies. We now discuss these structures in detail. In order to
facilitate their differentiation at small kinetic energies, the contour plot in Figure 4.2 shows
a detail of the 3D diagram.

We first consider the continuum excitations of the helium adlayers. Here, one of the
two helium 1s electrons is promoted above the vacuum level resulting in a free electron.
The kinetic energy of this electron is given by the difference of the photon energy and the
binding energy of the 1s electron. Thus, the continuum excitations appear in the 3D plots as
structures with slope one. The minimum energy required for this process is called ionization
threshold or ionization potential. There, the photon energy is exactly sufficient to excite one
helium electron above the vacuum level leading to a free electron with Ekin = 0 eV. Its
value is of particular interest for the discussion of the neutral excitations of helium. This is
because the ionization threshold constitutes a high energy limit for the neutral excitations.

Two separate structures with slope one can be clearly distinguished in Figure 4.2. They
correspond to the contributions of the outer and the inner helium layer. Their ionization
thresholds can be derived from the two-dimensional data set. To this end, a threshold elec-
tron spectrum equivalent to a CFS cut at Ekin = 0 eV is generated (cf. Section 3.7.5), from
which the maxima of the photoemission peaks can be inferred. This allows to determine
the ionization potentials as 23.25 eV and 23.83 eV. In contrast, the known value for the gas
phase is 24.56 eV [24]. This means that the ionization thresholds of the physisorbed helium
are lowered compared to gaseous helium. This is due to a screening of the ionized atom
by the valence band electrons of the metal [29]. This screening depends on the distance
to the metal surface and is therefore stronger for the inner helium layer. Consequently, the
ionization potential of 23.25 eV corresponds to the inner helium layer. It is lowered by
about 1.31 eV compared to the gas phase due to the adsorption on the metal substrate. The
outer helium layer exhibits its ionization threshold at 23.83 eV, which is decreased by about
0.73 eV with respect to the gas phase.

Figures 4.3 and 4.4 depict the electron yield of the helium bilayer in Axy-polarization.
At small kinetic energies, the photoelectron emission from the inner helium layer is sup-
pressed compared to the spectra recorded in Az-polarization. This behavior is due to the
dipole selection rules. The photoionization involves the transition of an 1s electron to a p
wave, which exhibits a characteristic dumbbell shape aligned with the electric field vector
of the incident synchrotron light. This geometry also determines the preferential emission
direction of the emitted electron. During excitation with Axy-polarized light, the electric
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Figure 4.1: 3D plot of electron emission from He/He/Ru (001) in Az-polarization.

Figure 4.2: Contour plot of electron emission from He/He/Ru (001) in Az-polarization.
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field vector and the dumbbell axis are oriented along the helium layer. Thus the electrons
are preferentially emitted parallel to the surface. Since the emitted electrons are attracted
by their image potentials in the substrate, they are likely to immerse into the substrate. This
process is particularly effective for slow electrons, which appear suppressed in the spectra
for Axy-polarization. The ionization potentials are determined as 23.29 eV for the inner he-
lium layer and as 23.88 eV for the outer helium layer. Hence, the corresponding redshifts
with respect to the gas phase are 1.27 eV and 0.68 eV, respectively.

Besides the helium photoemission, the photoemission from the upper and lower ruthe-
nium 4d bands is also visible in Figure 4.1. It exhibits slope one and intersects the kinetic
energy axis at 12.6 eV and 14.5 eV. The Fermi edge appears as a sharp cutoff towards larger
kinetic energies, whose intersection with the hν - axis at Ekin = 0 eV determines the work
function. Since the beamline was restricted to photon energies above 18 eV, we extrapolate
this value from the intersection of the Fermi edge and the kinetic energy axis at hν = 20 eV.
Using this methodology, the work function of the helium covered ruthenium (001) surface is
determined as 5.30 eV. This corresponds to a slight lowering of the work function of 55 meV
with respect to the clean ruthenium surface, which we determined as 5.36 eV in accordance
with the literature [56]. Due to its small polarizability, the adsorbate helium lowers the work
function to a considerably smaller degree than the heavier rare gases [13].

In the 3D plots for both polarizations, three secondary electron structures are visible
parallel to hν - axis, which appear at 1.0 eV, 9.6 eV, and 10.8 eV. They correspond to unoc-
cupied density of states above the vacuum level. These effects are discussed in detail in
Section 4.3.3.

We now turn to last type of structure visible in the above spectra. These are associated
with the neutral excitations or resonances, which constitute the main focus of our investi-
gation. Here, at a specific resonant energy, one of the helium 1s electrons is promoted into
an unoccupied state below the vacuum level. These resonances are visible in the electron
yield, because they decay into the substrate (cf. Section 4.1.5). In the 3D spectra, the neutral
excitations appear at certain excitation energies with features parallel to the kinetic energy
axis. They form a Rydberg-like series converging to the ionization threshold.

For the helium bilayer, the neutral excitations in the outer layer dominate the spectra.
Somewhat surprisingly, the contribution of the inner layer is very weak and can only be
observed for the helium monolayer spectra (cf. Section 4.2), i.e., in the absence of an outer
layer.

From the contour plots in the Figures 4.2 and 4.4, several structures can be identified.
For a precise investigation, it is helpful to employ partial electron yield spectra (PEY). These
are created by the integration of the two-dimensional data set over a certain kinetic energy
range (cf. Section 3.7.5). For both polarizations, PEY spectra in the kinetic energy range
of 0 - 12 eV are depicted in Figure 4.5. The photon energy is varied between 20.5 eV and
23.6 eV covering the entire energy range of the neutral excitations. The resonance energies
for atomic helium [57] are indicated by arrows. The [1s]np excitations, which belong to
the 11S → n1P Rydberg series, are dipole-allowed. In contrast, the transition from the
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Figure 4.3: 3D plot of electron emission from He/He/Ru (001) in Axy-polarization.

Figure 4.4: Contour plot of electron emission from He/He/Ru (001) in Axy-polarization.
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Figure 4.5: PEY spectra (Ekin = 0−12 eV) of He/He/Ru (001) inAz- andAxy-polarization.
The resonance energies for atomic helium are indicated by arrows.

1s ground state into the excited [1s]2s state is dipole-forbidden. The precise values for
the excitation energies are given is Table 4.1. The PEY spectra exhibit an increasing yield
towards high excitation energies. This is caused by the photoemission signal, which adds to
the PEY above approximately 22.7 eV.

In the spectra recorded with Az-polarized light, we observe one broad structure and
several narrower peaks. The broad peak with a center at 21.55 eV is located in the vicinity of
the atomic [1s]2p state. Its center is shifted by about 300 meV to higher excitation energies.
This blueshift of the physisorbed states with respect to the gas phase has also been observed
for the heavier rare gases [13]. However, the broad structure exhibits a full width at half
maximum (FWHM) of 730 meV, which certainly indicates that this peak is not of a pure
atomic parentage.

Two groups of peaks appear at higher excitation energies. The two peaks at 22.88 eV and
22.98 eV can be clearly distinguished. In contrast, the peak at 23.45 eV exhibits a shoulder
on the low energy side peaking at 23.32 eV. Both groups appear at lower excitation energies
compared to the atomic [1s]3p and [1s]4p states, respectively. This reflects the behavior
of the ionization threshold, which also appears redshifted. Thus, the lowered ionization
threshold pushes the higher resonances towards smaller excitation energies. This effect was
also found for the physisorbed phase of the heavier rare gases [13].

A small structure is visible at 20.82 eV. This value is located in the vicinity of the dipole-
forbidden [1s]2s state. Although this transitions is forbidden for an isolated atom, it might
become allowed, if a simple assignment to atomic states is no longer possible. More pre-
cisely, in a molecule a 2s derived state can be dipole-allowed. Thus, the appearance of a
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Excitation Energy [eV]
[1s]2s [1s]2p [1s]3p [1s]4p

20.62 21.22 23.09 23.74

Table 4.1: Excitations energies for the [1s]2p state and the 11S → n1P Rydberg series in
gaseous helium [57].

[1s]2s related structure suggests that a more complex explanation beyond simple atomic
transitions has to be considered.

The spectrum recorded with Axy-polarized light shows fewer peaks compared to the
spectrum in Az-polarization. In the vicinity of the [1s]3p and [1s]4p atomic states, only two
peaks instead of four can be identified. Their excitation energies are 22.98 eV and 23.46 eV,
respectively. Thus, for each group of peaks found in Az-polarization, only the energetically
higher peak appears in Axy-polarization.

In the vicinity of the atomic [1s]2p state, a broad peak is observed as well. Its center
appears at 21.50 eV, which is slightly lower compared to Az-polarization. In addition, it
displays a smaller FWHM of 580 meV.

4.1.2 Fluorescence and metastable yield

The data contained in the 3D spectra is not limited to the electron yield. It is also possible,
for every photon energy, to extract the total yield (TY) of desorbing metastable particles
as well as that of fluorescence photons (cf. Section 3.7.4). Figure 4.6 depicts a compar-
ison of the three different probes – namely the partial yield of the electrons and the TY
of fluorescence photons and metastable particles, respectively. On the left panel, the spec-
tra are shown for Az-polarization, whereas the spectra on the right panel are recorded for
Axy-polarization.

The ratio between the metastable and the electron yield is rather difficult to determine
quantitatively. This is due to the different angular distributions of the two probes. The
metastables are mostly emitted perpendicularly to the surface (cf. Section 3.7.3). Thus,
the major fraction of the emitted metastables reaches the detector. In contrast, the elec-
trons show a pronounced angular distribution according to the polarization (cf. Section 2.2).
Hence, only a certain part of the emitted electrons can be detected. However, the con-
sideration of the mentioned effects leads to the assumption that the electron yield and the
metastable yield are of comparable size. More precisely, their yields do not differ from each
other by more than one order of magnitude.

The fluorescence photon yield is considerably smaller than the electron and metastable
yields. The ratio between yields of fluorescence photons and metastable particles can be
determined from the selective measurements for neutral particles. They show that the
metastable particle signal is about 150 larger than the fluorescence photon signal. The small
intensity of the latter is also reflected in its signal-to-noise, which is poorer compared to the
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Figure 4.6: The TY of metastable particles, the TY of fluorescence photons and the PY of
electrons is shown for He/He/Ru (001) in Az-polarization (left panel) and Axy-polarization
(right panel).

electron and metastable yields. This explains the large background signal for fluorescence
photons in Figure 4.6.

The metastable yield exhibits a considerably altered characteristics compared to the
electron yield discussed above. The 3p derived structure, which appears as a pronounced
peak in the PEY, shows only a small intensity for the metastable and photon yield. For
Az-polarization, the maximum of the peak is located at an excitation energy of 22.87 eV
and therefore virtually coincides with the larger n = 3 resonance of the PEY. For Axy-
polarization, an analogous behavior can be observed. The excitation energy is 22.98 eV,
agreeing well with the electron yield.

For both polarizations, the 4p derived resonances can barely be resolved in the metastable
yield. For the photon yield, they are not visible at all.

The 2p derived structure clearly appears for all three probes in both polarizations. Nev-
ertheless, the locations of the maxima as well as the shapes differ for the three probes. In
Az-polarization, the metastable peak exhibits an asymmetric shape. It consists of a nar-
row structure and a broad shoulder towards higher excitation energies. The maximum of
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the narrow part is located at 21.32 eV, which is close to the atomic value of 21.22 eV. The
fluorescence photon structure is almost symmetric, but narrower compared to the electron
yield. The maximum of this peak is located at 21.50 eV, which is below the electron yield
maximum at 21.55 eV. For Axy-polarization, the shape of the 2p derived metastable peak
is less asymmetric compared to Az-polarization. Here, the maximum of the peak appears
at 21.22 eV. Within the measurement accuracy of 25 meV, this is precisely the excitation
energy of the atomic 2p resonance. For the fluorescence photon yield in Axy-polarization,
the 2p derived peak is more asymmetric compared to the other polarization. Its maximum
is located at 21.32 eV, which lies below the excitation energy for the corresponding peak in
the PEY.

In the electron yield for Az-polarization, the 2s derived structure shows only a small
intensity. In contrast, for the metastable yield, this peak exhibits an enormous size. It shows
the largest intensity of all peaks in the metastable spectrum for Az-polarization. The maxi-
mum is located at 20.80 eV, which lies 180 meV above the atomic 2s state. For the photon
yield, this peak only displays a small intensity reflecting the behavior of the electron yield.
For the metastable yield in Axy-polarization, it shows a very small signal quite contrary to
the characteristics in Az-polarization. For the fluorescence yield, just as for the electron
yield, this peak is absent for Axy-polarization.

Below 20.5 eV, the electron yield shows a decreasing tendency for Az-polarization and
an increasing tendency for Axy-polarization. This behavior is caused by the secondary elec-
trons and is not linked to an excited state.

The peaks in the three probes of both polarization can roughly be assigned to the states
of the 11S → n1P Rydberg series for gaseous helium. Nevertheless, the broad shape of
the peaks as well as the appearance of atomic dipole-forbidden states indicate that more
complex interpretations have to be invoked.

4.1.3 Related literature

In our experimental data for the physisorbed helium bilayer, we encounter two distinct phe-
nomena compared to the resonances in atomic helium. These are a blueshift and a broad-
ening of the peaks derived from the atomic [1s]2p and [1s]2s states. In the following, we
compare the above findings to results from the literature. First, we discuss experimental
studies, then we turn to theoretical investigations.

Experimental studies The interaction of helium atoms with a surface has been studied for
glass [14], coinage metals [15], nichrome [16] and alkali metals [17]. However, these inves-
tigations may be sufficient to examine cryotechnical issues, but do not meet the usual stan-
dards of surface science. Possible inhomogeneities might alter charge transfer processes,
which exhibit a large dynamic range [18]. Furthermore, studies exist for helium on Grafoil,
which constitutes a graphite material with large inner surface that is quite homogeneous
and easy to prepare. These studies mostly employ thermodynamic and scattering measure-
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Figure 4.7: Phase diagram [58] of condensed 4He. He-I and He-II denote the normal fluid
and the superfluid phase, respectively. The solid phases are labeled according to their crys-
talline structures.

ments. A compilation of the respective results can be found in Ref. [19]. A spectroscopic
investigation of this system has not been performed, though. Moreover, helium physisorbed
on platinum (111) was studied by Niedermayer et al. [33], who performed photo- and ther-
modesorption measurements. A further examination of physisorbed helium on well-defined
substrates does not exist to the best of our knowledge. Summing up, no spectroscopic in-
vestigations of physisorbed helium seem to exist so far.

The available literature on spectroscopic measurements is therefore limited to helium
samples with different forms of appearance. Among these are liquid and solid helium as
well as helium dimers, clusters, droplets and bubbles. For a classification of theses samples,
it is useful to employ the phase diagram of condensed helium. It was constructed by Guyer
[59] and is depicted in Figure 4.7. It illustrates that helium is a unique substance that
becomes superfluid at low temperatures. This phase is denoted with He-II in contrast to
the normal fluid phase He-I. Helium only solidifies under an external pressure of more than
25 bar, even at 0 K. In the solid phase, it appears in three different crystal structures – namely
hexagonal close-packed (hcp), face-centered cubic (fcc) and body centered cubic (bcc).

The superfluidity and the absence of solidification without external pressure manifest
the macroscopic quantum nature of condensed helium. This behavior is due to the low he-
lium mass combined with the weak interatomic helium-helium attraction. The de Broglie
wavelength of a helium atom is very large. Hence, at low temperatures it becomes compa-
rable with the interatomic separation of the condensed helium. Even in the solid phase, the
helium atoms are strongly delocalized. Furthermore, their wave functions show a consider-
able overlap [58]. Thus, helium forms a quantum liquid or quantum solid, depending on the
respective phase.

We will now list the previously reported measurements on helium. Initially, the results
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for the liquid and the solid phase are presented, followed by the findings for helium dimers,
clusters, droplets, and bubbles.

Surko et al. [5] performed reflectivity measurements of condensed helium at 1.2 K and
0.83 mbar, i.e. in the superfluid phase. The main feature of the data is a large peak at
21.4 eV, which exhibits a FWHM of 430 meV. This peak is assigned to the [1s]2p state,
which appears in atomic helium at 21.22 eV [57]. The blueshift of the peak is explained
by a significant overlap of the wave function of the excited helium atom and its nearest
neighbors. This results in a repulsive interaction which shifts the atomic transitions to higher
excitation energies [5]. The high energy tail of the peak is also substantiated by the repulsive
interaction. Surko et al. [5] observe a further structure at 20.82 eV, which they attribute to the
dipole-forbidden [1s]2s state. Here, the blueshift in excitation energy compared to atomic
helium is 0.20 eV.

Helium in the normal liquid phase was studied by Arms et al. [6]. They performed in-
elastic x-ray scattering at 25 K for several large densities. More specifically, the external
pressure was varied between 818.5 − 1861.5 bar. An asymmetric peak associated with the
atomic [1s]2p state is observed for all densities. For 818.5 bar, this peak exhibits a maxi-
mum at 22.10 eV and has a FWHM of 1.23 eV. As the pressure is increased, the excitation
energy moves to larger values. At the same time, the FWHM value also becomes larger
as the pressure is increased. At the maximal applied pressure, the [1s]2p peak is located
at 22.53 eV, exhibiting a FWHM of 1.52 eV. No indications of a peak associated with the
dipole-forbidden [1s]2s state could be detected.

The same group also performed measurements of solid helium applying the identical
technique as for liquid helium [8]. The pressure of 2111.5 bar was kept comparable to the
liquid data, whereas the temperature was lowered to 14 K. The observed peak at 22.6 eV
with a FWHM of 1.57 eV basically resembles their observations for liquid helium. They
report that the measurements for liquid and solid helium, if performed at a fixed pressure,
lead to very similar findings. Therefore, they deduce that the electronic excitations in helium
mostly rely on the short range order, which is primarily determined by the external pressure.

Furthermore, solid helium was investigated by Schell et al. [7]. They also employed
inelastic x-ray scattering for measurements of helium samples at 4.3 K and 615 bar. Thus,
the applied pressure was considerably lower than for the measurements accomplished by
Arms et al. [8]. The experimental data shows a narrow peak at 21.9 eV, which is related to
the [1s]2p atomic state. Hence, the blueshift of the excitation energy is lower compared to
the respective measurements by Arms et al. [8]. This corroborates that the short range order
is responsible for both the blueshift and the broadening of the resonance.

Helium clusters and droplets have been subject of a multitude of investigations [60]. In
the literature, helium clusters frequently denote the aggregation of a few up to 106 atoms. In
contrast, the term helium droplet is used, if the number of atoms in the aggregation exceeds
106. Typically, the term cluster is linked to a somewhat fixed formation of atoms, whereas
droplet is associated with a liquid nature of the species. However, since helium at low
temperatures lacks a long-range order, the discrimination of the two terms seems to be quite
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artificial. Thus, we will make no distinction between these terms in the following.
A helium dimer describes the special case of a cluster with two atoms. The electronic

excitations of this system were studied by Guzielski et al. [61]. The molecule He2 consti-
tutes a very simple molecular system with an extremely small binding energy of 10−7 eV
[22]. Its bond length, i.e., the internuclear distance was determined as 52 Å [22]. This value
is substantially larger compared to solid helium with an internuclear distance in the range
of a few Å [62]. The absorption spectrum of the helium dimer was obtained indirectly by
fluorescence excitation spectroscopy [61]. The measurements were performed in dense he-
lium gas at 270 mbar and 300 K. A peak located at 22.23 eV, and thus in close vicinity of
the atomic [1s]2p state, was unambiguously identified. Within the measurement accuracy,
the observed blueshift of this peak compared to the atomic state is at most marginal. The
peak shows a pronounced asymmetry towards larger excitation energies, though. Guzielski
et al. [61] call this a molecular wing and ascribe this behavior to the molecular transitions
in helium.

Tanaka et al. [63] report the existence of a small peak associated with the atomic [1s]2s
state in the absorption spectrum of the helium dimer. It appears at 20.68 eV and is therefore
slightly blueshifted compared to the atomic value of 20.62 eV [57]. The occurrence of
this structure, which is dipole-forbidden in the atomic dissociation limit, is attributed to
molecular transitions as well.

Larger clusters and droplets are prepared by the expansion of a supersonic helium beam.
Thereby, the nozzle diameter, temperature and pressure determine the size of the helium
atom aggregation. The estimated temperature of the latter is approximately 0.4 K [64]. As a
tendency, the temperature of small aggregations should be slightly lower compared to large
aggregations due to the larger vapor pressure. In good approximation, though, the cluster
temperature is regarded to be independent of the aggregation size. The respective measure-
ments were performed under conventional vacuum conditions. Consequently, clusters and
droplets belong to the superfluid range of the helium phase diagram.

Joppien et al. [9] studied the electronic excitations of helium clusters as a function of
cluster size. Again, the absorption spectrum was determined indirectly by fluorescence
excitation spectroscopy. The size of the cluster was varied between 50 and approximately
106 atoms. For small clusters in the range of 50 atoms, they observe a peak at the site of the
atomic resonance, followed by a molecular wing. The shape of this structure shows great
similarity to the findings for helium dimers [61]. As the cluster size is increased towards
5000 atoms, the shape of the peak changes considerably. The molecular wing becomes
increasingly pronounced and now forms the main feature of the spectrum. More precisely,
the asymmetric shape of the molecular wing is transformed into a more symmetric band
peaking at 21.50 eV. These tendencies continue if the cluster size is further increased. For a
cluster with 104 atoms, the peak exhibits a maximum at 21.55 eV and a FWHM of 550 meV.
Finally, for a cluster size of more than about 106 atoms, the peak is located at 21.65 eV,
showing a FWHM of approximately 900 meV. Joppien et al. [9] conclude that the blueshift
of the excitation energy is caused by the repulsive interaction between the excited atom
and the neighboring helium atoms. This finding agrees with the results for liquid and solid
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Phase Reference [1s]2s [1s]2p

Energy (eV) Shift (eV) Energy (eV) Shift (eV)

He-II [5] 20.82 0.20 21.60 0.38
He-I (818.5 bar) [6] - - 22.10 0.88
He-I (1861.5 bar) [6] - - 22.53 1.31

hcp (615 bar) [7] 21.03 0.43 21.90 0.68
hcp (2111.5 bar) [8] - - 22.60 1.38

Dimer [63] 20.68 0.06 - -
Dimer [61] - - 21.23 0.01

Cluster (N = 50) [9] - - 21.2 0
Cluster (N = 500) [9] 21.00 0.38 21.50 0.28
Cluster (N = 104) [9] 21.00 0.38 21.55 0.33
Cluster (N > 106) [9] 21.00 0.38 21.65 0.43
Cluster (N = 300) [10] - - 21.2 0
Cluster (N = 104) [10] 21.03 0.40 21.55 0.33

Bubble [11] - - 22.60 1.38

Table 4.2: Previous measurements of helium in different phases. The excitation energies
and the resulting blueshift compared to the atomic states are given.

helium described above. Joppien et al. [9] observe a further peak corresponding to the
atomic [1s]2s state in their data. This structure appears in clusters with a size of more than
100 atoms. The 1s→ 2s transition becomes allowed only for small internuclear separations.
Therefore, the authors conclude that the internuclear separation decreases with increasing
cluster size. This observation is in line with theoretical studies of helium clusters [65].

Helium clusters were also investigated by van Haeften et al. [10], who also employed
fluorescence excitation spectroscopy. They recorded the excitation spectra for two differ-
ent cluster sizes, namely 300 and 104 atoms. For a cluster with 300 atoms, they observe a
peak at the excitation energy of the atomic [1s]2p state, which exhibits a tail towards higher
energies. This exactly resembles the findings for small clusters of Joppien et al. [9] and
Guzielski et al. [61]. For a cluster with 104 atoms, the peak shows a blueshifted excita-
tion energy of 21.55 eV with a FWHM of 580 meV. Furthermore, a peak corresponding to
the [1s]2s transition is visible for this cluster size. It is located at 21.02 eV and shows a
FWHM of 380 meV. Hence, these results match the observation of Joppien et al. [9], who
investigated clusters of the same size.

Helium bubbles in a metallic substrate are another interesting species, in which he-
lium atoms are present at a large densities. Donnelly et al. [11] created bubbles via helium
implantation into an aluminum substrate. This technique provides uniform bubble distribu-
tions with a diameter of approximately 30 Å. The authors measured absorption spectra for
this species. They find a peak at 22.60 eV broadened to 1.2 eV, which corresponds to the
atomic [1s]2p state. The resulting blueshift in excitation energy is again explained by the
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Probe Excitation Energy [eV] Shift [eV]
2s derived 2p derived 2s derived 2p derived
Az Axy Az Axy Az Axy Az Axy

Metastable particles 20.80 20.75 21.32 21.22 0.18 0.13 0.10 0.00
Fluorescence photons 20.77 - 21.50 21.32 0.15 - 0.28 0.10

Electrons 20.82 - 21.55 21.50 0.20 - 0.33 0.28

Table 4.3: Excitations energies for the 2s and 2p derived resonances of He/He/Ru (001)
for the three probes. The shifts of the excitation energy relative to the atomic values are
displayed.

repulsive interaction between the excited helium atom and its neighbors.
Walsh et al. [66] compared the data of various investigations of helium bubbles. They

found that the energy shift of the excitation energy increases with decreasing bubble size.
In small helium bubbles, the blueshift for the 2p related resonance can amount up to 3 eV.

For the examined literature, the excitation energies and the respective blueshifts for
the resonances corresponding to the atomic [1s]2p and [1s]2s states are compiled in Table
4.2. Generally, the blueshift is found to be proportional to the density of helium atoms in
the respective phase. Furthermore, the blueshift is accompanied by a broadening of the
resonance peak. For comparison, the data obtained for a helium bilayer on ruthenium is
summarized in Table 4.3. Here, the barycenter of the peak is given for the broad resonances.
Evidently, the observed excitation energies and shifts are in the same range as the presented
previous results for dense helium phases.

It should be noted that there is also a certain amount of literature dealing with the exci-
tation energies of n = 3, 4 resonances. Among these are studies of helium droplets [67, 68],
helium clusters [9], as well as of helium dimers [61]. The authors basically observe the
same correlation between the blueshift of the excitation energy and the density as for the
n = 2 states discussed above. However in our data on physisorbed helium, the n = 3, 4

resonances appear redshifted due to the lowered ionization threshold induced by screening.
Thus, the examination of the blueshift in these resonances is of minor importance for the
evaluation of the helium bilayer.

Theoretical studies The main results of the experimental studies presented above are the
blueshift and broadening of the n = 2 resonances at increasing density. Furthermore, a peak
correlated to the dipole-forbidden [1s]2s state appears in the spectra above a certain density.
These effects are addressed by theoretical investigations as well, which provide insight into
the underlying mechanisms.

The blueshift of the [1s]2p state in liquid and solid helium as well as helium bubbles is
the subject of a theoretical study by Pyper et al. [69]. In a first approximation, they em-
ploy Hartree-Fock theory for the calculation of the shift. A more accurate analysis requires
the consideration of electron correlation effects using density functional theory, though. In
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their model, they assume the excited helium atom to be surrounded by ground state atoms
in a lattice configuration. For liquid helium, a bcc lattice is employed, leading to a shift in
excitation energy of 0.377 eV. This value agrees with the findings for He-II [5]. For solid
helium, a fcc lattice is utilized. The resulting energy shift is 0.855 eV, matching the values
for solid helium at moderate external pressures [7]. An fcc lattice is also applied to calculate
the blueshift for helium bubbles. For two different densities of helium atoms in the bubble,
they obtain a blueshift of 1.179 eV and 2.284 eV, respectively. These values are also in good
agreement with the experimental findings listed by Walsh et al. [66]. The authors conclude
that the energy shift increases with increasing helium density, which corroborates the as-
sumptions made in experimental studies mentioned above. They regard the energy shift as
a consequence of the Pauli exclusion principle, also confirming the previous suggestions.
They find the orbital of the excited helium atom to be significantly contracted by the neigh-
boring atoms. Thereby, the mean square radius of the excited orbital is reduced by a factor
of up to three.

A further theoretical examination of the blueshift and the broadening of the [1s]2p reso-
nance is performed by Lucas et al. [70]. They determine the blueshift as a function of density
and temperature. The shift is found to be nearly linearly correlated to the density, whereas
the temperature dependence is weak. Furthermore, they obtain a correlation between the
line shape of the [1s]2p resonance and the density. Due to Pauli repulsion effects, the width
of the peak increases with the density of helium atoms. Nevertheless, the theoretical values
for the width are somewhat smaller compared to the experimental data.

The appearance of a peak corresponding to the atomic [1s]2s state above a certain helium
density has been interpreted in terms of molecular transitions [61]. Guberman et al. [71]
performed calculations for the excited states of a helium dimer. Figure 4.8 shows potential
energy curves for the excited states of a helium dimer as a function the internuclear distance
R. The terminology follows the nomenclature for molecular states. At large separations,
the atomic picture applies. In Figure 4.8, the atomic notation is given in the second entry
of the bracket. The transitions relevant for this experiment, namely into the 2s, 2p, and 3p

states, are indicated by boxes. The shape of the potential curve for the atomic 2p state can
be explained as follows. As the distance between the helium atoms decreases, the resulting
potential is repulsive. This is due to the Pauli principle, which forbids an overlap between
the Rydberg orbital and its closed-shell partner in the ground state. Below approximately
10 Bohr, the interaction between the two helium atoms leads to a splitting of the 2p state into
the 1Σ+

g and the D1Σ+
u state. The resulting interaction is still repulsive and increases further

until it reaches a maximum at a separation of 3.8 Bohr. Below this value, the interaction
between the atoms is attractive, leading to a bound state at approximately 2 Bohr. The
potential energy curves of the 2s and 3p states exhibit a similar characteristics as the 2p

state. In particular, the minimum of the curve is located at 2 Bohr for all resonances. This
value coincides with the internuclear separation of the ionized helium dimer. The different
sizes of the mentioned Rydberg orbitals lead to varied heights and positions of the potential
energy barrier, though.
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Figure 4.8: Potential energy curves of the excited states in He2 [71]. The internuclear
distance R is given in Bohr = 0.53 Å.
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According to the dipole selection rules for molecules, the transition from an even (g)
into an odd (u) state is allowed. In contrast, the transition of an even into an even state
is forbidden [72]. Hence, a transition from the X1Σ+

g ground state into the D1Σ+
u state is

allowed, whereas the transition into the 1Σ+
g state is forbidden.

The 2s atomic orbital corresponds to the molecular orbitalsA1Σ+
u andC1Σ+

g . According
to the selection rules for atoms, the transition from the 1s ground state to the excited 2s state
is dipole-forbidden. In contrast, the transition from the molecular ground state X1Σ+

g into
the excited A1Σ+

u state is allowed. This result explains the appearance of a 2s derived peak
in the spectra for helium samples above a certain density.

In conclusion, several characteristics of the spectra for the physisorbed helium bilayer
appear in the data for dense helium as well. Among these features are the blueshift of the
excitation energy, the broadening of peaks, and the appearance of peak associated with the
dipole-forbidden [1s]2s state. The blueshift and the broadening of peaks can be explained
by a repulsive interaction due to the Pauli principle. The appearance of the [1s]2s related
state can be rationalized by a molecular picture, in which this transition becomes allowed.
Although the absence of a clear atomic parentage for the observed resonances in dense he-
lium has been pointed out, a more precise assignation of the involved states is not given
in the literature discussed above. Summing up, the similarity of the helium samples in the
previous measurements and in our data on physisorbed helium consists in the large density
of the helium atoms. The resulting small internuclear distance is responsible for the findings
discussed above. In addition, the spectra for physisorbed helium exhibit several additional
features beyond the ones rationalized by the helium density. Among these are the differ-
ences between the three probes – namely electrons, fluorescence photons, and metastable
particles. Furthermore, the spectra differ considerably depending on the polarization. These
properties of the physisorbed helium bilayer are definitely caused by the influence of the
substrate. In the subsequent section, the impact of the surface is examined employing model
calculations for a physisorbed helium bilayer.

4.1.4 Model calculations

Some aspects of our data can be rationalized using the extant literature. However, in order to
perform a more detailed analysis, additional computations were carried out by J.P. Gauyacq
in close collaboration with our group. These are detailed in the following.

Adsorption geometry The theoretical examination of the physisorbed helium bilayer re-
quires to represent it by an appropriate model system.

The substrate is described as a free electron metal [62]. In this model, the conduction
band electrons are detached from their ions. The resulting electron gas neglects interactions
between the electrons, which is rationalized by the large screening effect in metals. Further-
more, the metal surface is assumed to be flat without considering the positions of the single
atoms. Hence, the free electron model constitutes a general description for metals and is not
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Figure 4.9: Model geometry for a physisorbed helium bilayer on a free electron metal. The
helium atoms are indicated by circles, whereas the metal is displayed as a gray bar with a
dashed reference plane.

linked to a specific substrate material.
The first helium layer is adsorbed on the substrate with a certain spatial separation. This

adsorption distance is mainly determined by the interaction between the helium atoms and
the substrate. The interaction of rare gas atoms and metal surfaces was studied from a
theoretical point of view in Ref. [73]. For a hexagonal close packed metal surface, they
found an adsorption distance of 2.70 Å between the substrate and the first layer.

The geometry inside the adsorbed helium layers should be governed by helium-helium
interactions. Consequently, we assume the separation of the helium atoms to be comparable
to the crystalline structure of solid helium. As discussed in Section 4.1.3, the density of
solid helium strongly depends on the temperature and the external pressure. For 2 K and
moderate pressure, helium forms a hcp structure with a = 3.57 Å and c = 5.83 Å [62]. For
larger pressures and 14 K, the helium-helium distance is lower corresponding to a = 2.93 Å
[8]. In an intermediate range of temperature and external pressure, an interatomic distance
of a = 3.17 Å was found [7]. The crystal structure is hcp for all three measurements. In our
experiments, we investigated physisorbed helium at less than 1.2 K and vacuum conditions.
These parameters most closely resemble the first study cited above. We therefore assume
the adsorption geometry of the helium atoms to be of hcp structure with a = 3.57 Å and
c = 5.83 Å as in Ref. [62]. Hence, in the model calculations, the distance between the
helium atoms inside the layers is taken to be 3.57 Å, whereas the distance between the first
and the second helium layer is c/2 = 2.91 Å.

These geometric assumptions can be further substantiated by the computation of the
ionic helium levels. The energetic position of the latter depends on the adsorption distance
between the surface and the first helium layer as well as helium-helium distance inside the
layers. Due to the large polarizability of the metal substrate, the adsorption distance to the
surface strongly influences the ionization threshold. The latter also depends on the on the
helium density, albeit to a lesser degree due to the small polarizability of the helium layer.

The energy of an helium ion in front of the surface, i.e., the ionization threshold was
computed for two different helium densities. For a substrate-helium distance of 2.70 Å [73]
and a helium-helium distance of 3.57 Å [62], the computation yields an ionization energy of
23.18 eV for the first helium layer and 23.84 eV for the second helium layer. These values
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match the experimental findings of 23.25 eV and 23.83 eV very well. In contrast, a smaller
helium-helium distance of 2.93 Å [8] leads to a smaller ionization threshold of 23.09 eV and
23.65 eV, respectively. As a consequence, the computation of the ionization threshold also
indicates that a helium-helium distance of 3.57 Å most appropriately describes the geometry
of physisorbed helium.

Summing up, we have put forward a sensible approach for the adsorption geometry of
a physisorbed helium bilayer, which is depicted schematically in Figure 4.9. The distance
between the reference plane of the metal substrate and inner helium layer is assumed to be
2.70 Å, whereas the distance between inner and outer helium layer is taken to be 2.91 Å.
The helium-helium distance between the atoms inside the layers is approximately 3.57 Å.

Assignment of states The displayed adsorption geometry of the helium bilayer constitutes
a basis for the calculation of the excited states. At this point, the zero-point motion of
the helium atoms is neglected. Moreover, we assume the geometrical arrangement to be
preserved during the excitation process according to the Born-Oppenheimer approximation.
That is, during the excitation process, the respective helium atoms remain located at a given
lattice site and are not allowed to move. The interaction between the helium ion and its
respective electron is modeled by a pseudo potential.

In Figure 4.10, the calculated excitation spectrum is shown in green for the outer helium
layer of a physisorbed bilayer on a free electron metal. In analogy to the experimental con-
ditions, the calculations were performed for an excitation with both Az- and Axy-polarized
light. The calculated spectra provide information on the photon absorption probability.
Thus, each peak in the spectrum corresponds to an excited state and the peak size gives an
idea of its importance in photoabsorption. For convenience, the spectra have been convo-
luted with a 100 meV Gaussian profile.

In our data, we identify the excited states by their decay products. The peak positions
in the yield of electrons, fluorescence photons, and metastable particles were introduced in
Section 4.1.2. In order to ease comparison, the corresponding spectra for the three probes
are depicted again in Figure 4.10. In the following, we employ the theoretical data to assign
the various states in our experimental data.

In the calculated spectrum for Az-polarization, a pronounced peak is visible at 20.91 eV.
It is of Σ characteristic with respect to the surface normal. Furthermore, this state exhibits
considerable hybridization, in which a strong mixing between 2s and 2p states is present.
It correlates adiabatically to the 2s state if the excited atom moves out of the layer. This
calculated excited state corresponds to the peak at 20.80 eV in the experimental data, which
is mainly present in the metastable yield. This behavior is evidently caused by the dominant
2s characteristic of this excited state, for which a transition to the 1s ground state is dipole-
forbidden. As will be shown later, the excited helium preferentially desorbs as a metastable
particle (cf. Section 4.1.5).

The structure at 21.45 eV in Az-polarization is again of Σ characteristic. It constitutes
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Figure 4.10: The calculated excitation spectrum for a physisorbed helium bilayer is shown
for Az-polarization (left panel) and Axy-polarization (right panel). The TY of metastable
particles and fluorescence photons as well as the PY of electrons for He/He/Ru (001) is
given for comparison.

a 2sp hybridized state, which corresponds to the 2p state for large interatomic distances.
This computed state is linked to peaks appearing in all three probes in the experimental
data, whose positions are located between 21.32 − 21.55 eV. Since the transition from the
dominant 2p state to the ground state is dipole allowed, this excited state can be observed
in the electron and photon yield. A detailed analysis of the underlying decay processes
including metastable desorption is given in Section 4.1.5.

Only one peak is present for n = 2 in the calculations for Axy-polarization. It is located
at 21.48 eV and exhibits Π characteristic with respect to the surface normal. This resonance
mainly consists of a 2p state. In particular, no contribution of the 2s state is present for this
peak. In contrast, this asymptotic 2p state weakly hybridizes with the 3d state. This excited
2p3d state is related to the peaks visible between 21.23− 21.50 eV in all three probes of the
experimental data.

Excited states associated with the n = 3 manifold are present in the computed spectra of
both polarizations. The respective energetic positions are 22.78 eV for Az-polarization and
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22.90 eV for Axy-polarization. As for the n = 2 excited states, the n = 3 states exhibit Σ

characteristic for Az-polarization and Π characteristic for Axy-polarization. The hybridiza-
tion of the two states is rather complex. A strong mixing of 3s, 3p, and 3d states has to be
invoked. Furthermore, additional mixing with the states of the n = 4 manifold occurs for
these states. Due to simplifications in the theoretical approach, the exact contributions can-
not be resolved. The computed n = 3 states can also be linked to the experimental data. For
Axy-polarization, a peak is visible at 22.98 eV in agreement with the theoretical findings. In
Az-polarization, the n = 3 peak is located at 22.88 eV in the recorded data. Additionally,
a further peak is present in the experimental data in Az-polarization. It is located at the
energetic position of the n = 3 state in Axy-polarization.

A computation of the excited states associated with n = 4 is even more complicated
due to the strong hybridization. At this point, reliable excitation energies for these states
cannot be given. However, a strong mixing of states has to be invoked for the resonances
corresponding to the atomic 4p state. They exhibit contributions of 4s, 4p, and 4d states as
well as admixture of states from the n = 3 and higher manifolds.

The theoretical results indicate that the resonances of the two polarizations are clearly
separated by their symmetry. In particular, no mixing of Σ and Π states can be observed.
Furthermore, we find that labeling of the excited states in physisorbed helium using s, p
or d is meaningless. Hence, the angular momentum quantum number is not valid for the
examination of the observed excited states. In contrast, n remains an applicable quantum
number at least for the n = 2 manifold. This is not the case for n ≥ 3, where a considerable
mixing between the states with different principal quantum numbers exists. For the n = 2

manifold, the excited states can be interpreted in terms of perturbed atomic states. For upper
n, no clear Rydberg behavior can be identified, though. The shape of these large excited
orbitals deviates considerably from Rydberg orbitals in the gas phase.

Relevant effects In physisorbed helium, the excitation energies of the resonances dif-
fer from their respective positions in isolated helium atoms. This energy shift is caused by
two different factors. On the one hand, a screening effect due to the metal substrate leads to
a lowered ionization threshold [29]. This also results in a decrease of the excitation energy
of the neutral excitations. Since the polarizability of helium is rather small compared to the
substrate, the helium atoms only account for a minor screening contribution. On the other
hand, the small interatomic distance in the helium layers leads to a confinement effect (also
known as caging effect) [26]. The wave function of the excited helium atom is considerably
larger compared to its ground state atom. Since helium is a closed-shell system, the result-
ing interaction is repulsive and leads to an increased excitation energy. The confinement
effect can be observed in, e.g., liquid helium [6] and solid helium [8] as well as helium clus-
ters [9], where the excitation energies increase with the helium density. Furthermore, this
effect also applies to the heavier rare gases, where it is found to increase with decreasing
interatomic distance [74]. In general, the screening effect by distant atoms causes a redshift
of the excitation energy, whereas the confinement effect by neighboring atoms results in a
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Figure 4.11: Helium Rydberg series including the [1s]2s state for the gas phase [1, 57] (top)
and for the physisorbed helium bilayer in Az-polarization (bottom). The dashed lines indi-
cate the contributions of the atomic states to the hybridized states for physisorbed helium.

blueshift.

The n = 3 excited states are located in the vicinity of the Rydberg series threshold.
As a consequence, the position of the lowered ionization potential mainly determines the
excitation energy of the n = 3 states. The confinement can only cause a small alteration of
this energetic position. Hence, the n = 3 excited states appear redshifted compared to the
atomic value.

The excitation energies of n = 2 states in physisorbed helium are considerably lower
than the corresponding Rydberg series limit. Hence, the screening has only a small influence
on the energetic position of this excited state. In contrast, the confinement effect is decisive
for the behavior of the n = 2 states. As a consequence, the n = 2 states in the outer helium
layer exhibit a high sensitivity to the helium neighboring atoms in their surroundings.

Series compression The correlation between the excitation energies of gaseous he-
lium and the respective states in physisorbed helium is depicted schematically in Figures
4.11 and 4.12. The energetic positions for the physisorbed phase are taken from our data of
the helium bilayer on ruthenium (001). For the n = 2 states, the different excitation ener-
gies for electrons and metastable particles are indicated. For Az-polarization, the Rydberg
series is compressed to 77% of the respective value for the gas phase. Here, the excitation
energies from the electron yield were considered and the asymptotic 2s state was taken as
lower boundary for the series. Taking into account the asymptotic 2p state as a lower bound-
ary, the series is compressed by 68%. For Axy-polarization, the Rydberg series exhibits a
compression of 71%. These findings agree well the results for physisorbed neon bilayer on
ruthenium (001) [13]. There, the compression of the Rydberg series is found to be 70% for
Az-polarization and 62% for Axy-polarization.

In conclusion, the theoretical calculations match the experimental observations very
well. In particular, they allow to precisely assign the participating electronic states. Never-
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Figure 4.12: Helium Rydberg series for the gas phase [1, 57] (top) and for the physisorbed
helium bilayer in Axy-polarization (bottom). The dashed lines indicate the contributions of
the atomic states to the hybridized states for physisorbed helium.

theless, there are a few minor inconsistencies, which are discussed in the following.
The number of peaks for the n = 2 manifold is the same in theory and experiment. In the

experimental data, the asymptotic p states of both polarizations exhibit a large width. This
behavior was observed previously for dense helium samples as well (cf., e.g., Ref. [61]).
The width of the computed peaks in Figure 4.10 was set to 100 meV and does not provide
information on the actual line width of the peaks. However, the spectra for a displaced
excited helium presented below allow to explain this feature.

For the n = 3 manifold inAz-polarization, only one peak is present in the computations,
whereas the experimental data yields two peaks. More precisely, the computed n = 3

peak for Axy-polarization also appears in the measured spectra for Az-polarization. This
might partly be due to the fact that the measurement geometry does not permit a pure Az-
polarization. The incidence angle for the synchrotron radiation with respect to the sample is
10◦ instead of the required 0◦ (cf. Section 3.2.2). This deviation should lead to a fraction of
just sin2(10◦) ≈ 3 % of the signal caused by Axy-polarized light. However, the two n = 3

peaks in Az-polarization are almost of the same size. Hence, the Axy-admixture to Az-
polarized light cannot be solely responsible for the second n = 3 peak in the experimental
spectra in Az-polarization. The resonances of the n = 3 manifold show a strong mixing of
states, in which the number of participating states might exceed the 3s, 3p, and 3d states
and cannot be determined exactly. Thus, this complex behavior might cause the additional
peak in the spectrum.

There are some deviations of at most 100 meV between the energetic positions of the
peaks in theory and experiment. In the calculations, the absolute energetic positions depend
on the applied pseudo potential between the helium ion and its respective electron. Imper-
fections in this approximation cause an inaccuracy of the energetic positions of the peaks in
the computed spectra. However, the global shape is reflected very well.
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Figure 4.13: Electron density associated with n = 2 excited states in the outer helium layer.
Z- and X - axis are given in multiples of a0 = 0.53 Å. The amplitude of the electron density
uses a logarithmic scale.

Electron density The electron density of the different resonances provides further insight
into the causes of the shifted excitation energy. To this end, J.P. Gauyacq determined the
electron density distribution for the excited states in the outer helium layer of a physisorbed
bilayer. More precisely, he calculated the spatial extent of the wave functions for the n = 2

and n = 3 resonances in both polarizations. The plots in Figures 4.13 and 4.14 show the
electron wave function associated with the resonance wave function in a xz-plane normal to
the surface. Here, z denotes the axis perpendicular to the surface and is given in multiples
of Bohr, i.e., a0 = 0.53 Å. The center of the excited helium atom in the outer helium layer
is located at z = 0, which corresponds to the ground state position. The direction towards
the vacuum is denoted with z > 0, whereas z < 0 points towards the substrate. The axis
parallel to the surface is denoted with x. The center of the excited helium atom is located at
x = 0. The electron density is displayed using a logarithmic scale. The electronic clouds
are localized around the center of the excited helium atom.

The lower 2sp hybrid, which is located at hν = 20.91 eV in the calculations, is depicted
on the right plot of Figure 4.13. This resonance appears only in Az-polarization, where it
shows a strong metastable and a small electron signal (cf. Figure 4.10). The center of the
excited atom can be identified by a red spot, which shows the increased electron density.
The two neighboring atoms in the outer layer can be observed on the x axis at ±7 a0. The
electronic cloud of the excited helium atom exhibits a spherical shape with distinct defor-
mations towards z < 0. Firstly, the repulsive interaction with the helium ground state atoms
in the inner helium layer pushes the electronic cloud into the vacuum. Furthermore, its de-
formed shape is caused by the strong mixing of 2s and 2p states for this resonance. For a
pure s state, the shape should be purely spherical. Whereas the dominant 2s contribution to
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Figure 4.14: Electron density associated with n = 3 excited states in the outer helium layer.
Z- and X - axis are given in multiples of a0 = 0.53 Å. The amplitude of the electron density
uses a logarithmic scale.

this hybridized state is clearly visible, the admixture of the dumbbell-shaped p state leads
to the altered profile. The electron distribution extends far into the vacuum, whereas its
extension towards the substrate is very small.

The middle plot in Figure 4.13 depicts the electron density of the upper 2sp hybrid in
Az-polarization, which is located at hν = 21.44 eV in the model calculations. Again, the
center of the excited helium atom as well as the two neighboring atoms can be observed
as spots in the contour plot. The electronic cloud exhibits a considerably altered shape
compared to the lower 2sp hybrid. The electron density shows intensity in the region of the
inner helium layer. It still spreads out into the vacuum, but to a smaller extent compared
to the lower 2sp hybrid. This behavior is caused by the large contribution of p states to
the upper 2sp hybrid. The p orbital exhibits a characteristic dumbbell shape, whose axis is
aligned with the electric field vector of the incident synchrotron light. As a consequence, it
points along the surface normal for the excitation with Az-polarized light. This is reflected
in a considerable electron density at z < 0 for the upper 2sp hybrid.

The electron density of the 2p3d hybrid in Axy-polarization is depicted in the right plot
of Figure 4.13. In the calculated spectrum, this resonance is located at 21.48 eV. In the
electron density plot, this resonance shows a large extension inside the outer helium layer.
Besides the first helium neighbors, two further helium atoms in the outer layer interfere with
the excited helium atom. This expansion of the excited orbital can also be attributed to the
dumbbell shape of the p orbital, whose axis lies parallel to the surface for Axy-polarization.
The alteration of this shape due to the admixture of the 3d state is rather small. Conse-
quently, this resonance is less perturbed by hybridization compared to the two 2sp hybrids
in Az-polarization.
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The two plots in Figure 4.14 display the electron density of the 3spd states in both
polarizations. In the computed spectra, they are located at excitation energies of 22.77 eV
and 22.89 eV, respectively. The spatial extent of their electronic clouds is considerably
larger compared to the n = 2 states. This behavior was also found for atomic helium,
in which the orbital size increases with n [71]. Due to the repulsive interaction with the
neighboring helium atoms, the wave function of the excited n = 3 orbital is mainly pushed
into the vacuum. Only a small fraction of the electronic cloud is localized inside the bilayer.
Both states exhibit a strong hybridization of s, p, and d states. Nevertheless, the different
orientation of the excited 3spd orbitals depending on the polarization is clearly visible. Only
in Axy-polarization, a wave node perpendicular to the surface divides the electronic cloud
into two parts.

For all resonances, the neighboring helium atoms have a confinement effect on the ex-
cited helium atom. The electron density of the latter is squeezed between its neighbors
and expands into the vacuum according to the respective resonance. The shapes of the
electronic cloud differ between the three n = 2 excited states. For the upper 2sp hybrid in
Az-polarization, the electronic cloud is mainly squeezed between the inner and outer helium
layer. This shape is linked to a rather large confinement effect. In contrast, the lower 2sp

hybrid in Az-polarization mainly extends into the vacuum. Thus, it should be less affected
by the neighboring atoms. The 2p3d state in Axy-polarization shows less electron density at
the site of the inner helium layer compared to the upper 2sp state inAz-polarization. Hence,
the influence caused by neighboring helium atoms should be in an intermediate range be-
tween the upper and the lower 2sp states. Both 3spd states are mainly located outside the
bilayer extending towards the vacuum. Hence, they should be affected to a lesser degree by
the neighboring atoms.

The electron density at z < 0 is also a measure for the probability of a decay involving
the inner helium layer and the substrate. The different decay mechanisms for an excited
state in the outer helium layer are discussed in detail in Section 4.1.5.

Zero-point motion So far, we assumed the helium atoms to be located at fixed crystal
positions. However, the large zero-point motion in helium [58] and possible temperature
effects cause considerable deviations from this ideal geometry.

An estimate for the atomic motion of the helium atoms can be derived from Debye-
Waller factor measurements in solid helium [55]. They allow to determine directly the
mean square deviation of the helium atoms from their average positions. Its specific value
delicately depends on the temperature and the density of the solid helium crystal. More
precisely, the mean square deviation was found to increase for a fixed density [75]. In con-
trast, for a fixed temperature, an increased density leads to a decreased zero-point motion
[55]. Thus, the atomic motion in physisorbed helium should be derived from solid helium
data obtained at suitable conditions. Our measurements of physisorbed helium were per-
formed at approximately 1 K under vacuum conditions. Hence, we assumed the nearest
neighbor distance in the bilayer to be in the range of 3.57 Å. For a hexagonal structure,
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Figure 4.15: Temperature dependence of the root mean squared vibrational amplitude 〈u2〉
in solid 4He [75].

this corresponds to a molar volume of 23.7 cm3. In the available literature, most investi-
gations of the Debye-Waller factor were performed for solid helium at higher temperatures
as well as larger densities, or smaller molar volumes, respectively. Only one study exists
for solid helium at sufficiently low temperature and density. For 0.7 K and a molar volume
of 20.9 cm3, Burns et al. [76] found a one-dimensional root mean squared vibrational am-
plitude of 0.96 Å= 1.81 a0. This value is in line with theoretical predictions for the atomic
motion in solid helium [75]. The measurements by Burns et al. [76] were performed at lower
temperature and higher density compared to physisorbed helium layers. Hence, expected
atomic motion in physisorbed helium should be larger than the value found by Burns et al.
[76]. As a consequence, a root mean squared vibrational amplitude of 0.96 Å = 1.81 a0
seems to be a moderate value for the investigated helium bilayer.

In principle, both zero-point motion and thermal effects should contribute to the atomic
motion of the helium atoms. However, it turns out that only the zero-point motion has to be
taken into account, whereas thermal effects are negligible. Draeger et al. [75] investigated
the temperature dependence of the atomic motion in solid helium. They found that the
mean squared vibrational amplitude of the helium atoms from their average positions is best
described by a T 3 dependence. This is shown in Figure 4.15 where the curve exhibits a very
shallow slope below 5 K. Hence, in this temperature range, the contribution of temperature
effects to the atomic motion seems to be very small and can therefore be neglected. As a
consequence, the zero-point spread alone accounts for the atomic motion in the physisorbed
helium layer.
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Figure 4.16: Calculated excitation spectra of a physisorbed helium bilayer for a helium
atom, which is displaced perpendicular to the substrate. The displacement ∆z is given in
multiples of a0 = 0.53 Å.

Vertical displacement effects So far, we discussed the calculated spectra for excited
states in a helium bilayer. Here, an essential approximation was the location of the he-
lium atoms at perfect crystal positions. However, the large zero-point motion in helium
considerably deviates from this fixed geometry.

An even more refined approach should therefore incorporate a certain amount of atomic
motion. To this end, calculations were performed for the excitation of an helium atom,
which is displaced perpendicularly to the surface. The movement of this helium atom causes
the nine neighboring atoms to move as well. They will be repelled, just like the excited state
is repelled by its neighbors. Nevertheless, we can expect the provoked motion of the nearest
neighbors to be smaller than the motion of the excited helium atom. Hence, we assume
that – in zeroth order – the excited helium atom accounts for the main motion and regard
the surrounding helium atoms as fixed. Thus, both the induced motion and the zero-point
motion of the neighboring ground state atoms are neglected. For a vertical displacement,
the symmetry of the geometric arrangement is still preserved.

The calculated spectrum for a helium atom displaced perpendicularly to the surface is
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depicted in Figure 4.16. The peaks in the spectra correspond to excited helium states. They
are convoluted by a 100 meV Gaussian profile for convenience. The height of each peak
is proportional to its photoabsorption strength. For both polarizations, seven spectra corre-
sponding to seven different displacements are shown. The displacement ∆z characterizes
the deflection of the helium atom with respect to the outer helium layer. Here, ∆z = 0

reproduces the computed spectra of the previous section. A positive displacement denotes
a movement towards the vacuum, whereas a negative displacement describes a movement
towards the substrate. When the excited helium atom is displaced from its position in the
hcp arrangement, both its peak position and the absorption strength are modified.

For the lower Σ 2sp state appearing in Az-polarization, an increased ∆z leads to a
smaller excitation energy. The deflection ∆z towards the vacuum increases the distance
between the excited helium atom and its neighbors. For Az-polarized light, the distance to
the helium atoms in the inner layer is probed particularly. Therefore, the confinement effect
is reduced with increasing displacement. Hence, the excitation energy decreases and ap-
proaches its value for the gas phase. Furthermore, as ∆z is increased, the oscillator strength
is decreased considerably. This is because the lower 2sp state corresponds to the dipole-
forbidden 2s state for large displacements. The oscillator strength of a dipole-forbidden
state is generally much smaller than for a dipole-allowed state. Hence, the oscillator strength
of a hybridized sp state is considerably larger than for a pure s state. This explains the de-
creasing height for this peak. For a displacement ∆z < 0 of the excited helium atom towards
the inner helium layer, these tendencies are reversed. That is, the proximity to the helium
atoms in the inner helium layers leads to an increasing confinement, which is reflected in a
further blueshift of the excitation energy. At the same time, the peak height becomes larger
due to an increased admixture of p character.

For the upper Σ 2sp state in Az-polarization, the peak position shifts to smaller exci-
tation energies as the excited helium atom is moved out of the layer. This can again be
rationalized by a smaller confinement effect with larger interatomic distances. In contrast
to the lower Σ 2sp hybrid, the peak height is increased with increasing displacement. This
is due to the pure p character of this state for large displacements, which leads to an in-
creasing oscillator strength as the excited helium atom moves out of the helium layer. For a
displacement towards the inner helium layer, the trends concerning peak position and height
are again reversed due to an increased overlap of the participating wave functions.

The Π 2p3d state appearing in Axy-polarization also exhibits a decreased excitation en-
ergy for a displacement towards the vacuum. In this polarization, the excited states are
mainly influenced by the lateral interaction inside the outer helium layer. The distance be-
tween the excited helium atom and its neighbors in the outer layer is increased with increas-
ing displacement. Hence, for increasing ∆z, the confinement effect decreases and causes a
shift to lower excitation energies. At the same time, the peak height of this state decreases.
For large displacements, the 2p3d state converges to a pure 2p state. The oscillator strength
of dipole-allowed states increases with increasing angular momentum quantum number be-
cause of the number of available final states. Thus, the evolution of a pd hybrid to a pure
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p state is accompanied by a decrease of the oscillator strength. This explains the lowered
peak height for large interatomic distances.

We now link the theoretical findings for a vertically displaced excited helium atom to
the experimental observations. In the experimental data shown in Figure 4.10, the widths of
the three n = 2 peaks differ considerably. The upper 2sp hybrid in Az-polarization exhibits
a FWHM of 730 meV, whereas the width of the 2p3d state in Axy-polarization is slightly
smaller with 580 meV. Compared to the broad peaks for the asymptotic 2p states, the lower
2sp hybrid appearing in the metastable yield for Az-polarization only shows a FWHM of
200 meV.

The distribution of the relative positions of the excited helium atoms and its neighbors
should contribute to the observed broadening of the peaks in the experimental data. The
widths of the peaks can be explained in the context of the displacement calculations. For
the latter, the excitation energies of the three n = 2 states exhibit a different sensitivity to
the vertical displacement. The largest shift of excitation energy due to vertical displacement
is visible for the upper Σ 2sp hybrid. This coincides with the experimental observations that
also yield the largest width for this peak. The respective shift for the Π 2p3d state is slightly
smaller compared to the former state. This rationalizes the width of the n = 2 peak in Axy-
polarization, which is less broad compared to the asymptotic 2p state in Az-polarization.
The lower Σ 2sp hybrid shows a considerably smaller shift in excitation energy. This ex-
plains the comparably narrow shape of this resonance in the experimental data. Hence, the
relative widths of the n = 2 peaks are in good agreement with the theoretical findings for
vertical displacement.

In order to extract the absolute widths from the vertical displacement spectra, a suitable
choice for ∆z is required. In the presented calculations, a variation of the vertical displace-
ment between −0.5 a0 and 4 a0 is considered. The displacement should correspond to the
spread due to zero-point motion in the physisorbed helium bilayer, which we determined as
∆z = 1.81 a0 in the last section. Hence, the latter should be a suitable value for the ver-
tical displacement due to zero-point motion. Incorporating vertical displacements of up to
2 a0, the calculated shifts in excitation energy are smaller than the experimentally obtained
widths. This might be caused by the underlying model calculation, which only incorporates
zero-point motion perpendicular to the surface. In principle, the zero-point motion in all
directions would have to be considered. To this end, calculations for a lateral zero-point
motion are described below (cf. p. 74), which also account for a broadening of the lines.

The different sensitivities to the vertical displacement of the excited helium atom are
also correlated to the electron density distributions shown in Figure 4.13. The shape of the
electronic cloud is different for the three n = 2 excited states. The lower 2sp hybrid mainly
extends into the vacuum. Thus, its overlap with the wave functions of the neighboring
helium atoms is comparably small. This corresponds to a rather small sensitivity of this
state to the vertical displacement of the excited helium atom. For the upper 2sp hybrid, the
electronic cloud is squeezed between the inner and outer helium layer. This leads to a high
sensitivity to a displacement of the excited helium atom. The 2p3d state in Axy-polarization
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shows less electron density at the site of the inner helium layer compared to the upper 2sp

state in Az-polarization. Hence, its sensitivity to displacement is in an intermediate range
between the upper and the lower 2sp states. The differences between the electron density of
the n = 2 states confirm the energy variation obtained in the model of a displaced excited
helium atom. The upper 2sp state exhibits the largest variation, followed by the 2p3d state.
The lower 2sp state only shows a small alteration of the excitation energy. Hence, the
different widths of the resonances in the experimental data can be further rationalized by
the shape of the electronic clouds.

In the vertical displacement spectra for the asymptotic 2p states in both polarizations,
the excitation energy decreases with increasing ∆z. This behavior can be used to explain
the different excitation energies of the upper 2sp and the 2p3d states for the different probes
in the experimental data. For both polarizations, the metastable yield shows the smallest
excitation energy of the three probes. The excitation energy of the fluorescence yield is lo-
cated in an intermediate range, whereas the electron yield exhibits the largest excitation en-
ergy. The emission of fluorescence photons as well as metastable particles always involves
a desorption process (cf. Section 4.1.5). Such a mechanism corresponds to a movement of
the excited helium atom towards the vacuum and thus to a large vertical displacement ∆z.
Hence, the lower excitation energies of the metastable particle and the fluorescence photon
yield compared to the electron yield can be rationalized by different vertical displacements
at the instant of excitation. The electron yield exhibits its maximum for small vertical dis-
placements. In contrast the metastable particle as well as the fluorescence photon yield
correspond to larger vertical displacements at the moment of excitation.

The peaks of the n = 3 states in both polarizations exhibit a reversed trend for the ex-
citation energy shift due to vertical displacement. Here, the peak position shifts to larger
excitation energies if the excited helium atom is moved out of the helium layer. This be-
havior is somewhat surprising because a reduced confinement by neighboring atoms should
lead to a decreased excitation energy, as for the n = 2 states. This difference is probably
caused by certain shortcomings of the model calculations. On the one hand, the n = 3

resonances involve a strong mixing of most probably 3s, 3p, 3d, and also n = 4 states. A
clear assignment of the states participating in this resonance is not possible, though. On
the other hand, the approximations in the model calculations might be less accurate for the
n = 3 states compared to n = 2 states. For the n = 2 states, the confinement effect is the
main criterion for the peak position leading to a blueshift of 200 − 300 meV compared to
atomic helium. In contrast, for the n = 3 states, the confinement effect has a smaller impact
because the screening effect mainly determines the position of the peak. The resulting shift
in excitation energy with respect to the atomic value is considerably smaller compared to
the n = 2 states. This finding is in line with the results for physisorbed neon [13, 77].
As a consequence, the n = 2 resonances with their rather large energy shifts are probably
more robust with respect to small perturbations of the theoretical description. For the n = 3

states, disregarding such small influences might lead to inaccurate conclusions regarding
the peak position. This could explain the counterintuitive shift of excitation energy due to
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vertical displacement.

Desorption probability The excitation energies of the n = 2 states shift to smaller values
for an increased vertical displacement. This movement of the excited helium atom towards
the vacuum contains information on its desorption mechanism. The corresponding potential
for the excited helium atom in a frozen surrounding can be derived from the vertical dis-
placement spectra. For a displacement of ∆z = 4 a0, the excitation energies of the n = 2

states are close to the atomic positions of their respective asymptotic states. Hence, we use
the energetic position at 4 a0 as a point of reference for the shift in excitation energy. The re-
sulting energy shift for different vertical displacements ∆z is depicted in Figure 4.17. They
constitute an approximation for the potential energy curve of the excited helium atom. In
these spectra, the n = 2 resonances are denoted by their asymptotic states. These are Σ 2p

for the upper 2sp hybrid in Az-polarization and Σ 2s for the respective lower 2sp hybrid,
whereas Π 2p denotes the 2p3d state in Axy-polarization. The vertical displacement spec-
tra also provide information on the lifetime corresponding to a decay of the excited helium
atom into the substrate (cf. Section 4.1.5). For each state, this lifetime can be calculated
as a function of z. Based on both the potential energy curve and the corresponding life-
time, the desorption motion of the excited helium atom can be computed. The desorption
time is associated with the point, at which the excited helium atom is completely decoupled
from the bilayer. That is, the latter does not influence the excited state anymore. Moreover,
the corresponding desorption probability can be derived by this method. However, these
model calculations involve several approximations. Among these are the assumption of a
frozen surface, the disregard of helium-helium interaction between ground state atoms and
the neglect of non-adiabatic effects. Moreover, the employed model of a free electron metal
neglects the specific band structure of the metal substrates investigated here. Hence, only
rough estimates of the absolute desorption probability and desorption times are possible.

The desorption of an excited helium atom leads to the emission of either a fluorescence
photon or a metastable excited helium atom. In the first case, the excited helium atom des-
orbs from the outer layer and decays by photon emission. In the second case, the excited
helium atom desorbs and the emitted metastable particle is detected directly. The emis-
sion of fluorescence photons can only take place for dipole-allowed transitions, whereas the
emission and detection of metastables is exclusively possible for dipole-forbidden transi-
tions.

The desorption process competes with a decay of the resonance inside the helium layers
and into the substrate (cf. Section 4.1.5). The model calculations yield an estimate of the
lifetimes corresponding to a tunneling process of the excited electron into the substrate, i.e.,
to resonant charge transfer. In the following, we discuss the lifetimes of both processes
associated with the different resonances within the theoretical description of the helium
bilayer.

The upper 2sp hybrid in Az-polarization exhibits the largest variation of excitation en-
ergy. Thus, the slope of the energy shift is steeper compared to the other n = 2 resonances.
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Figure 4.17: Energy shift of the calculated excitation energy with respect to a vertical dis-
placement of ∆z = 4 a0 for the n = 2 states.

This corresponds to a rather fast desorption time in the range of 60 fs. In contrast, the re-
quired time for radiative decay is in the range of a few hundreds of picoseconds [57]. Hence,
the desorption time is considerably smaller than the decay time for fluorescence photon
emission. This means that the radiative decay takes place after the desorption of the excited
helium atom from the bilayer. For resonant charge transfer, the computed lifetime of the
upper 2sp state was determined as approximately 90 fs. This time scale is linked to the elec-
tron density for this resonance, which extends into the inner helium layer (cf. Figure 4.13).
In summary, both the desorption of the excited helium atom and its decay into the substrate
show comparable lifetimes for the upper 2sp hybrid. This coincides with the appearance
of all three probes – namely photoelectrons, fluorescence photons, and metastable particles
– for this resonance. A rough estimate of the desorption probability yields 75%. Unfortu-
nately, the ratio between the electron yield and the metastable yield in the experimental data
cannot be determined exactly. Hence, the theoretical prediction of the desorption probability
cannot be verified by the measurements.

The slope of the energy shift for the lower 2sp hybrid is rather shallow. As a conse-
quence, the time required for the desorption of the excited helium atom should be larger
compared to the upper 2sp state. An estimate for the desorption time of this state is 70 fs.
However, the time scale for a decay into the substrate is large as well. This is caused by
the shape of the electronic cloud for the lower 2sp hybrid, which is mainly determined
by s contributions. The resulting coupling to the substrate is very small leading to a life-
time of approximately 6 ps for resonant charge transfer. Hence, desorption should be the
dominant process for this resonance despite its shallow desorption potential. The estimated
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desorption probability for this excited state is 99.8%. This coincides with the experimental
observation for this resonance, which almost completely lacks an electron signal. Due to
the large contributions of 2s states, the transition to the ground state is dipole-forbidden.
As a consequence, the lower 2sp resonance is present almost exclusively in the metastable
yield.

For the 2p3d resonance in Axy-polarization, the slope of the potential energy curve is
also rather shallow. This leads to a desorption time of approximately 100 fs. In contrast,
the computed lifetime corresponding to resonant charge transfer into the substrate is 1.1 ps.
Compared to the upper 2sp state in Az-polarization, this time scale is rather large. This is
due to the different orbital shapes of both resonances, in which the electron density towards
the substrate is lower for the 2p3d state compared to the upper 2sp state. The intensity
of the electron distribution towards substrate region can be regarded as a measure for the
probability of resonant charge transfer. Hence, the 2p3d state should exhibit a lower rate of
electron tunneling into the metal conduction band. This coincides with the larger lifetime
of this resonance for resonant charge transfer. As a consequence, both desorption and decay
into the substrate have a positive probability for this resonance. Desorption accounts for
the dominant contribution, though. This is reflected in the estimated desorption probability
of 95% according to the model calculations. While this value is somewhat large compared
to the pronounced electron signal in the experimental results, it matches the visibility of
fluorescence photons in our data. For the 2p3d hybrid, the contribution of metastable parti-
cles despite the lack of dipole-forbidden s states can be explained by an intermediate decay
process (cf. p. 88).

In summary, our experimental data and the theoretical calculations seem to be fairly
consistent with respect to the dynamics of the excited state. This is somewhat surprising,
since the calculations do not take into account certain properties of the metal such as the
specific band structure including projected band gaps.

Lateral displacement effects So far, we discussed two approaches to calculate the ab-
sorption spectrum for a physisorbed helium bilayer. In the first model, we employed a fixed
geometry for all helium atoms completely neglecting the zero-point motion. This approach
reproduces rather accurately the energetic positions of the several resonances in the exper-
imental data. Furthermore, it provides information on the characteristics of the involved
states. A more refined approach considered the zero-point motion in one direction. To this
end, a vertical displacement of the excited helium atom with respect to its fixed neighboring
atoms was employed. This allows for an explanation of the different widths of the peaks
in the experimental data. In addition, it provides insight into the desorption process of the
excited helium atom and its probability. From experimental studies in the literature, we de-
duced a zero-point displacement of 1.81 a0 for the physisorbed helium bilayer [76]. In the
model calculations, a vertical displacement of this size yields a smaller width of the peaks
compared to the experimental findings. To overcome this deviation, we also investigate the
effect of a zero-point motion inside the outer helium layer.
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Figure 4.18: Calculated excitation spectra of a physisorbed helium bilayer for a helium
atom, which is displaced parallel to the substrate. The displacement ∆x is given in multiples
of a0 = 0.53 Å.

In analogy to the calculations for a vertical displacement ∆z, we consider an excited
helium atom moving in a fixed surrounding. Here, we examine a lateral displacement ∆x

of the excited helium atom. When it moves closer to one neighboring atom, the distance
to the neighbor at the opposite site is increased. Thus, the effect of a positive or negative
lateral displacement ∆x is the exactly the same.

Figure 4.18 displays the excitation spectrum for several lateral displacements. Since we
found a zero-point motion of approximately 1.81 a0 for physisorbed helium (cf. p. 66), we
employ a ∆x values up to 2 a0. All peaks are convoluted with a 100 meV Gaussian profile
for convenience. For comparison, the spectrum at the equilibrium position ∆x = 0 is shown
as well. For a non-vanishing lateral displacement, the number of peaks increases compared
to ∆x = 0. In the latter case, three peaks are visible for n = 2. For Az-polarization,
these are the asymptotic 2s and 2p states, which both exhibit Σ characteristic. For Axy-
polarization, one asymptotic 2p state of Π characteristic is present. For these computed
states, Σ and Π are denoted with respect to the surface normal. The Π 2p state is degenerate
because the directions x and y cannot be distinguished. For a vertical displacement ∆z, the
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characteristics of the states remain the same due to the preserved geometry in the helium
layers. That is, the Σ and Π states appear separated by polarization.

This is not the case for a lateral displacement of the excited helium atoms. Here, the
symmetry of the geometrical arrangement is lowered for positions with ∆x > 0. In par-
ticular, the symmetry in the xy-plane parallel to the substrate is broken. The directions x
and y can now be discriminated. This leads to the fact that the asymptotic Π 2p states are
not degenerate anymore and split into two states with different excitation energies. The
asymptotic Σ s and Σ p states are both symmetric with respect to the xz-plane. The latter
is oriented perpendicular to the surface and is the only plane that exhibits an undistorted
symmetry for lateral displacements. As for the asymptotic Π 2p states, one of the two states
is symmetric whereas the other state is anti-symmetric with respect to the xz-plane. Due to
the broken symmetry, mixing of the different states occurs. In particular, the symmetric Σ

2p state and the symmetric Π 2p state form two mixed states, which appear in both polar-
izations. For example, for ∆x = 2 a0, they are located at 21.3 eV and 22.0 eV, respectively.
In contrast, the anti-symmetric Π 2p state does not mix with the other symmetric 2p states.
Hence, the former state is only visible in Axy-polarization. There, it is located at roughly
the same energetic position as for ∆x = 0, around 21.50 eV.

The asymptotic 2s state of Σ characteristic appears at a considerably lower excitation
energy compared to the 2p derived states. Hence, only a small mixing with the symmetric
Σ and Π 2p states occurs. This effect is visible in the lateral displacement spectra for Axy-
polarization, where the asymptotic 2s state shows a small intensity.

In conclusion, for the n = 2 states at ∆x > 0, four states are present forAxy-polarization
whereas only three states can be distinguished for Az-polarization. The 2p derived states
are more heavily affected by a lateral displacement of the excited helium atom compared to
the 2s derived state. Moreover, the n = 3 manifold remains basically unchanged by lateral
displacements.

The lateral displacement of an excited helium atom in a fixed surrounding constitutes
a model system for the zero-point motion of physisorbed helium. As discussed on p. 66,
we assume the root mean squared vibrational amplitude of the helium atoms to be approxi-
mately 0.96 Å = 1.81 a0. For the presented model system, a lateral displacement of this size
leads to a broadening of the asymptotic peaks in the range of 550 − 750 meV. This width
is larger than the width resulting from the model of vertical displacement. Hence, the lat-
eral displacement of the excited helium atom has a larger influence on the excitation energy
compared to the vertical displacement. As a rough estimate for small lateral displacements
∆x, the excitation energy should vary as (∆x)2. In contrast, for vertical displacements, the
energy shift exhibits a roughly linear dependence of ∆z. As a consequence, averaging over
vertical displacements ∆z should only cause a broadening of the resonances. In contrast,
averaging over lateral displacements ∆x might additionally lead to a shifts in excitation
energy with respect to the calculated spectrum for ∆x = 0. However, the larger width cor-
responding to the model of lateral displacement is in good agreement with the experimental
findings of 730 meV FWHM forAz-polarization and 580 meV FWHM forAxy-polarization.
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This consistency between model system and experimental findings further substantiates that
the large zero-point motion in combination with the confinement effect leads to the broad-
ening of the 2p derived states.

In the experimental data, the asymptotic 2s state is narrower compared to the asymptotic
2p states. This behavior is also reflected in the lateral displacement spectra, where the peak
position of the asymptotic 2s state is rather insensitive to ∆x. The same applies to the peaks
of the n = 3 manifold, which exhibit a small broadening in both the experimental data and
the lateral displacement spectra.

The lateral displacement of an excited helium atom involves a mixing of the Σ and
Π states. This is contrary to the vertical displacement spectra, where Σ and Π states ap-
pear clearly separated. This mixing of Σ and Π states can be used to explain a feature
of the experimental data obtained for Axy-polarization. Here, a small intensity is visible
for a 2s derived state. Since this state is of Σ characteristic, it can only gain intensity in
Axy-polarization by an admixture of Π contributions. Hence, the appearance of this peak
provides evidence for a mixture of Σ and Π states.

4.1.5 Decay mechanisms

After the examination of the electronic nature of the excited states in a physisorbed he-
lium bilayer, we now turn to the decay mechanisms for the observed resonances. In an
isolated helium atom, bound one-electron excited states can only decay radiatively. For
dipole-allowed transitions, typical lifetimes for this process are in the range of a few 100 ps
[57]. In the physisorbed phase, the proximity to a metal substrate allows for further decay
channels, which take place on an ultra fast time scale. These decay processes constitute
very interesting features of the dynamics of electronic excitations. In the following, several
processes important for physisorbed helium are discussed in detail.

Penning Ionization The process A∗ + B → A + B+ + e− for two atoms or molecules
A and B is known as Penning ionization [78]. It leads to the emission of an electron if
the internal energy of A∗ is higher than the ionization potential of B. In the case of a
helium bilayer on a metal substrate, the inner layer has a lower ionization potential than the
outer layer. Therefore, the neutral excitation of a helium atom in the outer layer gives rise
to the ionization of an helium atom in the inner layer. This process is depicted in Figure
4.19 for a helium bilayer on a metal substrate. Initially, synchrotron radiation promotes an
electron from the ground state into a higher unoccupied bound state. The Penning process
can then take place either by electron or energy transfer. In the electron transfer case, the
remaining hole in the outer layer is filled by an electron from the inner helium layer. The
energy difference between both layers is then transferred to the electron in the excited state
and leads to the emission of this electron. In the energy transfer case, the excited electron
in the outer layer falls back to the ground state. The excess energy is then transferred by
dipole-dipole coupling to an electron in the inner helium layer leading to its emission. In
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Figure 4.19: Scheme of the Penning ionization process for a physisorbed helium bilayer.

both cases, the kinetic energy of the emitted Penning electron is Ekin = hν −Ehole, quoted
with respect to the vacuum level. Here, hν denotes the photon energy and Ehole the binding
energy of the ground state in the inner helium layer.

Experimental verification This process can be verified in the experimental data by
the detection of the Penning electron. To this end, the electron signal shown in Figures 4.2
and 4.4 is analyzed. In these spectra, the Penning electron yield appears at certain photon
energies and extends along the kinetic energy axis. For a precise examination, we derive
two-dimensional data sets from the 3D spectra. Figure 4.20 shows spectra of the excess
electron yield as a function of the kinetic energy for the neutral excitations with n = 2, 3, 4

in a helium bilayer on ruthenium (001). Here, excess means that the background signal
from direct photoemission and secondary electrons is subtracted. The contribution of the
photoemission is displayed in Figure 4.21 on a binding energy scale. It shows that the onset
of electron emission is located around hν = 22.6 eV, and thus superimposes the resonances
at higher quantum numbers. For this reason, the electron yield following neutral excitation
has to be separated from the photoemission yield of the helium bilayer. In Axy-polarization,
the photoemission from the inner helium layer only shows a small signal. This is caused
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Figure 4.20: Electron energy distribution of He/He/Ru (001) following resonant excitation
in Az-polarization (left panel) and in Axy-polarization (right panel). The excess electron
yield is depicted after subtraction of a non-resonant PES spectrum.

by the polarization dependent suppression of the photoemission close to the threshold (cf.
Section 4.1.1). Hence, the separation of both contributions is rather straightforward here.

In general, the spectra in Figure 4.20 show two different contributions, namely a pro-
nounced peak and a shallow structure. For the verification of the Penning process, we focus
on the former. The latter is linked to the Auger neutralization process which is discussed
afterwards.

For Axy-polarization, the Penning process creates a hole in the 1s state of the inner
helium layer with a binding energy of Ehole = 23.29 eV. The n = 4 neutral excitation at
hν = 23.47 eV shows a broad peak with a maximum at 230 meV, which is slightly larger
than the value expected from the formula for the kinetic energy of the Penning electron.
The peak is asymmetric, showing a shallow shape towards larger kinetic energies. The
same asymmetry can be observed in the photoemission profile of the inner helium layer in
Figure 4.21, which depicts a shoulder on the low binding energy side. Thus, the Penning
peak reflects exactly the shape of the state, from which Penning electrons are emitted. The
n = 3 state at hν = 22.98 eV has a smaller excitation energy than the ionization potential
of the inner helium layer and should therefore not lead to Penning ionization. However,
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Figure 4.21: PES spectrum of He/He/Ru (001) recorded at 25 eV in Az-polarization and
Axy-polarization.

the large width of the 1s photoemission with a lower energy threshold at 22.60 eV has to
be considered here. Thus, the peak at 130 meV can still be explained by the emission of
electrons from the inner helium layer. The shape of this peak is narrower compared to the
n = 4 peak, because only electrons from the low energy part of the 1s state can contribute
to the electron yield. For the 2p3d excitation at hν = 21.50 eV no peak is visible. This is
because its excitation energy is not sufficient to promote an electron from the inner helium
layer above the vacuum level.

For Az-polarization, the spectra in Figure 4.20 show a similar behavior. Here, the bind-
ing energy of the hole in the inner helium layer is Ehole = 23.25 eV. The n = 4 resonance at
hν = 23.44 eV exhibits a peak at 290 meV, which is 100 meV larger than the value expected
from Ekin = hν−Ehole. This might be caused by residues of the direct photoemission from
the inner helium layer, which superimposes the Penning peak. In Az-polarization, both con-
tributions can hardly be separated exactly. Just like in Axy-polarization, the shape of the
Penning peak is asymmetric and extends to large kinetic energies. This certainly reproduces
the profile of the photoionization, which shows a tail at low binding energies. The n = 3

neutral excitation at hν = 22.88 eV displays a peak at 160 meV. The occurrence of this max-
imum can be explained by the large width of the photoemission of the inner helium layer. Its
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low energy threshold at approximately 22.5 eV is smaller than the excitation energy of the
n = 3 resonance and therefore allows for the emission of Penning electrons. In contrast, the
2sp neutral excitation energy of hν = 21.55 eV is smaller than the binding energy of the 1s

state in the inner helium layer. Hence, the emission of Penning electrons is not possible and
leads to a smooth structure in the spectrum. The second n = 2 resonance, which appears in
the electron spectrum at hν = 20.90 eV (cf. Figure 4.6), shows only a small signal. Thus,
the analysis of the excess electron yield is not possible because of the large signal-to-noise
ratio.

In conclusion, the experimental data substantiates the occurrence of the Penning ioniza-
tion process. The emission of a Penning electron from the inner helium layer always takes
place, if it is energetically possible.

In principle, a Penning ionization process linked to the metal substrate could also take
place. In this case, the Penning electron is emitted from the conduction band of the substrate
instead of from the inner helium layer. If the emitted electron stems from the Fermi level
of the metal, its kinetic energy with respect to the vacuum level is given by Ekin = hν −
Φ. Hence, its kinetic energy is the same as for direct photoelectron emission from the
highest occupied metal band. Consequently, the Penning electron signal should lead to an
increased yield of metal band emission. However, no indication for such a process can be
observed in our experimental data. In particular, the photoemission yield of the 4d band
of ruthenium shows no increase at the photon energies of the helium resonances. Hence, a
Penning ionization process with participation of a substrate electron is very unlikely for the
physisorbed helium bilayer.

Energy vs. electron transfer When it was initially introduced, Penning ionization
was based on a collision process of an excited atom and a ground state atom [78]. It can
take place by either electron or energy transfer. Both processes are energetically indistin-
guishable, because they lead to the same kinetic energy of the emitted electron. The prevail-
ing mechanism is determined by the matrix element of the Coulomb interaction between
both atoms. Two asymptotic cases can be distinguished [79]. At small separations, the
wave functions of both atoms overlap and therefore enable electron transfer as the dominant
mechanism. For this mechanism, the dipole selection rules do not apply, which enables
the excitation of dipole-forbidden states like the helium [1s]2s state. The probability for
electron transfer depends exponentially on the separation R [80]. Thus, it rapidly decreases
with increasing distance between both atoms. In contrast, at large atomic separations, the
overlap of the wave functions is negligible. Here, only energy transfer is possible, which
involves dipole-dipole coupling via the exchange of a virtual photon. In this case, only
dipole-allowed transitions are possible [81]. The energy transfer probability shows a R−6-
dependence on the atomic separation [82]. Its decrease with increasing distance is slower
compared to electron transfer leading to a domination of energy transfer at larger distances.
The Penning ionization is a very fast process with lifetimes in the range of 10 − 100 fs,
which is much faster than the radiative decay of an isolated helium atom. Therefore, the
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Penning ionization almost completely quenches the decay via photon emission. This coin-
cides with our measurements, where the photon yield is approximately 150 times smaller
than the electron yield.

In the following, we examine whether energy or electron transfer constitutes the dom-
inant mechanism for the observed electronic excitations. The Penning process involves a
ground state and an excited state helium atom. Therefore, it is crucial whether or not there
is an overlap between the wave functions of the two states.

Guberman et al. [71] calculated the sizes of the Rydberg orbitals for isolated helium
atoms. For the 1s ground state orbital, the wave function extends to a radius of approxi-
mately 1.7 Å. For the excited state orbitals, the corresponding radii are approximately 6.4 Å
for 2s as well as the 2p state, and 13.2 Å for 3p state, respectively. For the helium bilayer
scrutinized here, it seems reasonable to assume that the density is comparable to solid he-
lium. As discussed in Section 4.1.4, we assume the internuclear separation of the helium
atoms to be 3.57 Å [62]. This shows that the internuclear distance is governed by the size of
the helium 1s orbitals repelling each other. For atomic helium, the size of all excited Ryd-
berg orbitals are larger than the internuclear distance between the atoms. This would lead to
an overlap of the wave functions of the excited orbital and its nearest neighbors. However,
the shape of the excited orbitals is altered in a close packed arrangement of helium atoms
due to repulsive interaction. Calculations for an excited helium dimer show that the wave
function of the excited helium orbital is buckled considerably as it approaches a ground
state helium atom [71].

Furthermore, the model calculations presented in Section 4.1.4 lead to comparable re-
sults also for the physisorbed helium bilayer. That is, the electron density distributions in
Figures 4.13 and 4.14 show pronounced deviations from the atomic case as well. For the
physisorbed helium investigated here, the asymptotic 2s state mixes considerably with the
2p state, forming a 2sp hybrid. Despite this, the electron cloud of this resonance shown
in Figure 4.13 still exhibits the almost spherical shape that characterizes the 2s orbital.
The electron density of this state mostly extends into the vacuum and barely towards the
substrate. In particular, no electron density is present at the positions of the nearest neigh-
bors in the inner helium layer. Hence, there is only negligible overlap between between
the excited states and their respective neighbors. We therefore conclude that for the lower
2sp hybridized state, electron transfer is only of minor importance. Thus, energy transfer
should be the dominant mechanism for the decay of this resonance instead. For this transfer
mechanism, the dipole selection rules apply. Since the decay of the asymptotic 2s state to
the ground state is dipole-forbidden, one can expect the rate for this transition to be rather
low. This coincides with the experimental observations, in which the electron yield for this
resonance is very small.

The shape of the electron density of the asymptotic 2p states in both polarizations dif-
fers considerably from the asymptotic 2s state. The size of the p derived electron cloud
is noticeably larger than for the s derived state. In particular, the wave functions of the
asymptotic p states extend into the inner helium layer. Thus, we deduce that there is a cer-
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tain overlap of the wave functions of these excited helium states and their neighbors in the
inner layer. The spatial orientation of the orbitals depends on the polarization. Although
an overlap is present for both states, it is therefore stronger for the upper 2sp state probed
with Az-polarized light. Hence, electron transfer is likely to be the dominant mechanism
for Penning ionization for the 2p derived resonances.

For the n = 3 resonances, the size of the computed electron density is larger compared
to the n = 2 states. The electronic clouds mainly extend towards the vacuum. Nevertheless,
sufficient electron density is present at positions of the neighboring atoms. Hence, we find
that a considerable overlap of the wave functions exists, such that electron transfer should
be the dominant mechanism for the n = 3 resonances as well.

For the n = 4 resonances, no computation of the electron densities is available at this
point. However, orbital size is known to increase substantially with the principal quantum
number n [71]. Thus, we can safely assume that the orbitals of the n = 4 excited states
virtually enclose the nearest neighbor orbitals in the inner helium layer. This results in a
large overlap of the wave functions leading to electron transfer as the dominant mechanism
for the n = 4 resonances.

Another approach for the differentiation between electron and energy transfer consists
of analyzing the angular distribution of Penning electrons. Hotop et al. [83] found that, for
electron transfer, the electron distribution is strongly asymmetric. It exhibits an increased
intensity in the direction of the initially excited atom. In contrast, the distribution for energy
transfer is basically isotropic. However, for physisorbed layers close to the surface, these
results only have limited validity. The symmetry breaking at the surface should lead to
deviations from the proposed distributions to an unknown extent. In particular, the isotropic
distribution of the energy transfer mechanism is likely to be modified by the influence of
the surface. Thus, it is not evident whether both mechanisms can be distinguished by their
angular distributions. Furthermore, only a small solid angle is covered by the detector
used in the experiments of this thesis. Consequently, no conclusions regarding the angular
distributions of the Penning electrons can be drawn.

Related decay processes Besides Penning ionization, a variety of decay processes
appear in the literature. Other relevant processes include Förster and Dexter processes as
well as interatomic Coulombic decay. For clarification, we now briefly discuss these related
mechanisms in terms of differences and similarities.

The process A∗+B → A+B∗ is termed Förster [84] or Dexter process [85], according
to the matrix element. Both describe the transfer of the excitation energy from one atom
to another. In contrast to the Penning process, no ionization and thus no electron emission
takes place. The final state is a bound state B∗, contrary to B+ for Penning ionization.
Nevertheless, the matrix elements show great similarity to the ones discussed above for the
Penning process. The Förster process involves energy transfer via dipole-dipole coupling
[84]. Therefore, only dipole-allowed transitions into final states of B∗ are possible. The
rate of this transfer mechanism decreases as R−6, where R denotes the atomic separation.
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The Dexter process describes electron transfer between the two atoms, which includes also
dipole-forbidden transitions [85]. The transfer rate shows an exponential dependence on
R. A generalized description combining both mechanisms termed Förster-Dexter theory
describes the Coulomb matrix elements at different approximations [86]. It is evident that
the underlying matrix elements for Förster and Dexter processes are essentially the same
that apply for energy and for electron transfer in Penning ionization, respectively. However,
the final states of Förster and Dexter processes are bound, whereas they are continuum states
for the physisorbed helium bilayer.

Another relevant process called interatomic Coulombic decay (henceforth ICD) was pro-
posed more recently by Cederbaum et al. [87]. It describes the following ionization mech-
anism in weakly bound clusters: A+ + B → A+ + B+ + e−. This process can take place
because the double ionization potential in a cluster is lowered considerably compared to
the corresponding monomer atom. Then, the initial vacancy at A+ lies energetically higher
than the double ionization potential. This gives rise to an ionization process, in which the
excess energy is utilized to ionize a neutral neighboring atom in the cluster. The ICD either
involves energy or electron transfer. However, energy transfer was found to be the domi-
nant mechanism [88]. The rates of both mechanism are basically the same that apply for
Penning ionization, namely a R−6-dependence for energy transfer and an exponential decay
for electron transfer [89]. The first experimental evidence for the ICD was provided in mea-
surements of neon clusters [90] and neon dimers [91]. Afterwards, numerous publications
examined the ICD in both experiment and theory, for which comprehensive compilations
can be found in Ref. [92] and [93], respectively. The ICD shows similarity to the mecha-
nism we observe in our data. For physisorbed helium as well as for weakly bound clusters,
the ionization potential is lowered giving rise to autoionization processes. Furthermore, the
transfer mechanism involves electron as well as energy exchange for both processes. How-
ever, the initial state of the ICD is constituted by an inner valence vacancy A+. For the
helium bilayer, it is a bound state A∗ instead. In addition, the final state in our data is a
singly ionized atom, whereas it is a doubly ionized cluster for ICD.

In conclusion, the Förster/Dexter process as well as the ICD reflect the correct transfer
mechanisms for our experimental data. The involved initial and final state deviate from the
observed behavior, though. As a consequence, Penning ionization seems to be the most
appropriate label for our experimental observations.

Auger neutralization After Penning ionization has taken place, a vacancy remains in the
inner helium layer. Since this state is not stable, it undergoes a further decay process. It is
based on the Auger effect, in which the transition of an electron into a vacancy causes the
emission of another electron from the same atom [94]. This decay can also take place, if the
involved electrons stem from different atoms. In this case, the process is called interatomic
Auger process [95]. Figure 4.22 depicts the latter process for a helium bilayer on a metal
substrate. An electron from the conduction band of the substrate is transferred into the ion
well and fills the vacancy in the inner helium layer. Since this leads to a neutral helium
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Figure 4.22: Scheme of Auger neutralization in physisorbed helium.

atom, this process is also known as Auger neutralization [96]. The released excess energy is
transferred to a second conduction band electron, which is then promoted above the vacuum
level. In the final state, two vacancies remain in the substrate, which delocalize in the
conduction band. In the scheme, both participating substrate electrons stem from the Fermi
level of the metal. The maximal kinetic energy of the emitted Auger electron is then given
by Emax = Ehole − 2Φ. Here, Ehole denotes the binding energy of the initial vacancy in the
inner layer and Φ represents the work function of the substrate. Hence, the kinetic energy
of the emitted electron is independent of how the initial vacancy has been created – in
particular of the resonance excitation energy. Since Auger neutralization involves electron
emission, we can verify this process in our spectra.

We already examined Figure 4.20 in the previous section dealing with Penning ioniza-
tion. It depicts the excess electron yield following resonant excitation for the n = 2, the
n = 3, and the n = 4 resonances for a helium bilayer on ruthenium (001). To the left of the
broken axis, one can see the Penning electrons showing pronounced peaks. In contrast, the
Auger electrons show a rather shallow structure. The latter extends from the left of the bro-
ken axis up to an upper boundary. For better visibility, only the upper part of the distribution
is displayed here. In addition, the Auger electron yield is enhanced where necessary.

The work function of a helium bilayer on ruthenium (001) is 5.30 eV. For the helium
bilayer in Az-polarization, the vacancy in the inner layer has a binding energy of Ehole =

23.25 eV. Thus, the maximal kinetic energy of an Auger electron should beEmax = 12.65 eV.
The experimental values for Emax are 11.32 eV for the upper 2sp resonance at 21.55 eV,
11.96 eV for the 3spd resonance at 22.88 eV, and 11.89 eV for the n = 4 resonance at
23.44 eV, respectively. The Auger electron signal is rather noisy, which explains the de-
viations for the different resonances. Nevertheless, the experimental values for Emax are
generally about 1 eV smaller than the expected value. We obtain the same result for the res-
onances in Axy-polarization. Here, the binding energy of the vacancy is Ehole = 23.29 eV
leading to an expected value of Emax = 12.69. The excess electron yield unfolds 11.53 eV,
11.93 eV, and 10.30 eV for the upper threshold in the 2s3p, 3spd, and n = 4 resonances,
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respectively.

In the following, several approaches for the explanation of the reduced kinetic energy of
the Auger electrons are discussed.

The interaction between the outgoing electron and the remaining ionized material could
cause a deceleration of the Auger electron. This interaction is reduced by screening of
the vacancies in the conduction band of the metal, which is usually assumed to be faster
than the electron emission itself. Therefore, it is often neglected by the use of a sudden
approximation [97], although the validity of this concept is found to be questionable in some
cases [98, 99]. However, the screening of point charges in free electron metals involves the
appearance of plasmons, i.e., long range charge density oscillations. The required time scale
for screening was found to be roughly half of the characteristic plasma period [100]. The
excitation energy of the surface plasmon in ruthenium is 8.7 eV [101], which is equivalent
to a plasma period of Tp = 4.8 · 10−16 s. Hence, the minimum time scale for screening is
0.24 fs. Since the Auger process exhibits lifetimes in the range of femtoseconds, the time
scale for screening is a considerably faster process. Hence, incomplete screening of the
holes should not contribute to the observed reduction of the kinetic energy.

For Auger decay in isolated atoms, the interaction between the two remaining holes
substantially reduces the kinetic energy of the emitted electron. For metals, this effect is
lowered by extra atomic relaxation or polarization effects, respectively [102]. Nevertheless,
a certain contribution of this electron correlation effect might still be present in metals. It
consists in the Coulomb interaction U between the two remaining holes in the conduction
band. If this interaction is large compared to the width of the conduction band W , more
precisely if U > 2W , the kinetic energy is shifted down to smaller values [97]. Copper
exhibits a narrow d band leading to atom-like final states of the Auger process. This is
reflected in a decrease of the kinetic energy of the Auger electron by a few eV [98]. In
contrast, no atom-like behavior has been reported for ruthenium in the literature. Hence, we
expect the electron correlation effect to be very small for ruthenium.

A third approach for the explanation of the lowered maximal kinetic energy of the Auger
electrons is based on the Antoniewicz model for desorption [103]. The initial state for the
Auger process is an ionized helium atom in the inner layer. The radius of the helium ion is
considerably smaller than the radius of the respective helium atom. Furthermore, the pos-
itively charged ion is attracted by its image charge towards the substrate. This gives rise
to a new equilibrium position in the potential energy curve of the helium ion in front of
the metal substrate. This is governed by the substrate atom radius plus the radius of the
adsorbed helium ion. The resulting distance is smaller compared to that of a physisorbed
helium atom. Hence, the helium ion moves towards the surface. During this movement,
the helium ion is neutralized by an electron from the conduction band. Since the size of
the neutral atom is larger compared to the ion, the neutral atom is pushed away from the
surface. The acceleration of the ion towards the substrate consumes energy from the elec-
tronic system. Hence, the available energy for the Auger process is reduced. This leads to a
decreased maximal energy of the emitted Auger electron. This effect most likely causes the
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Figure 4.23: Scheme of resonant charge transfer in physisorbed helium.

experimentally observed Emax to be smaller than the value Emax = Ehole − 2Φ.

It should be noted that the deceleration of the Auger electrons cannot be observed for
the sandwich layer systems discussed in Section 4.4.4. This further indicates that the ob-
served reduction of the kinetic energy is not linked to a pure substrate effect like incomplete
screening or electron correlation. Instead, it is most likely caused by the image potential
attraction of the initial helium ion.

Resonant charge transfer So far, we discussed two subsequent decay processes of a
neutral excitation in the outer helium layer – namely Penning ionization and Auger neutral-
ization. For the former process, a competing decay channel exists, which is called resonant
charge transfer [104]. The underlying mechanism is schematically depicted in Figure 4.23.
The initial excitation by synchrotron radiation promotes a helium ground state electron into
a higher unoccupied bound state. The electron in the excited state then tunnels into the
conduction band of the metal substrate. Since this leads to the formation of an ion, this pro-
cess is sometimes referred to as resonance ionization [105]. The electrons in the conduction
band are not localized and therefore, the tunneling electron delocalizes as well. The energy
difference between the excited state and the Fermi level is dissipated to the conduction band
electrons. Thus, resonant charge transfer does not involve the emission of an electron. This
process can therefore not be verified directly using the experimental data. Nevertheless,
resonant charge transfer is followed by Auger neutralization, which can be verified.

For the n = 2 resonances in the outer helium layer, the occurrence of Penning ionization
is energetically not possible. This restriction does not apply for resonant charge transfer,
though. Hence, this process mostly likely accounts for the decay of these resonances. This
is in line with the theoretical examination of the physisorbed helium bilayer. As discussed
in Section 4.1.4, the estimated lifetimes with respect to resonant charge transfer are 90 fs for
the upper 2sp hybrid in Az-polarization and 1.1 ps for the 2p3d hybrid in Axy-polarization.
The subsequent decay of the vacancy takes place by Auger neutralization and causes the
electron signal for these resonances. In contrast, the lower 2sp hybrid is linked to a very
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large desorption probability of 99.8% despite its resonant charge transfer lifetime of 6 ps.
Hence, only a small electron signal can be observed for this resonance.

For the n = 3 and n = 4 resonances, both Penning ionization and resonant charge
transfer are possible decay processes. In general, resonant charge transfer should be faster
than Penning ionization. This is due to the fact that the former involves only one electron,
whereas two electrons participate in the latter. This difference should hold as long as the
resonant charge transfer is not hampered by further influences.

A weakening of resonant charge transfer was found for argon layers on a metal substrate.
More precisely, the theoretically determined lifetime for this process is considerably larger
for the outer layer of an argon bilayer compared to an argon monolayer [104]. This is due
to the inner argon layer in the bilayer case, which acts as an insulator for resonant charge
transfer. This behavior resembles the findings of core hole clock measurements for resonant
charge transfer in physisorbed argon. For the substrate ruthenium, the lifetime associated
with an argon layer placed on a xenon layer is considerably larger than for an argon mono-
layer. [106]. Here, the inner xenon layer hampers the electron tunneling from the argon
layer to the substrate. A similar layer dependency was also found for image potential states
in argon layers on copper investigated with two-photon photoemission spectroscopy (2PPE)
[107].

We infer that the insulating effect of the inner layer should also be valid for the helium
bilayer. In analogy to the argon layers, this should cause an increasing lifetime of resonant
charge transfer from the outer helium layer into the substrate. In contrast, this effect should
not affect the Penning ionization process because it takes place between the inner and the
outer helium layer. Hence, the weakening of resonant charge transfer explains strong Pen-
ning electron signal in our experimental data of the helium bilayer. As mentioned above,
contrary to Penning ionization, resonant charge transfer cannot be detected directly because
it does not involve electron emission. However, both processes lead to Auger neutralization
as the subsequent process. As a consequence, the occurrence of resonant charge transfer
would cause a larger Auger electron signal compared to the Penning electron signal. The
yields of Penning and Auger electrons are of similar size for the n = 3 and n = 4 res-
onances, though. We therefore conclude that Penning ionization should be the dominant
process for the decay for these resonances in the outer helium layer.

In conclusion, we find that resonant charge transfer is responsible for the decay of the
excited electron in the n = 2 resonances. In contrast, Penning ionization is the dominant
process for the n = 3 and n = 4 resonances.

Metastable desorption In the experimental data recorded for physisorbed helium we find
large contributions of metastable particle yield. This is linked to a desorption process, in
which the excited helium atom moves out of the helium layer and is accelerated away from
the surface. For rare gas solids, two processes contribute to electronically stimulated des-
orption. These are the molecular mechanism and the atomic or cavity ejection mechanism
[108]. The desorption via molecular mechanism involves the formation of an excimer struc-



4.1 Helium bilayer 89

ture, which cools down by phonon emission and finally the excimer undergoes a dissocia-
tive decay. This process mainly applies for the heavier rare gases argon, xenon, and krypton
[108]. In contrast, the cavity ejection mechanism is important for the lighter rare gases neon
and argon. Here, desorption occurs due to repulsive interaction. The excited atom at the
surface exhibits an enlarged wave function, which is repelled by its ground state neighbors.
This leads to the ejection of the excited atom as a direct process [108]. The strong repulsion
of the excited atom and its ground state neighbors is also present for the investigated physi-
sorbed helium. Hence, we assume the desorption of excited helium atoms to take place via
the cavity ejection mechanism.

The desorption process of the excited helium atom competes with decay processes to-
wards the substrate – namely Penning ionization and resonant charge transfer. As discussed
in Section 4.1.4, the computed desorption times for the n = 2 resonances are comparable
to the lifetimes for resonant charge transfer. Hence, the desorption of the excited helium
atom is an important decay channel for the n = 2 resonances in the investigated helium
bilayer. After leaving the surface, the excited helium atom is either in a metastable state or
undergoes radiative decay.

For the lower 2sp hybrid appearing in Az-polarization, desorption represents the domi-
nant decay process. This is due to the electronic cloud of the excited orbital, which shows
only a small coupling to the inner helium layer (cf. Figure 4.1.4). Furthermore, this reso-
nance exhibits a strong contribution of s states, which makes a transition to the ground state
dipole-forbidden. As a consequence, radiative decay has only a very small transition rate.
Hence, the decay of the lower 2sp resonance mainly leads to the emission of a metastable
particle. In atomic helium, the pure 2s state exhibits a lifetime of 20 ms [57]. In contrast,
the flight time of the metastable particle is about 37 µs for a kinetic energy of 1 eV. We
therefore conclude that the excited helium atom decays after it reaches the detector. These
results agree with the spectra in Figure 4.6, where the metastable yield dominates by far the
emission of the lower 2sp hybrid in Az-polarization.

In contrast, the upper 2sp hybrid in Az-polarization exhibits large p state and small s
state contributions. Furthermore, the 2p3d resonance in Axy-polarization completely lacks
s state contributions. Somewhat surprisingly, we observe a strong metastable particle yield
for both resonances. The occurrence of a metastable signal should be equivalent to the pop-
ulation of the [1s]2s state, from which the transition to the ground state is dipole-forbidden.
Thus, the appearance of metastables for asymptotic p states seems to be contradictory. To
resolve this matter, the decay of the asymptotic 2p states into 2s states is discussed in detail
in the following paragraphs.

For an isolated helium atom in the [1s]2p excited state, the decay rate into the [1s]2s

state instead of the 1s ground state is very low. The branching ratio of [1s]2p → 1s versus
[1s]2p→ [1s]2s is proportional to the respective squared energy differences (∆E)2 and was
determined as 911 [109]. Thus, it strongly favors the decay to the ground state. However,
close to a metal surface, decay mechanisms can alter and might favor decay channels that are
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negligible for the isolated atom. In the following, two approaches explaining the metastable
desorption for the asymptotic p states are presented.

Substrate-induced process For electron stimulated desorption measurements of ar-
gon on ruthenium (001), it was found that the desorption yield depends on the thickness
of the argon film [110]. The employed decay processes include both molecular and cavity
mechanism. For thin argon layers though, direct energy transfer to the substrate adds to the
above processes. Since the direct energy transfer is rapid compared to the other processes,
it suppresses them for small distances to the substrate.

A similar observation was made for pyrazine on nickel separated by an argon spacer
layer [111]. Here, the pyrazine phosphorescence intensity was investigated depending on
the thickness of the argon layer. It was observed that for thin argon layers, the phosphores-
cence yield is efficiently quenched. The quenching process is again a Förster-like resonant
energy transfer. The power law of the recorded phosphorescence intensity was found to be
dependent on d−3. Here, d denotes the distance between the pyrazine and the substrate. This
coincides with the Förster energy transfer between an atom and a surface. The validity of
this behavior was verified down to 7 Å limited by the geometry of the investigated system
[111]. Further investigations yield that the d−3 dependence might hold down to 4 Å, but
eventually break down [112]. This then removes the d−3 divergence and gives a finite rate
for energy transfer in the case of d ∼ 0. The underlying transfer rate is then estimated to be
in the range of femtoseconds [112].

Chance et al. [113] propose a refined theory of the energy transfer for an atom close to
a surface. They treat a model system of an emitting dipole and an absorbing mirror of finite
thickness. They found that non-radiative energy transfer results from coupling of the near
field of the dipole to surface plasmon modes in the metallic absorber. The corresponding
energy transfer rate is bET = βd−3. Here, d denotes the distance between metal surface
and molecule. The coefficient β describes the system in terms of the wavelength and of the
optical constants of the two media. It is given by the following expression [113]:
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where k1 = 2πn1/λ, k2 = 2πn̄2/λ, and n̄2 = n2 + iK2. Here, k denotes the absolute value
of the wave vector. The variables n and K represent the real and the imaginary part of the
refractive index, respectively. Here, the index 1 denotes the vacuum, whereas the index 2

represents the metal. The quantity Θ depends on the polarization and q denotes the quantum
yield of the process. Furthermore, λ describes the wavelength variation due to the energy
difference between two electronic states.

Already at first glance, it is visible that the transfer rate depends on ∆λ3. This con-
stitutes a sharp contrast to the behavior of the isolated atom, for which the transfer rate is
proportional to (∆E)2. We now want to determine the ratio of βs corresponding to the
decay branches [1s]2p→[1s]2s and [1s]2p→1s. Hence, the quantities Θ and q cancel. The
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variation of the wavelength leads to a ratio of the βs corresponding to the two branches of
2060 nm/58.4 nm ≈ 44000 [109]. Thus, the wavelength dependency of the β alone vastly
favors the [1s]2s final state.

For the remainder of the term, we employ optical data for platinum as an appropri-
ate model surface, since corresponding data for ruthenium was not available. For the
[1s]2p→[1s]2s branch with λ = 2060 nm, we obtain n2 = 5.143 and K2 = 6.75 [114].
For the other branch [1s]2p→1s with λ = 58.4 nm, we find n2 = 0.8 and K2 = 0.928

[114]. We have n1 = 1 for the dipole in front of the surface. Hence, we obtain an overall
ratio of β([1s]2s)/β(1s) = 1024. This ratio is considerably smaller compared to the wave-
length dependent influence alone. But still, the proximity to the surface clearly favors the
decay into the [1s]2s final state instead of the ground state.

This result is particularly interesting. In an isolated helium atom, the radiative decay of
the [1s]2p state into the [1s]2s state is very unlikely. In contrast, for the physisorbed helium
atom in front of a platinum surface, the electron transfer decay into the [1s]2s state becomes
a very probable process. Since the latter only takes place in the vicinity of a metal surface,
we denote it as substrate-induced process.

The proximity to the surface enables two competing processes that take place with com-
parable probability. Firstly, the Penning process which involves the [1s]2p state as well as
the 1s ground state. This process leads to the electron signal in the experimental data. Sec-
ondly, the above described non radiative decay of the [1s]2p state to the [1s]2s state. Since
the latter state can only decay further by the emission of the metastable [1s]2s particle, it is
responsible for the occurrence of metastable yield in the experimental data. However, the
ratio of both processes must be governed by a delicate equilibrium, so that none of the two
processes is completely suppressed.

Density-induced process The appearance of metastable yield for the 2p derived res-
onances can alternatively be explained by another transfer process. This approach also
allows to explain the slightly different energetic positions for metastable and electron yield.
We first discuss some findings from the literature and then investigate to what extent these
also manifest themselves in our data.

Recently, Wang et al. [115] scrutinized helium droplets doped with heavier rare gases.
For this system, they observe Penning decay from an excited helium state into an ionized
rare gas atom in the cluster. For the helium [1s]2p resonance, they found that besides the
direct Penning process another decay mechanism is possible. The [1s]2p excited helium
atom can also decay into a [1s]2s state in a first step. Subsequently, the [1s]2s state decays
via a Penning ionization process into an ionized rare gas atom. The released energy in
the first process [1s]2p → [1s]2s amounts to 0.62 eV, which is probably dissipated into
vibrational excitations of the neighboring atoms.

The potential energy curves for the excited states of the helium dimer corroborate this
interpretation [116]. They show that the curves for the molecular states B1Πg and C1Σ+

g

cross each other. These curves correlate to the 1s + [1s]2p state and the 1s + [1s]2s state
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Figure 4.24: Potential energy curves for two excited states of He∗2 constructed by Ref. [116].
The figure is taken from Ref. [115].

in atomic helium, respectively. This is displayed in Figure 4.24, which is taken from Ref.
[115]. The C1Σ+

g state is repulsive for small distances and attractive for short distances and
crosses the B1Πg curve at approximately 2 Å. It should be mentioned that many Σ states of
the helium dimer exhibit a barrier at large internuclear distances. This behavior is due to the
repulsive orbital overlap between the dimer atoms [117]. This effect is absent for Π states,
where the overlap between the wave functions is zero. Therefore, they are purely attractive
[117].

A similar curve crossing of the [1s]2p and [1s]2s states was also found for helium-helium
collision processes at energies of 125− 500 eV [118]. The primary excitation populates the
[1s]2p state followed by a subsequent excitation sharing that populates the [1s]2s state.
This excitation sharing is rather weak in the mentioned energy range and it is expected
to decrease further with decreasing collision energy [119]. Although the collision system
differs considerably from the present system, the invoked interaction is similar.

The crossing of the potential curves of the excited helium dimer occurs at approximately
2 Å, whereas the equilibrium distance of the physisorbed helium atom is 3.57 Å. Therefore,
the excited [1s]2p helium atom in the outer layer has to move towards a neighbor to enable
the transition into the [1s]2s state. Hence, this process can only take place in a dense helium
arrangement. Consequently, we label it as density-induced process.

We now link the described density-induced process to findings from the model calcula-
tions. In Section 4.1.4, we discussed the theoretical results for the excited helium atom in
the outer layer for the case of a displacement perpendicular as well as parallel to the surface.
The first case of a vertical displacement of the excited helium atom is shown in Figure 4.16.
In both polarizations, the energy increases as the excited helium atom is moved towards the
inner helium layer (∆z < 0). As a consequence, direct short range interactions with the
atoms in the inner helium layer due to vertical displacements are not likely. The second
case of a lateral displacement ∆x is depicted in Figure 4.18. For ∆x = 0, only one peak
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appears for the 2p asymptotic states. In contrast, at ∆x = 2 a0, three peaks show up in
case of Π states, i.e., pure Axy-polarization. Here, one peak is located close the site of the
original peak at 21.50 eV. Furthermore, one peak is shifted down in energy to 21.25 eV, and
one peak is shifted up in energy to 22 eV. For the Σ states, i.e., pure Az-polarization, only
the up- and down-shifted peaks are visible. Thus, in both polarizations, the approach to the
neighboring atoms (∆x > 0) shows a decreasing excitation energy for the lower sub-state
in the asymptotic 2p group. This means that for one of the states associated with 2p group,
the interaction with a neighboring atom in the same layer is attractive.

This different behavior of the three 2p sub-states resembles the potential energy curves
for the excited helium dimer. One of the three states shows a decreasing energy at decreasing
internuclear separation, whereas the remaining two exhibit a barrier [116]. Thus, the lateral
displacement spectra show the same peculiarity as the helium dimer potential energy curves.
Hence, this specific interaction between an excited helium atom and a helium ground state
atom is responsible for both the attractive potential energy curve in the dimer as well as the
attraction-induced peak in the lateral spectra for physisorbed helium.

After discussing these theoretical findings, we now turn to our experimental data for the
physisorbed helium layer. Here, the shift to smaller excitation energies is also visible. The
yield comparison of the different probes in Figure 4.6 reveals that the peaks for the initially
excited asymptotic 2p states are located at different energy positions. For Az-polarization,
the electron yield shows a broad peak at 21.55 eV. In contrast, the metastable yield has a
maximum at 21.32 eV. A similar deviation between the electron and the metastable peak is
also found for Axy-polarization. We interpret this in terms of the three 2p sub-states. The
formation of metastable particles requires the population of the 2s state. In turn, the decay
of the 2p state into the 2s state necessitates the participation of the lower 2p sub-state. In
contrast, the electron yield is generated regardless of the specific sub-state involved. Hence,
the metastable peak is more narrow and located at the site of the lower 2p sub-state. In
contrast, the electron peak forms a broad structure, because it averages over all sub-states.

The transition from the [1s]2p state to the [1s]2s state involves the release of the energy
difference between both states. Wang et al. [115] assumed that the energy is dissipated
during a series of collisions between the excited atom and other cluster atoms. In this case,
a single collision has only a weak efficiency and thus prevents the cluster from breaking
apart. In the case of the physisorbed bilayer, such stability considerations are not necessary.
If the released energy is not dissipated to many helium atoms, it will probably accelerate the
desorbing metastable particle. Furthermore, it possibly leads to the emission of the collision
partner. In addition, the collision process might also be more complex involving excitation
transfer. The incident excited helium atom may then perform a transition to the ground state
while the collision partner is promoted into the excited state.

These considerations suggest that an excited [1s]2p helium atom in the outer layer ap-
proaches a neighboring atom in the same layer in such a way that they can interact with each
other leading to the formation of a [1s]2s excited atom. The latter metastable atom is subse-
quently emitted and thus responsible for the metastable yield observed in the experimental



94 Chapter 4 Neutral One-Electron Excitations

data. This density-induced process can only take place in a close packed helium layer.

Together with the above discussed substrate-induced process, we have found two con-
vincing approaches to explain the appearance of the metastable yield for the asymptotic 2p

states of both polarizations.

Radiative decay For radiative decay, the electron in the bound excited state falls back into
the ground state. The excess energy is released by the emission of a fluorescence photon.
Since the dipole selection rules apply for this process, it has a non-vanishing probability
only for the dipole-allowed transitions – namely the asymptotic 2p, 3p, and 4p resonances.
In our data, the lifetime of the asymptotic 2p resonance can be determined as 640 ps (cf.
Section 3.7.3). Within the measurement accuracy of 84 ps, this coincides rather well with
the lifetime of the atomic 2p resonance, which is 560 ps [57]. For the higher resonances, its
signal is too weak to allow for a determination of the lifetime.

For the transitions considered here, the radiative decay competes with Penning ioniza-
tion and resonant charge transfer, whose lifetimes are in the range of femtoseconds. Hence,
a radiative decay of an excited helium atom inside the outer helium layer is very unlikely.
The occurrence of a radiative decay channel is therefore linked to a desorption of the ex-
cited helium atom. Being located outside the helium layer, the time scale for the emission
of a fluorescence photon should be comparable to the gas phase. This coincides with the
observed lifetime for the radiative decay in our experimental data. However, the radiative
decay should only constitute a minor channel for the physisorbed helium bilayer. This is
consistent with the experimental observations depicted in Figure 4.6, in which the fluores-
cence photon yield is about a factor of 150 smaller than the electron yield.

4.1.6 Summary

In Section 4.1, we investigated the neutral excitations of physisorbed helium below the first
ionization threshold. For gaseous helium, this energy range is dominated by the dipole-
allowed 11S → n1P Rydberg series and the dipole-forbidden transition into the [1s]2s

state. For physisorbed helium, we find that the electronic nature and the dynamics of these
excitations is substantially modified by the large helium density and the coupling to the
metal substrate. The series of excited states below the first ionization threshold is com-
pressed compared to the gas phase. The resulting excitation energies are summarized in
Table 4.4. The n = 2 states are blueshifted in excitation energy due to a repulsive interac-
tion with ground state neighboring atoms, which leads to a confinement effect. In contrast,
the n = 3 and n = 4 excited states appear redshifted in excitation energy. This is caused
by a screening effect of the conduction band electrons of the metal substrate and, to a lesser
extent, by the polarizability of the helium atoms. In contrast to gaseous helium, the ex-
cited states observed for physisorbed helium are not of pure atomic parentage. All excited
states exhibit a strong hybridization involving s, p, and d states. In the asymptotic limit
of large interatomic distances, they still correspond to the respective atomic states. Due to
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Probe Excitation Energy [eV]
2sp 2sp 2p3d n = 3 n = 4

Az Axy Az Axy Az Az Axy Az Axy

Metastables 20.80 20.75 21.32 21.22 22.87 - 22.98 - -
Photons 20.77 - 21.50 21.32 22.87 - 22.98 - -

Electrons 20.82 - 21.55 21.50 22.88 22.98 22.98 23.45 23.46

Table 4.4: Excitations energies for the resonances of He/He/Ru (001) for the three probes.
The ionization threshold is 23.83 eV in Az-polarization and 23.88 eV in Axy-polarization.

the large zero-point motion in the helium layers, an additional mixing of Σ and Π states
is present for the observed resonances. An important feature of the excitation spectrum of
physisorbed helium is the broadening of the resonances, which mostly affects the 2p derived
states. Due to the large zero-point motion, the distance between the excited helium atom
and its neighboring atoms varies. Both confinement effect and blueshift of the excitation are
a function of this interatomic separation. Hence, the movement of the excited helium atom
causes a distribution of excitation energies and is therefore responsible for the broadening
of the peaks. Finally, in gaseous helium, only radiative decay of the excited states takes
place. In contrast, for physisorbed helium, a multitude of new decay channels becomes
possible. Among them are Penning ionization, resonant charge transfer, and Auger neutral-
ization leading to the emission of electrons. Furthermore, desorption processes lead to the
emission of fluorescence photons and metastable particles.

4.2 Helium monolayer

In this section, the neutral excitations of a helium monolayer on ruthenium (001) are in-
vestigated. Initially, the electron yield is analyzed and then compared to theoretical results
in order to assign the electronic nature of the resonances. Next, the differences between
the helium monolayer and the helium bilayer are discussed. Finally, the underlying decay
mechanisms of the electronic excitations are examined using the experimental data.

4.2.1 Electron yield

The electron signal of a monolayer helium on ruthenium (001) is displayed in Figure 4.25 for
Az-polarization. In this 3D plot, the continuum excitation of the 1s helium electron is clearly
visible. It exhibits slope one and crosses the Ekin = 0 eV - axis at the ionization threshold.
Using CFS spectra extracted from the 3D plot, the ionization threshold can be determined
as 23.29 eV. It appears at a lower excitation energy compared to the ionization potential of
gaseous helium, which is 24.56 eV. This redshift is caused by a screening effect of both the
metal substrate and the surrounding helium atoms. The observed ionization threshold for
the helium monolayer of 23.29 eV is slightly higher compared to the respective value of
23.25 eV for the inner layer of the helium bilayer. This deviation is due to the absence of
screening from the outer helium layer for the monolayer. Nevertheless, the resulting energy
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Figure 4.25: 3D plot of electron emission from He/Ru (001) in Az-polarization.

difference is rather small and shows that the additional screening of the outer helium layer
in the bilayer case only has a minor influence. The decisive factor for the screening effect is
given by the metal substrate, instead.

For Axy-polarization, the electron yield is depicted in Figure 4.26. The yield of the
helium 1s photoemission is weaker than for Az-polarization. This signal suppression is
caused by the image potential attraction of the emitted photoelectrons. ForAxy-polarization,
the photoelectrons are preferentially emitted parallel to the surface and thus very likely move
towards the substrate. This effect is particularly strong for slow photoelectrons, i.e., close
to the ionization threshold. Using a CFS spectrum derived from the 3D plot, the ionization
potential was determined as 23.29 eV. Within the measurement accuracy, this is the same
value that we found for the inner layer of a helium bilayer.

The neutral one-electron excitations can be observed below the first ionization thresh-
old. In the 3D spectra shown in Figures 4.25 and 4.26, such neutral excitations are barely
discernible. We therefore employ PEY spectra, in which the electron yield is summed up
for 0− 12 eV. The resulting spectra for both polarizations are displayed in Figure 4.27. Two
pronounced peaks are visible in each spectrum. For Az-polarization, the peak at 21.37 eV
belongs to a 2p derived state, whereas the one at 22.60 eV corresponds to the n = 3 man-
ifold. For Axy-polarization, these energetic positions are slightly varied at 21.35 eV for
n = 2 and 22.65 eV for n = 3, respectively.

Compared to the helium bilayer investigated in Section 4.1, the 2p derived resonances
exhibit a smaller excitation energy. Hence, the corresponding blueshift with respect to the
gas phase is reduced and the n = 2 resonances of the monolayer are located closer to their
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Figure 4.26: 3D plot of electron emission from He/Ru (001) in Axy-polarization.

respective atomic positions. For the helium bilayer, an excited helium atom in the outer
layer has nearest neighbors in both the inner and outer layer. For the helium monolayer, no
helium atoms in the second layer exist. Hence, the number of nearest neighbors is decreased
for the monolayer. This leads to a smaller confinement effect of the excited helium atom and
thus explains the smaller blueshift compared to the bilayer. A similar correlation between
the number of nearest neighbors and the blueshift of the excitation energy was also found
for solid argon [74]. Moreover, the screening effect might also contribute to the lowering of
the n = 2 excitation energies in the helium monolayer with respect to the bilayer. This is
due to the different ionization thresholds for the helium monolayer and the outer layer of the
helium bilayer. The resulting redshift of the ionization potential with respect to the atomic
position is larger for the monolayer because of the smaller distance to the metal surface. For
the helium monolayer, the ionization potential is about 500 meV lower than for the outer
layer of the helium bilayer. Since the ionization threshold constitutes an upper boundary for
the Rydberg-like series of neutral excitations, the energetic positions of the latter are also
affected by the redshift.

This screening induced redshift of the ionization threshold also rationalizes the energetic
positions for the n = 3 states. In both polarizations, these are located further away from the
atomic energy positions compared to the bilayer. Since the n = 3 resonances are located
in the vicinity of the threshold, they are shifted to smaller excitation energies as well. This
explains the lower excitation energies for the n = 3 states in the helium monolayer observed
in our data.

For Az-polarization, the Rydberg series is compressed to 57% of the respective value
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Figure 4.27: PEY spectra (Ekin = 0− 12 eV) of He/Ru (001) in Az- and Axy-polarization.

for the gas phase. For Axy-polarization, the Rydberg series exhibits a compression of 58%.
These values are even lower than for the helium bilayer due to the smaller ionization thresh-
old of the helium monolayer. They agree fairly well with the results for physisorbed neon
monolayer on ruthenium (001), where the Rydberg series was found to be compressed by
47% [13].

The width of the n = 3 resonances of the helium monolayer is approximately 200 meV.
This is considerably larger compared to the bilayer, where the n = 3 states only have a
FWHM of 80 meV. This is most probably caused by the smaller lifetime of the excited
states in the monolayer. The decay of the excited state into the substrate should be much
faster for the monolayer compared to the outer layer of the helium bilayer due to the smaller
distance to the substrate.

The width of the observed 2p derived states is considerably broader than for the n = 3

states. This resembles the findings for the helium bilayer, where comparable widths of
the 2p derived states were found (cf. Figure 4.6). This broadening is caused by the large
zero-point motion of the physisorbed helium atoms, which has been substantiated by model
calculations (cf. Section 4.1.4). Hence, the zero-point motion should also account for the
large width of the n = 2 resonances in the helium monolayer. In contrast to the n = 3

resonances, the contribution of the lifetime to the width of the n = 2 excited states should
only be of minor importance.

Besides the electron yield, we also recorded two other probes, namely fluorescence pho-
tons and metastable particles. However, for the monolayer, these probes show no noticeable
signal. The appearance of both fluorescence photons and metastable particles is linked to a
desorption process. Hence, the absence of these signals suggests that desorption processes
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Figure 4.28: The calculated excitation spectrum for a physisorbed helium monolayer is
shown for Az-polarization and Axy-polarization.

do not play an important role for the helium monolayer. As a consequence, the experimental
examination of the helium monolayer is restricted to the electron yield.

4.2.2 Model calculations

The experimental results for the helium monolayer can again be compared to model calcu-
lations. Here, the excitation spectrum of an excited helium atom in a single helium layer
on a free electron metal is computed. As for the computations corresponding to the he-
lium bilayer, the adsorption distance between the helium layer and the metal substrate is
taken to be 2.90 Å [73]. Furthermore, the helium atoms are assumed to form a hexagonal
closed-packed layer with a nearest neighbor distance of 3.57 Å [62].

The resulting excitation spectra for both polarizations are displayed in Figure 4.28. The
peaks are convoluted with a 100 meV Gaussian profile to ease comparison with the experi-
mental data. These computations only partly resemble the experimental findings. Indeed, a
2sp hybridized state corresponding to the 2s atomic state shows a strong signal at 20.80 eV
in the computed spectrum for Az-polarization. In this energy range, no signal can be ob-
served in the experimental data of the helium monolayer. This differs from the data for the
helium bilayer, where a strong metastable particle signal can be observed for this resonance.

The calculated spectrum in Axy-polarization exhibits a pronounced peak at 21.40 eV,
with a FWHM of about 400 meV. It shows a considerable hybridization and corresponds to
the 2p state for large interatomic distances. Both the position and the width of this peak
match the observed electron yield quite well. In the calculations for Az-polarization, how-
ever, the corresponding n = 2 peak is so broad that it is barely visible. This in contrast to the
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experimental data shown in Figure 4.27, where the asymptotic 2p states show a qualitatively
similar behavior for both polarizations.

The computed n = 3 peaks largely agree with the experimental data. ForAz-polarization,
the calculated spectrum shows a hybridized n = 3 state at 22.45 eV. For Axy-polarization,
the corresponding value is 22.60 eV. Comparing this to the experimental values of 22.60 eV
forAz-polarization resp. 22.55 eV forAxy-polarization, we find that both the absolute values
and relative energetic positions match quite well.

In conclusion, the experimental data for the helium monolayer exhibits one resonance
for n = 2 and one resonance for n = 3 in both polarizations. The energetic positions of
the monolayer resonances deviate from their respective positions in the helium bilayer. The
neutral excitations can only be observed in the electron yield, whereas no observable signal
is present for metastable particles and fluorescence photons.

For the helium bilayer discussed in Section 4.1, one would expect a contribution from
the inner layer besides the yield of the outer layer. The features of the inner helium layer
should be similar to the pure monolayer yield described here. However, in the bilayer data,
no structures can be observed at the energetic positions of the monolayer resonances. This is
most likely due to the smaller signal of the monolayer resonances, which is less than 10 %
of its counterpart in the outer layer in the helium bilayer. Hence, for the helium bilayer
spectra, the contribution of the inner helium layer seems to be negligible.

4.2.3 Decay mechanisms

The neutral excited states described above undergo some decay process. In principle, the
proximity to the metal substrate enables three different decay mechanisms – namely Auger
neutralization, resonant charge transfer and Penning ionization. These are discussed in the
following revealing that the first two indeed take place, whereas the last one does not.

Auger neutralization The transition of a helium electron into the higher lying state leads
to a 1s hole. This vacancy can decay in an Auger neutralization process, which was already
described for the helium bilayer (cf. p. 84). In this process, the vacancy in the helium layer
is filled by an electron from the conduction band of the metal substrate. The released energy
difference is transferred to a further electron in the metal, which is then promoted above the
vacuum level. If both participating electrons stem from the Fermi level of the substrate, the
kinetic energy of the so-called Auger electron is given by Emax = Ehole − 2Φ. Here, Ehole
denotes the binding energy of the initial vacancy in the helium layer and Φ represents the
work function of the substrate. The two involved electrons can also originate from more
tightly bound metal levels. This leads to a shallow kinetic energy distribution of Auger
electrons ranging to the upper boundary Emax.

The Auger neutralization process can be verified in the experimental data by the de-
tection of the Auger electron. To this end, the electron signal in the 3D plots is analyzed
along the kinetic energy axis for the resonant photon energies of the neutral excitations.
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Figure 4.29: Electron energy distribution of He/Ru (001) following resonant excitation in
Az-polarization (left panel) and in Axy-polarization (right panel). The excess electron yield
is depicted after subtraction of a non-resonant PES spectrum.

In order to facilitate the examination of the Auger electron distribution, we employ back-
ground subtracted PES spectra that are extracted from the 3D data set. Here, the signal of a
non-resonant PES spectrum is subtracted.

Figure 4.29 displays the resulting excess electron yield for the n = 2 and n = 3 res-
onances of the helium monolayer. For both polarizations, the spectra show a rather noisy
signal without pronounced features. As expected, the Auger electron distribution extends
from Ekin = 0 eV to an upper edge. Taking into account the binding energy of the 1s hole
in the helium monolayer, i.e., the ionization potential of 23.29 eV, and the work function of
ruthenium (001) covered with helium of 5.30 eV, the theoretical value for the maximal ki-
netic energy is Emax = 12.69 eV. The experimental values for Emax can be directly read off
the spectra in Figure 4.29. For Az-polarization, the Emax is determined as 11.59 eV for the
n = 2 resonance located at 21.37 eV and as 11.35 eV for the n = 3 excitation at 22.60 eV.
For Axy-polarization, the upper edge is 11.38 eV for the n = 2 resonance at 21.35 eV and
11.88 eV for the n = 3 resonance located at 22.65 eV. Here, the noise in the Auger electron
spectra explains the deviations of the maximal kinetic energy between the four resonances.
Nevertheless, the experimental values forEmax are about 1 eV smaller than the theoretically
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predicted value.
The same deviation was already observed for our Auger electron data of the helium

bilayer. As discussed in Section 4.1.5, the deceleration of the emitted Auger electrons
is most likely caused by the image potential attraction of the ion by the substrate. More
precisely, the initial helium ion likely moves towards the substrate due to image potential
attraction before the Auger neutralization takes place. Since this acceleration consumes
energy, the excess energy available for the emission of the Auger electron is reduced. This
effect should also apply for the physisorbed helium monolayer. Hence, it constitutes a
sensible explanation for the lowered maximal kinetic energy of the experimentally observed
Auger electrons.

Resonant charge transfer Besides the 1s hole, the described neutral excitations involve
an electron in a higher lying n = 2 or n = 3 state of the helium monolayer. This excited
electron undergoes a decay process as well. More precisely, it can tunnel into the sub-
strate and delocalize in the metal conduction band. This so-called resonant charge transfer
does not involve the emission of an electron and can therefore not be verified directly in
the experimental data. Nevertheless, the close proximity to the metal substrate suggests a
femtosecond timescale for this process. In particular, the lifetimes corresponding to res-
onant charge transfer from the helium monolayer to the substrate should be considerably
shorter compared to the helium bilayer. For the latter, the inner helium layer acts as an in-
sulator for the tunneling process from the outer helium layer into the substrate, which leads
to an increased lifetime. Such a weakening effect is absent for the helium monolayer. As
a consequence, resonant charge transfer should exhibit a large probability for the helium
monolayer. Hence, the excited electron most likely decay into the substrate via resonant
charge transfer.

Penning ionization In principle, the excited helium atom in the physisorbed monolayer
could also decay via Penning ionization. In this process, the excited electron falls back
into the helium ion well while the energy difference is transferred to a substrate electron.
Alternatively, a substrate electron fills the helium vacancy and leads to the emission of
the excited helium electron. In both cases, the emitted Penning electron would have a
kinetic energy of Ekin = hν − Φ if the substrate electron stems from the metal conduction
band. This energy relation also applies for the band emission of the metal substrate. Thus,
the Penning electrons should lead to an increased emission of the ruthenium 4d band in
the experimental data. However, the ruthenium band emission shows no alteration at the
excitation energies of the monolayer resonances.

The value Ekin = hν − Φ only constitutes an upper limit for the kinetic energy of
the Penning electron. In analogy to Auger neutralization, the substrate electron could also
stem from a more tightly bound level in the metal, leading to a smaller kinetic energy of
the emitted Penning electron. However, no indications for such a process can be observed
in our experimental data. More precisely, the distribution of emitted electrons following
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resonant excitation only extends up to approximately 12 eV for all neutral excitations (cf.
Figure 4.29). This differs from the expectations for Penning electrons, which should be
visible up to larger kinetic energies and, moreover, depend on the specific excitation energy
hν. Hence, the occurrence of the described Penning ionization process is very unlikely for
the helium monolayer. We found the same result for the helium bilayer, where a Penning
ionization process with a participation of the substrate does not take place either.

The absence of Penning ionization for the helium monolayer is in line with theoretical
expectations. In general, resonant charge transfer should be faster than Penning ionization,
because it involves only one electron instead of two. Deviations from this relation can be
caused by a weakening of the resonant charge transfer process. This is the case for the he-
lium bilayer, where the inner helium layer hampers the tunneling of the electron from the
outer helium layer into the substrate. Such an effect is not present for the helium monolayer.
Hence, resonant charge transfer should be the dominant decay mechanism for neutral exci-
tations in the helium monolayer. Moreover, the occurrence of the described Penning process
would require comparable lifetimes for both the excited electron and the corresponding hole
in the helium layer. This is evidently not the case. Indeed, the absence of the Penning pro-
cess shows that the excited helium electron decays on a considerably shorter time scale
compared to vacancy. The excited electron decays into the substrate via resonant charge
transfer and is not available for the decay of the hole in the helium layer. As a consequence,
the vacancy can only decay by Auger neutralization.

Desorption processes The desorption of the excited helium atom competes with resonant
charge transfer. For the outer layer in a helium bilayer, these two processes exhibit a some-
what comparable probability. This is not case for the helium monolayer, which is mainly
due to two effects. Firstly, contrary to the helium bilayer, no weakening of resonant charge
transfer caused by a spacer layer is present. Secondly, the blueshift of the neutral excita-
tions is decreased compared to the helium bilayer. This is due to a smaller confinement of
excited helium atoms, which leads to a more efficient tunneling process [104]. Hence, reso-
nant charge transfer should be considerably faster than the desorption of the excited helium
atom. This is in line with the absence of fluorescence photons and metastable particles in
the experimental data.

4.3 Dilute helium bilayer

In this section, the evolution from the helium bilayer to the helium monolayer is studied. To
this end, the neutral excitations are examined for a dilute helium bilayer at varied helium
coverages. The experimental results are then compared to model calculations for a dilute
helium bilayer. One main result substantiates the quantum nature of physisorbed helium,
for which island growth can be ruled out.
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Figure 4.30: TY of metastable particles for a dilute helium layer on ruthenium (001) in Az-
polarization. The helium coverage is varied between a full bilayer (black) and an extremely
dilute bilayer (green).

4.3.1 Metastable particle yield

The metastable particle yield is particularly well suited to study the dilute helium bilayer. It
shows pronounced peaks for the helium bilayer, whereas no signal can be observed for the
helium monolayer. For the dilute bilayer, both intensity and shape of the n = 2 resonances
change depending on the helium coverage. In contrast, for the electron yield as well as the
fluorescence photon yield, these coverage induced alterations are less pronounced. Hence,
for the investigation of the dilute helium bilayer we focus on the metastable particle spectra.

Figure 4.30 displays the metastable particle yield for different helium coverages on
ruthenium (001) in Az-polarization. The full bilayer spectrum is depicted in black show-
ing the largest intensity. Three further spectra for reduced coverages are depicted in Figure
4.30. Among these, the green spectrum shows the lowest coverage of an extremely dilute
second helium layer. The spectrum of a full helium bilayer was already discussed in Section
4.1.2. For the n = 2 manifold, it shows two pronounced peaks at 20.80 eV and 21.32 eV,
which both correspond to Σ 2sp hybridized states. For decreasing helium coverage, these
two peaks exhibit a different behavior.

For full bilayer coverage, the lower Σ 2sp hybrid peaked at 20.80 eV exhibits a rather
symmetric shape. As the helium coverage decreases, the peak becomes narrower and shifts
to smaller excitation energies. For the lowest helium coverage shown in green, the maxi-
mum of the peak is located at 21.70 eV. Hence, the blueshift with respect to the atomic 2s

state is smaller for the extremely dilute helium layer compared to the full helium bilayer.
The upper Σ 2sp hybrid shows an asymmetric shape for the full helium bilayer. It con-
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sists of a broad structure superimposed by a narrow peak at the low kinetic energy side. As
the helium coverage decreases, the narrow part of the peak becomes smaller and its maxi-
mum shifts slightly from 21.32 eV to 21.30 eV. For a further decreased helium coverage, the
narrow part of the peak vanishes completely. Only the broad structure remains, now cen-
tered at about 21.50 eV. This broad shape is still preserved for the extremely dilute bilayer,
even though its intensity is very low.

In general, as the helium layer becomes more dilute, the number of nearest helium neigh-
bors in the second layer decreases. In analogy to the findings for solid argon [74], this
should lead to a weaker confinement effect for lower helium coverages and thus explain the
decreased blueshift. However, for physisorbed helium, the sensitivity of an excited orbital
to the surrounding atoms is anisotropic due to the inherently asymmetric geometry of the
bilayer. Moreover, this sensitivity also depends on the polarization as well as the resonance
itself.

The spatial orientation of the excited orbital depends on the electric field vector of the
incident photons. For Az-polarization, the electric field vector and thus the symmetry axis
of the excited orbital are located almost perpendicular to the surface. For Axy-polarization,
the excited orbital axis is oriented parallel to the surface. Hence, helium orbitals excited
with Az-polarized light should be particularly sensitive to the helium atoms in the inner
layer whereas for Axy-polarization, the helium atoms in the outer layer should be most
influential.

Furthermore, this behavior is also reflected in the different shapes of the excited orbitals
in the electron density plots shown in Figure 4.13. The electronic cloud of the upper Σ 2sp

hybrid in Az-polarization is roughly dumbbell-shaped, spreading out mainly perpendicular
to the surface. It shows considerable intensity towards the substrate, whereas the electron
density inside the outer helium layer is rather small. Thus, the helium atoms in the inner
layer are decisive for the confinement effect. As a consequence, the decreasing number
of helium atoms in the outer layer only has a minor influence. This is in line with the
experimental observations, which exhibit only a small shift in excitation energy. The broad
shape of this peak is mainly caused by interactions with the inner helium layer. Therefore,
the structure of the peak is still preserved for an extremely dilute helium bilayer.

The electron density of the lower Σ 2sp resonance mainly extends into the vacuum. The
electronic cloud only shows a small intensity in both the inner and the outer helium layer.
Due to the rather spherical shape of the orbital, the sensitivity to the neighboring atoms
is comparable for the inner and outer layer. Hence, a decreased helium coverage in the
outer layer leads to a modified confinement effect. This finding is reflected in experimental
data, where the peak shifts closer to its respective atomic position. For the extremely dilute
bilayer, a blueshift of 100 meV compared to the atomic value is still present, which is caused
by the interactions with the inner helium layer.

A further examination of the neutral excitations in a dilute bilayer requires metastable
particle spectra for Axy-polarization. Unfortunately, the measurements for ruthenium (001)
as a substrate were restricted to Az-polarization, because they were performed at the TGM-
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Figure 4.31: TY of metastable particles for a dilute helium layer on platinum (111) in Az-
polarization and Axy-polarization. The helium coverage is varied between a full bilayer
(black) and an extremely dilute bilayer (green).

7 beamline of BESSY II. However, we recorded dilute bilayer spectra in both polarization
for helium physisorbed on platinum (111).

For both polarizations, the metastable particle yield of a dilute helium layer on plat-
inum (111) is displayed in Figure 4.31. For Az-polarization, the shapes of the peaks in the
spectra for platinum (111) and ruthenium (001) are nearly identical. In particular, the de-
viations of the peak positions are less than 20 meV. Hence, we further examine the neutral
excitations of a dilute helium bilayer using the data for platinum (111).

For Axy-polarization, two peaks are visible for the n = 2 manifold in Figure 4.31. The
peak located at 20.80 eV shows a small intensity even for the full helium bilayer. This
resonance is located at the same excitation energy as the lower Σ 2sp resonance in Az-
polarization. Since the large zero-point motion involves a certain mixing of Σ of Π states
according to the model calculations, it should cause the occurrence of this resonance also in
Axy-polarization. Hence, the characteristics found for this resonance in Az-polarization
should also be valid here. The confinement effect should be moderate and dependent
roughly to the same extent on the helium neighbors in both layers. Consequently, for de-
creasing helium coverage, the behavior of this peak resembles the findings for the lower Σ
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2sp resonance in Az-polarization – namely a smaller intensity and a shift to lower excita-
tion energy. The similar behavior of these states in both polarizations substantiates that the
theoretically predicted mixing of Σ of Π states can indeed be observed in our experimental
data.

For a full helium bilayer, the Π 2p3d resonance in Axy-polarization exhibits a rather
asymmetric shape with a maximum located at 21.34 eV. As the helium coverage decreases,
the peak becomes narrower and its excitation energy decreases continuously. For the ex-
tremely dilute helium bilayer, the excitation energy reaches its gas phase value of 21.22 eV.
This behavior can be rationalized by the shape of the excited orbital, which is depicted
in Figure 4.13. The electronic cloud roughly exhibits a dumbbell shape extending mostly
inside the outer helium layer. Thus, the contribution of the inner layer to the confinement ef-
fect is comparably small. In contrast, the excited orbital is particularly sensitive to the near-
est neighbors in the outer helium layer. Hence, the confinement effect should decrease with
decreasing helium coverage. These findings are substantiated by the decreasing blueshift of
the Π 2p3d peak in Figure 4.31. In particular, the blueshift for the extremely dilute helium
layer is zero, i.e., shows the same excitation energy as for the gas phase. Consequently, the
confinement effect due to the neighboring atom in the inner layer is negligible.

In both polarizations, the n = 3 resonances only exhibit a small signal in the metastable
particle yield. They are also affected by a decreasing coverage of the helium bilayer. Even
though they show a slightly decreasing excitation energy for lower helium coverages, the
respective peaks do not exhibit an observable alteration in shape. This is in line with the
findings for the corresponding electron density plots in Figure 4.14, in which the electron
cloud mainly extends into the vacuum due to its large size. Hence, the sensitivity of the
n = 3 excited orbital with respect to the neighboring helium atoms is rather small.

In conclusion, the three n = 2 peaks in a dilute helium bilayer show a different behavior
according to their spatial orientation. Whereas the lower 2sp peak inAz-polarization and the
2p3d peak in Axy-polarization become more narrow, the upper 2sp peak in Az-polarization
maintains its broad shape.

The experimental observations for the dilute helium bilayer show a gradual change of ex-
citation energy with decreasing helium coverage. This behavior further confirms the quan-
tum nature of physisorbed helium. Due to the large zero-point motion, the helium layers
exhibit a variable density which is reflected in incrementally shifted excitation energies. An
island formation of helium atoms or two helium phases in the physisorbed layers do not
match these observations at all. Instead, this would lead to specific extremal values for the
excitation energies. However, for our experimental setup, it is difficult to determine whether
the helium layers are present as a two-dimensional gas, liquid, or solid. An investigation
using electron scattering would be better suited for this purpose. Most likely, the helium
layers form a two-dimensional gas for small coverages and a liquid or a solid with density
dependent interatomic separation for higher coverages.



108 Chapter 4 Neutral One-Electron Excitations

Figure 4.32: The calculated excitation spectra for an extremely dilute helium bilayer (black)
for Az-polarization and Axy-polarization. The corresponding spectra for a helium bilayer
(gray) are given for comparison.

4.3.2 Model calculations

The presented results for the dilute helium bilayer can be further substantiated by specifi-
cally tailored model calculations. To this end, J.P. Gauyacq computed the excitation spec-
trum for the limiting case of a single helium atom placed on a physisorbed helium mono-
layer. In analogy to the calculations for the full helium bilayer, the distance between sub-
strate and helium monolayer is taken to be 2.90 Å [73]. The helium atoms in the monolayer
are assumed to form a hexagonal closed-packed layer with a nearest neighbor distance of
3.57 Å [62]. The excited helium atom is located on top of the monolayer. During the ex-
citation process, it is placed at a fixed hcp position with a 3.57 Å distance to the nearest
neighbors in the monolayer.

The resulting excitation spectrum for the extremely dilute bilayer is depicted in Figure
4.32. To ease comparison, the computed excitation spectrum for a full bilayer is presented
as well. The spectra for the dilute bilayer agree very well with the experimental results.
Moreover, they emphasize the different behavior of the three n = 2 resonances.

The upper 2sp hybrid in Az-polarization remains at the same energetic position as for
the full bilayer. This finding matches the experimental observation for this resonance, in
which a broad structure is present for both the dilute and the full helium bilayer. Thus, the
confinement effect for the excited orbital is similar for both helium coverages. The excited
helium atom is only marginally affected by the helium atoms in the second layer. In contrast,
a strong perturbation is caused by the neighbors in the helium monolayer.

The lower 2sp hybrid inAz-polarization is shifted to smaller excitation energy compared
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Figure 4.33: Calculated excitation spectra of an extremely dilute helium bilayer for a helium
atom, which is displaced perpendicular to the substrate. The displacement ∆z is given in
multiples of a0 = 0.53 Å.

to the full bilayer. For the dilute bilayer, the computed peak is located at 20.70 eV matching
perfectly the experimental value. The shift in excitation energy is due to the helium coverage
variation and shows that the excited atom is perturbed by the helium atoms in the outer layer.
Since a certain blueshift with respect to the atomic 2s state is still present for the extremely
dilute bilayer, the excited orbital is also perturbed by the atoms in the monolayer.

For the extremely dilute bilayer, the Π 2p3d state in Axy-polarization is located very
close to its respective atomic position. Hence, this state is strongly perturbed by the helium
atoms in the outer layer. In contrast, the influence of the monolayer seems to be negligible
for this resonance.

The n = 3 resonances show a more complex behavior compared to the full bilayer. In
particular, two resonances are now present for Az-polarization. This resembles the experi-
mental data for both the full and the dilute helium bilayer. However, the characteristics of
these resonances are not yet understood in detail.

In the calculations for the dilute helium bilayer presented so far, the helium atoms are
supposed to be located at fixed positions corresponding to the hcp geometry. This approach
neglects the zero-point deviation of the helium atoms, which is of the order of 0.96 Å=

1.81 a0 [76]. However, the theoretical examination of the physisorbed bilayer has shown
that zero-point motion is responsible for the broadening of the peaks. Hence, a further
analysis of the dilute bilayer requires a more refined approach accounting for zero-point
motion.

In analogy to the full bilayer calculations, we consider a zero-point deviation into one
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Figure 4.34: Computed excitation spectrum of an extremely dilute helium bilayer for a
helium atom, which is displaced parallel to the substrate. The displacement ∆x is given in
multiples of a0 = 0.53 Å.

direction. To this end, we assume the excitation of a helium atom on top of the monolayer,
which is displaced perpendicular to the substrate. The vertical displacement ∆z describes
the deflection of the helium atom with respect to its hcp position. Here, ∆z = 0 reproduces
the computed spectra for the hcp position. A positive displacement denotes a movement
towards the vacuum, whereas a negative displacement describes a movement towards the
monolayer. The resulting excitation spectra for several vertical displacements are shown
in Figure 4.33. Both the Π 2p3d resonance in Axy-polarization and the lower Σ 2sp reso-
nance in Az-polarization are basically insensitive to a vertical displacement of the helium
atom. In contrast, the upper Σ 2sp resonance in Az-polarization is shifted due to a vertical
displacement. As for the full bilayer, a displacement towards the vacuum leads to weaker
confinement and thus a smaller excitation energy. These tendencies are reversed for a dis-
placement towards the helium monolayer. The theoretical findings for a vertically displaced
helium atom agree very well with the experimental data. Only the upper Σ 2sp resonance
shows a broad structure, whereas the other two n = 2 resonances correspond to narrow
peaks. The different behavior of these states can again be rationalized by the shape of the
electronic cloud of the excited orbital. For the dilute bilayer, the excited helium atom can
only be perturbed by atoms in the inner helium layer. This leads to a strong confinement
effect for the upper Σ 2sp resonance due to its spatial orientation and orbital shape. In con-
trast, the confinement effect for the lower Σ 2sp resonance as well as the Π 2p3d resonance
is very small.

Besides the investigation of a zero-point deviation perpendicular to the surface, calcula-
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Figure 4.35: Secondary electron distribution for dilute helium layers on ruthenium (001)
recorded at hν = 28 eV. The helium coverage is varied between a bilayer (black), a dilute
helium bilayer (blue), a helium monolayer (red), and a sub-monolayer helium coverage
(green).

tions were also performed for a displacement parallel to the surface. Here, the excitation of
a helium atom laterally displaced from its hcp position is computed. The resulting spectra
for ∆x = a0 are displayed in Figure 4.34. It is clearly visible that a lateral displacement
of the helium atom yields almost identical results as for the hcp position. This is because
the specific position of the helium atom does not matter in this case. Indeed, due to the
absence of neighboring atoms in the outer layer, the excited helium atom feels no repulsive
interactions and can move freely across the helium monolayer.

4.3.3 Secondary electrons

The variation of the helium coverage also leads to interesting effects in the secondary elec-
tron emission, which is determined by the unoccupied density of states above the vacuum
level. The corresponding structures appear at certain kinetic energies and are independent
of the photon energy hν.

Figure 4.35 shows the secondary electron yield for different helium coverages on ruthe-
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nium (001). The curves correspond to a full helium bilayer, a dilute helium bilayer, a helium
monolayer, and a sub-monolayer helium„ respectively. Three peaks can be distinguished in
each of the displayed spectra.

To the right of the broken axis, two peaks are visible at the same kinetic energies for all
helium coverages. They correspond to the large density of states in the flat and unoccupied
f bands of the ruthenium (001) substrate [120, 121]. More precisely, the peak at 9.60 eV is
associated with a surface state whereas the peak at 10.80 eV is linked to density of states in
the bulk.

To the left of the broken axis, the peak in the displayed spectrum exhibits varying ki-
netic energies for the different helium coverages. It is located at 1.05 eV for a full he-
lium bilayer and gradually decreases to 0.80 eV for a sub-monolayer helium. Since ruthe-
nium (001) exhibits a projected band gap at this energy range, the observed structure has to
be caused by the adsorbed helium layers. In the helium gas phase, the electron affinity level
is −0.22 eV [122]. For physisorbed helium, it is altered due to screening and confinement
effects. Whereas the polarization induced screening effect decreases with increasing helium
coverage, the density induced confinement effect is increased. Since the polarizability of the
helium atoms is very small, the screening contribution is rather weak. As a consequence,
the electron affinity level is governed by the confinement effect. This finding explains the
observed shift of the secondary electron peak towards larger kinetic energies for increasing
helium coverage. This is in contrast to the findings for the heavier rare gases xenon and
krypton, where the screening effect is dominant due to their large polarizability [13].

The gradual shift in kinetic energy for the observed secondary electron peak resembles
the findings for the metastable yield in the dilute helium bilayer presented in Section 4.3.1.
Both results confirm that the helium layers exhibit a variable density, which is linked to the
large zero-point motion. In particular, an island formation can be ruled out.

4.4 Sandwich layers

The influence of the inner layer on the neutral excitations in the outer layer of a bilayer
system can be further studied by the analysis of sandwich layers. These are adsorbed bilayer
arrangements, in which the inner layer consists of a rare gas other than helium, whereas
the outer layer is formed by helium. In the following, the resonances of such systems
are studied for neon and argon sandwich layers. In comparison to the helium bilayer, the
resulting spectra are even richer. Moreover, additional effects occur in the underlying decay
mechanisms.

4.4.1 He/Ne

The electron signal of a helium-neon sandwich layer on ruthenium (001) is displayed in
Figure 4.36 for Az-polarization and in Figure 4.37 for Axy-polarization. Evidently, the
number of observed peaks is increased compared to the spectra of a pure helium bilayer.
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Figure 4.36: 3D plot of electron emission from He/Ne/Ru (001) in Az-polarization.

Figure 4.37: 3D plot of electron emission from He/Ne/Ru (001) in Axy-polarization.
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In the displayed 3D plots, the photoelectron signals of both layers appear as structures
with slope one. According to the different ionization thresholds of helium and neon, their
contributions can be clearly distinguished. The ionization potentials can be deduced directly
from the 3D data set employing CFS cuts (cf. Section 3.7.5). For the helium atoms in
the outer layer probed with Az-polarized light, the 1s ionization threshold is determined
as 23.80 eV. This value is about 0.76 eV lower compared to the gas phase [24]. For Axy-
polarization, the ionization potential can be read off the data as 23.84 eV, which is 0.72 eV
lower than the gas phase value of 24.56 eV [24]. The resulting redshift with respect to the
gas phase is caused by a screening effect of both the metal substrate and the surrounding
rare gas atoms. The influence of the neon layer can be studied by a comparison of the
helium-neon sandwich layer and the pure helium bilayer. For the latter, the redshift in Az-
polarization is 0.73 eV and thus slightly smaller than for the sandwich layer. This is due
to the weaker polarizability of helium, which is only half of the value for neon [123]. As
a consequence, the screening effect in a helium-neon sandwich layer is larger than for a
helium bilayer. However, the general contribution of the rare gas matrix to the screening
is rather small, because the contribution of the metal substrate dominates due to its much
larger polarizability. Besides the helium photoemission signal of the outer layer, additional
intensity is visible at the energetic location found for the inner helium layer in the pure
bilayer case. This is due to an incomplete coverage of the neon layer underneath, whose
vacancies are filled by helium atoms.

The neon photoelectron signal originates at a considerably lower photon energy com-
pared to helium. For Az-polarization, the corresponding 2p photoemission exhibits a dou-
blet structure with ionization thresholds of 19.43 eV and 19.75 eV, respectively. Since
the photoemission signal is small close to the threshold, we employed CFS-cuts around
Ekin = 0.8 eV. At this kinetic energy, the intensity of the photoemission structure is large
due to final state effects. For Axy-polarization, only one neon photoemission structure is
visible with an ionization threshold of 19.45 eV.

It is interesting to compare our results for the helium-neon sandwich layer to previous
measurements for a neon monolayer on ruthenium (001) [48]. Within the measurement ac-
curacy of 25 meV, the ionization thresholds are the same in both investigated systems. This
indicates that the additional screening contribution of the outer helium layer is negligible
due to its small polarizability. For neon physisorbed on a metal substrate, a two-dimensional
band structure is formed. The 2p doublet structure is caused by two-dimensional bands de-
rived from the neon 2pz and 2pxy orbitals [48]. Here, z is oriented perpendicularly to the
surface, whereas x and y are parallel to the surface. A total of three neon 2p bands is formed
consisting of one 2pz derived band and two 2pxy derived bands. Among these, the 2pz de-
rived band is clearly separated from the energetically unresolved 2pxy bands. This is due to
the different orientations of the 2p orbitals [25]. All bands are visible in Az-polarization,
whereas only the 2pxy bands appear in Axy-polarization. Hence, two photoemission struc-
tures are visible for Az-polarization, whereas only one is observed for Axy-polarization.
Since the neon photoemission of the neon monolayer virtually coincides with the sandwich
layer, we suppose that the described findings are also valid for our experimental data.
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In the gas phase, the 2p neon photoemission also shows a doublet structure caused by
spin-orbit coupling. The respective ionization thresholds are 21.56 eV for the 2p3/2 pho-
toemission and 21.65 eV for 2p1/2 photoemission [124]. Hence, for the sandwich layer, the
redshift of the neon ionization threshold with respect to the gas phase is approximately 2 eV.

In the the 3D plots for both polarizations, two pronounced secondary electron structures
are visible parallel to the hν - axis at kinetic energies of 0.8 eV and 2.8 eV. They are linked
to unoccupied density of states above the vacuum level.

We now turn to the neutral excitations of the sandwich layer. Here, the contributions of
helium and neon appear clearly separated. The helium resonances converge to the helium 1s

ionization threshold determined above. In contrast, the excited states in the neon layer are
located below the neon 2p ionization threshold and therefore do not interfere with the helium
resonances. Hence, for the helium resonances at photon energies above 20 eV, contributions
of resonant neon emission can be excluded. In the following, we examine the resonances
corresponding to excited states in the helium layer.

Electron yield Figures 4.38 and 4.39 display details of the 3D plots shown previously
for Az-polarization and Axy-polarization, respectively. In these contour plots, the neutral
excitations are clearly visible. They appear at resonant photon energies and exhibit features
along the kinetic energy axis. In particular, the resonances show an increased electron yield
at the intersections with the neon photoemission. This effect is due to the different ionization
potentials of helium and neon and can therefore only be observed in sandwich layers.

For Az-polarization, five resonances located at 21.10 eV, 21.60 eV, 22.87 eV, 22.97 eV,
and 23.43 eV can be distinguished. The energetic positions of the three high lying reso-
nances coincide quite well with the neutral excitations found for the helium bilayer. We
therefore assume that the assignment of these states found for the helium bilayer also ap-
plies here. Then, the resonances at 22.87 eV and 22.97 eV correspond to highly hybridized
states of the n = 3 manifold. The intensity of both resonances is particularly large at the
intersection with the neon photoemission. This behavior is analyzed in Section 4.4.4. In
analogy to the helium bilayer, the neutral excitation at 23.43 eV corresponds to a strongly
hybridized n = 4 state.

The neutral excitation at 21.60 eV is rather broad in photon energy and shows a large in-
tensity at the site of the neon photoemission. It most likely corresponds to the 2sp hybridized
state located at 21.55 eV in the helium bilayer spectra, which also exhibits a broad structure
(cf. Figure 4.5). For the sandwich layer, the blueshift of this resonance with respect to the
atomic 2p state is larger compared to the pure helium bilayer. In both systems, the atoms in
the inner and outer layer attract each other due to van der Waals interaction. This attraction
has been studied for the helium-helium dimer as well as for the helium-neon dimer [125].
It was found that the depth of the potential well is about twice as large for the helium-neon
dimer compared to the helium-helium dimer. Hence, the sandwich layer should exhibit an
increased attraction for the helium atoms in the outer layer. Accordingly, the density of the
helium layer should also be increased compared to the helium bilayer. Various studies of
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Figure 4.38: Contour plot of electron emission from He/Ne/Ru (001) in Az-polarization.

Figure 4.39: Contour plot of electron emission from He/Ne/Ru (001) in Axy-polarization.
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condensed helium discussed in Section 4.1.3 as well as our results presented so far confirm
that the blueshift of the n = 2 excitation energy indeed increases with the helium density
due to a larger confinement effect. Hence, we attribute the additional blueshift in excitation
energy of 50 meV to the larger helium density in the sandwich layer compared to the helium
bilayer. The electron distribution along the kinetic energy axis of this resonance shows a
pronounced peak for the sandwich layer, which is absent for the helium bilayer. This hints
at an altered decay mechanism which is discussed in Section 4.4.4.

The electron yield spectrum for Az-polarization shows an additional resonance, which
cannot be linked to an excited state in the helium bilayer spectra. This neutral excitation
is located at 21.10 eV and exhibits a large electron signal at the intersection with the neon
photoemission. Due to its energetic position, an assignment of this resonance is rather
difficult. A detailed analysis of this resonance is performed below on p. 120, taking into
account also metastable particle and fluorescence photon yield.

In the contour plot of Figure 4.39, three neutral excitations can be distinguished for the
helium-neon sandwich layer in Axy-polarization. They are located at 21.55 eV, 22.98 eV,
and 23.46 eV. In analogy to the results for Az-polarization, the high lying resonances re-
semble the findings for the helium bilayer. Hence, the resonance located at 23.46 eV is
associated with a highly hybridized n = 4 state. The neutral excitation at 22.98 eV shows a
an increased electron signal close to the threshold and at the location of the neon photoemis-
sion. This resonance corresponds to the n = 3 manifold and exhibits a large hybridization
including s, p, and d states.

The resonance located at 21.55 eV exhibits a broad structure, which shows an increased
intensity at the intersection with the neon photoemission. According to the findings for
the helium bilayer, we attribute this resonance to a 2p3d hybridized state. The excitation
energy found for the helium-neon sandwich layer is 50 meV larger compared to the bilayer
spectra. This coincides exactly with the increased blueshift observed for this peak in Az-
polarization. We again ascribe this behavior to the larger density of the helium layer on the
neon layer due to the increased van der Waals interaction.

Probe comparison Besides the electron yield of the helium-neon sandwich layer, we
also take into account the respective yields for fluorescence photons and metastable par-
ticles. Figure 4.40 shows a comparison of all three probes extracted from the same data set
recorded in electron detection mode (cf. Section 3.6.2).

In Az-polarization, the metastable yield shows two peaks at 22.85 eV and 22.97 eV,
which correspond to strongly hybridized n = 3 states. For Axy-polarization, the respective
peak of the n = 3 manifold is located at 22.98 eV. Hence, the observed energetic positions
of the peaks agree very well for helium-neon sandwich layer and helium bilayer. The n = 3

metastable yield shows a smaller intensity compared to the electron yield. Furthermore, no
n = 3 related structure is visible for the fluorescence photon yield at all. These different
signal intensities resemble the findings for the helium bilayer. For the n = 4 manifold, no
structure is visible for both the metastable particle yield and the fluorescence photon yield.
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Figure 4.40: The TY of metastable particles, the TY of fluorescence photons and the PY of
electrons is shown for He/Ne/Ru (001) in Az-polarization (left panel) and Axy-polarization
(right panel).

In Az-polarization, the upper 2sp hybrid shows a pronounced signal for all three probes
with slightly deviating excitation energies. In the electron yield, this resonance shows the
largest excitation energy with 21.60 eV for the center of the peak. For the fluorescence
photon yield, the center of the peak is located at 21.55 eV. The lowest excitation energy
corresponds to the peak in the metastable particle yield, which is visible at 21.48 eV. For
Axy-polarization, the experimental observations are quite similar, in that the 2p3d resonance
appears in the yields of all three probes. For the metastable particle yield, the excitation
energy is 21.40 eV, whereas it is 21.50 eV for the fluorescence photon yield and 21.55 eV for
the electron yield. Compared to the helium bilayer, the excitation energies of the upper 2sp

resonances are generally larger for the helium-neon sandwich layer. As already discussed,
we rationalize this by the increased helium density in the sandwich layer due to a larger van
der Waals interaction between helium and neon atoms.

The different excitation energies for the three probes can be explained by taking into
account the zero-point motion of the helium atoms. The theoretical examination of the
helium bilayer reveals that the excitation energy is linked to the specific position of the
excited helium atom in the outer layer (cf. p. 67). More precisely, a smaller distance to
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the atoms in the inner layer leads to an increased excitation energy, whereas this trend is
reversed for a larger distance. Hence, a displacement of the excited helium atom from its
ideal lattice position influences its excitation energy. This result obtained for the helium
bilayer should also be valid for the sandwich layer because the responsible confinement
effect affects all rare gases due to their closed-shell configuration. As a consequence, the
electron yield mainly corresponds to excited helium atoms located close to the neon layer.
In contrast, the metastable particle yield, and to a lesser extent the fluorescence photon
yield, are mainly linked to excited helium atoms farther away from the neon layer. This
is in line with the underlying decay mechanism, which involves a desorption process for
both metastable particles and fluorescence photons. However, the observed displacement
effect seems to be smaller for the sandwich layer compared to the helium bilayer. That
is, whereas the excitation energies in electron yield and metastable particle yield differ by
230 meV for the bilayer, this value is only 120 meV for the sandwich layer. Hence, the effect
of zero-point motion seems to be smaller for the sandwich layer. This can be rationalized
by the influence of the neon layer underneath the helium layer. The zero-point motion
in neon is comparably small due to its large mass [126]. Moreover, as discussed above,
the helium layer on top of the neon layer exhibits an increased density. Both effects most
likely cause a smaller displacement of the helium atoms from their ideal lattice positions.
Put differently, a possible corrugation of the helium layer due to the zero-point motion is
reduced for the sandwich layer. This behavior is also reflected in the shape of the peaks
for the two different systems. On the one hand, the widths of the peaks are reduced for the
sandwich layer. For example, the FWHM of the upper 2sp peak in the electron yield of the
helium bilayer is 730 meV and 580 meV for the 2p3d peak, whereas the respective values
for the sandwich layer are 530 meV and 470 meV. On the other hand, the peaks become
slightly more symmetric for the sandwich layer, which is particularly visible for the n = 2

peaks in the metastable particle yield.

In Figure 4.40, the metastable particle yield in Az-polarization shows a large peak at
20.82 eV. According to the findings for the bilayer, we attribute this peak to a 2sp hybridized
state, which corresponds to the atomic 2s state for large interatomic distances. The respec-
tive peak for the helium bilayer is located at 20.80 eV. Hence, this resonance shows an
increased blueshift of 20 meV for the helium-neon sandwich layer, which is smaller com-
pared to the observations for the upper 2sp resonance. This is due to the rather spherically
shaped orbital of this resonance, which mostly extends towards the vacuum (cf. Figure 4.13)
and is therefore less sensitive to the density of the helium layer. The lower 2sp hybrid is also
visible in the metastable yield recorded in Axy-polarization. Here, it is located at 20.82 eV,
which is exactly the same excitation energy as for Az-polarization. The size of this peak
is considerably larger compared to the bilayer spectra, where this resonance is barely visi-
ble. According to the model calculations for the helium bilayer, the lower 2sp hybridized
state is of pure Σ characteristic. The additional consideration of zero-point motion leads to
a weakened symmetry in the layer geometry. This yields a mixing of Σ and Π states and
therefore causes the occurrence of the 2sp resonance for Axy-polarization as well. For the
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helium-neon sandwich layer, the increased helium density leads to a larger overlap of the
excited helium atom with its neighbors. This most likely explains the rather large signal for
the lower 2sp resonance in the electron yield for Axy-polarization observed in Figure 4.40.
Besides the strong signal of this resonance in the metastable particle yield, the respective
intensity for the electron and fluorescence photon yield is very small. This is due to its
strong 2s characteristic and the resulting dipole-forbidden transition to the ground state.

So far, the discussed resonances of the helium-neon sandwich layer can be linked to
excited states in the helium bilayer. The differences between the spectra of the two systems
are mainly due to the larger density of the helium layer in the sandwich layer, which yields
an increased confinement effect. However, the electron yield in Figure 4.40 shows an ad-
ditional resonance, which cannot be associated with an excited state in the helium bilayer
spectra. This neutral excitation is located at 21.10 eV and is exclusively present in the elec-
tron yield for Az-polarization. In the 3D plot shown in Figure 4.38, this resonance exhibits
a large electron signal at the intersection with the neon photoemission. Due to its energetic
position, an assignment of this resonance is rather difficult. In the following, we discuss
several approaches for the assignment of this neutral excitation

On the one hand, the observed resonance lies below the excitation energy of the 2p state
for gaseous helium at 21.22 eV. For the resonances in a dense arrangement like the outer
helium layer, one would expect a blueshift of the excitation energy with respect to the atomic
value. A redshift in excitation energy would be contradictory and is therefore very unlikely.
Hence, an assignment of the observed peak to a 2p derived state seems implausible. On the
other hand, the observed resonance is located well above the atomic 2s state at 20.62 eV.
Albeit a shift towards larger excitation energy is expected for a resonance in physisorbed
helium, the observed blueshift of 480 meV seems rather large. According to the literature,
the blueshift of a 2s derived resonance in very densely packed helium in large clusters is at
most 410 meV [10]. Compared to this study, the sandwich layer investigated here exhibits a
considerably lower density. Hence, for the resonance at 21.10 eV to be indeed linked to the
2s state in the helium layer, its blueshift would have to be surprisingly large. Furthermore,
a significant 2s characteristic of the resonance should lead to an emission of metastable
particles, because a transition to the ground state is dipole-forbidden. This disagrees with the
absence of metastable particle yield for this resonance. As a consequence, the assignment
of the resonance at 21.10 eV to either a 2p or a 2s derived state in the helium layer seems to
be improbable.

A further tentative approach for the assignment of this resonance consists of taking into
account a certain mixing of helium and neon atoms in both layers. Since the van der Waals
attraction between two neon atoms is larger compared to the respective interaction between
a helium and a neon atom [125], one would not expect a significant number of helium atoms
in a full inner neon layer. However, the experimental preparation of an exact neon mono-
layer coverage is rather difficult. Hence, a small deviation from an ideal neon monolayer
of less than 5 % is inevitable for this experiment. As a consequence, the mere appearance
of a small photoemission signal corresponding to helium atoms in the inner layer cannot be
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regarded as evidence for a mixing of neon and helium atoms in both layers. Then again,
for the same experimental data set, the analysis of the decay mechanisms indicates that a
certain amount of neon atoms exists in the outer layer (cf. Section 4.4.4). Hence, our spectra
suggest that in a helium-neon sandwich layer, the inner neon layer exhibits a small admix-
ture of helium atoms whereas a small number of neon atoms is present in the outer helium
layer. This mixing might explain the appearance of the additional resonance at 21.10 eV.
For example, helium atoms inside the neon layer should lead to an altered excitation energy
compared to the helium atoms in the outer layer of the sandwich arrangement. Furthermore,
the location of the excited helium atom inside the neon layer should lead to a low desorption
probability. This could explain the fact that the additional resonance is only visible in the
electron yield. However, the precise nature of this effect and whether it really causes the
observed peak is unclear. Moreover, in order to rationalize the large amplitude of this res-
onance, the number of helium atoms in the inner layer would have to be sufficiently large,
which seems questionable in light of our data.

Almost certainly, the observed resonance cannot be linked to excited states in neon. This
is because even the ionization threshold for a neon bilayer on ruthenium (001) of 20.52 eV
[13] lies below the observed excitation energy. Moreover, a neon atom on top of the sand-
wich layer cannot be responsible for the observed neutral excitation. Although the 2p ioniza-
tion threshold for gaseous neon is located above a resonance energy of 21.10 eV, no strong
neon resonances are known in this energy range [127].

Besides resonances linked to either helium excited states or neon excited states, one
could also imagine resonances corresponding to a helium-neon dimer or a more complex
structure of the exciplex type [128]. The formation of such a system would require a certain
disorder in the geometry of the sandwich layer. More precisely, the distance between the
two participating atoms should be smaller compared to the surrounding helium and neon
atoms. A behavior of this kind could be favored by the large zero-point motion of the helium
atoms (cf. p. 66). However, neon atoms show a considerably lower zero-point motion due
to their large mass [126]. As a consequence, the disorder in the sandwich layer due to zero-
point motion should be smaller compared to the helium bilayer. Although spectroscopic
studies exist for the excited dimer (HeNe)∗, they are limited to the energy range below 20 eV
[129]. Moreover, both experimental [130] and theoretical studies [131] are available for the
ion (HeNe)+. The corresponding ionization level was determined as 23.4 eV [132], which
lies energetically above the resonance observed at 21.10 eV. However, it remains unclear
if this peak can be related to an excimer or an exciplex. At this point, it is interesting to
compare our results for the helium-neon sandwich layer to studies of helium clusters doped
with neon atoms. For the latter, (HeNe)+ emission was found following electron impact
ionization [133]. An investigation employing synchrotron radiation also gives access to
the neutral excitations in helium clusters doped with neon atoms. In these measurements,
only the helium [1s]2p resonance was observed, which showed a rather small signal [134].
The higher lying helium resonances as well as further signatures are absent in the spectra,
though. Hence, the investigation of doped helium clusters gives evidence for the formation
of a ion (HeNe)+, but not for an excited (HeNe)∗ state.
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Finally, we have proposed several explanations for the nature of the resonance observed
at 21.10 eV in the electron yield of the helium-neon sandwich layer. Among these, the
location of an excited helium atom inside the neon layer as well as the formation of an
exciplex seem to be the most reasonable. However, an exact determination of its electronic
nature is not possible so far. A detailed analysis of this resonance is beyond the scope of the
present work and is therefore deferred to future research.

Summing up, besides the resonance at 21.10 eV, the observed excited states can be as-
sociated with atomic helium resonances for the asymptotic case of large interatomic separa-
tions. For the helium-neon sandwich layer, the excitation energies are shifted with respect to
their atomic positions. As a consequence, the corresponding Rydberg series are compressed
with respect to the gas phase by 66% for Az-polarization and by 69% for Axy-polarization.
These values are smaller compared to the helium bilayer due to the furhter redshifted ion-
ization threshold as well as the further blueshifted n = 2 resonances.

4.4.2 Dilute He/Ne

The variation of the helium coverage in a helium-neon sandwich layer yields interesting
features such as a pronounced alteration of peak positions and shapes. In analogy to the
findings for the dilute helium bilayer discussed in Section 4.3, we interpret the observed
characteristics in terms of the excited orbital shape as well as the quantum nature of helium.

The characteristics of a dilute helium-neon sandwich layer can be studied particularly
well using metastable particle data. Figure 4.41 shows spectra recorded in metastable parti-
cle detection mode (cf. Section 3.6.2). The spectrum of a full helium-neon sandwich layer
on ruthenium (001) is displayed in black showing the largest intensity. The three further
spectra correspond to reduced helium coverages on the neon layer. Among these, the spec-
trum depicted in green exhibits the lowest coverage of an extremely dilute helium layer.

Two peaks corresponding to the n = 2 manifold are clearly visible. The lower 2sp

hybrid appears at 20.82 eV for a full helium layer. As the coverage decreases, the peak
becomes narrower and its excitation energy shifts gradually towards 20.79 eV. In contrast,
for a full helium coverage, the upper 2sp resonance exhibits a broad structure superimposed
by a narrow peak at the low kinetic energy side located at 21.48 eV. As the helium amount
in the outer layer is reduced, the narrow part becomes smaller while its excitation energy
moves stepwise to 21.33 eV. At low helium coverages, only a broad structure remains for
this resonance.

The observed effects resemble the findings for the dilute helium bilayer discussed in
Section 4.3.1 and an analogous interpretation applies here as well. As the helium coverage
decreases, the number of helium atoms in the outer layer decreases as well. According to
the findings for solid argon [74], the excitation energy decreases with the number of nearest
neighbors due to a weakened confinement effect. However, the sensitivity to the surrounding
differs for the two observed n = 2 resonances according to the shape of their electronic
clouds. The lower 2sp hybrid exhibits a strong s contribution resulting in a rather spherical
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Figure 4.41: TY of metastable particles for a dilute helium layer in He/Ne/Ru (001) in
Az-polarization. The helium coverage is varied between a full outer layer (black) and an
extremely dilute outer layer (green).

orbital that mostly extends towards the vacuum (cf. Figure 4.13). Hence, this resonance
only shows a small sensitivity to the decreasing number of helium atoms in the outer layer,
which results in a moderate energy shift. In contrast, the electronic cloud corresponding
to the upper 2sp hybrid is rather large and spreads into the inner layer (cf. Figure 4.13).
Hence, its sensitivity to the surrounding is rather large, particularly to the atoms in the inner
layer. As a consequence, the narrow part of the peak is shifted due to the interaction with the
helium atoms in the outer layer. However, for an extremely dilute outer layer, only a broad
peak remains caused by the unchanged interaction with the neon atoms in the inner layer.
The n = 3 resonances exhibit the same excitation energy for varying helium coverages.
This is due to the large size of the corresponding excited orbitals (cf. Figure 4.14).

The n = 2 resonances show a gradual change in excitation energy for varying helium
coverage. That is, a certain excitation energy can be linked to a specific density in the helium
layer. Hence, in agreement with the findings for the helium bilayer, island growth can be
ruled out for the helium adlayers in the sandwich layer.

4.4.3 He/Ar

Besides the helium-neon sandwich layer, we also investigated the resonances of a helium-
argon sandwich layer on ruthenium (001). Here, the inner layer of the bilayer arrangement
consists of argon and the outer layer of helium. Our measurements of this system were
limited to Az-polarization.
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Figure 4.42: 3D plot of electron emission from He/Ar/Ru (001) in Az-polarization.

Figure 4.42 depicts the electron yield of a helium-argon sandwich layer on ruthenium
(001) in Az-polarization. In the investigated energy range, the 3p photoemission from the
argon layer is visible at a kinetic energy range of 6 − 11 eV. The corresponding ionization
threshold cannot be determined at its intersection with the Ekin = 0 eV - axis, because
the beamline was restricted to photon energies above 18 eV. Hence, we employed a PES
spectrum at hν = 20 eV and determined the ionization threshold by directly inferring the
binding energy from the argon photoemission. The PES spectrum shows a pronounced peak
at a binding energy of 13.98 eV and a shoulder at 13.43 eV. These observations match the
results for an argon monolayer physisorbed on the ruthenium (001) surface [13]. Both peaks
are linked to the two-dimensional band structure of the argon layer. The more tightly bound
band is 3pz derived and therefore exhibits a large intensity for Az-polarization. In contrast,
the upper bands are 3pxy derived and only show a small signal. The ionization thresholds
are lowered with respect to the atomic 3p1/2 and 3p3/2 states, which are located at 15.94 eV
and 15.76 eV, respectively [135]. As for physisorbed helium and neon layers, this redshift
is due to a screening effect of the substrate and the surrounding rare gas atoms.

The 1s ionization threshold of the helium layer was determined as 23.66 eV using a
CFS cut at Ekin = 0 eV. This corresponds to a redshift of 900 meV with respect to the
atomic value of 24.56 eV [24]. This value is larger compared to the redshifts in both the
helium-neon sandwich layer and the helium bilayer. More precisely, the helium layer in
a helium-neon sandwich layer exhibits a redshift of 760 meV, whereas 720 meV is the re-
spective value the outer layer in a pure helium bilayer. In principle, the screening effect
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is due to both the metal substrate and the rare gas atoms in the adsorbed layers. Since we
investigated both the sandwich layers and the helium bilayer on the same substrate, only
the participating rare gases can cause the different redshifts of the ionization potentials. On
the one hand, the size of the rare gas atoms increases from helium to argon, which should
lead to a larger adsorption distance of the outer helium layer for the sandwich layer systems.
This would cause a weakened screening contribution of the substrate and can therefore be
ruled out as a cause for the increased redshift in the helium-argon sandwich layer. On the
other hand, the screening contribution of the surrounding rare gas atoms is linked to their
polarizability. Among these, helium shows the smallest polarizability of 0.20 · 10−24 cm3

[123]. A doubled value of 0.40 · 10−24 cm3 arises for neon, whereas the polarizability of
argon of 1.64 ·10−24 cm3 is about eight times the value for helium [123]. Hence, the screen-
ing effect should increase when moving from helium to argon. This explains the observed
evolution of an increasing redshift from the pure bilayer over the helium-neon sandwich
layer to the helium-argon sandwich layer. In particular, the large increase of the redshift for
the helium-argon sandwich layer compared to the helium-neon sandwich layer is due to the
comparably large polarizability of argon.

In the the 3D plot displayed in Figure 4.42, three secondary electron structures linked to
unoccupied density of states above the vacuum level can be distinguished. They are visible
parallel to the hν - axis at kinetic energies of 0.6 eV, 2.8 eV, and 5.3 eV.

Probe comparison We now examine the neutral excitations of the helium-argon sandwich
layer. The resonances linked to argon excited states are located below the corresponding 3p

ionization threshold determined above. Hence, they do not interfere with the helium res-
onances. In the 3D plot shown in Figure 4.42, the helium resonances show an increased
intensity at the intersections with the argon photoemission. Nevertheless, the argon photoe-
mission itself shows a pronounced modulation with kinetic energy. Hence, the superimpo-
sition of the resonances and the photoemission is less distinct compared to the helium-neon
sandwich layer. Figure 4.43 shows a comparison of the yields for the three different probes,
namely the PEY summed up for 0−10 eV kinetic energy as well as the TYs of fluorescence
photons and metastable particles.

The n = 4 resonance is only visible in the electron yield, where it shows a rather broad
peak at 23.38 eV. Its excitation energy is reduced by 50 meV compared to the helium-neon
sandwich layer. This deviation is due to the reduced ionization threshold for the helium
layer on argon, which also affects the energetic positions of the higher lying resonances.
This effect applies for the n = 3 resonances as well, which show two peaks located at
22.85 eV and 22.95 eV in the electron yield. For the metastable yield, only the larger peak
at 22.85 eV is visible, whereas no structure can be observed for the fluorescence photon
yield. For the n = 3 resonances, the redshift of the excitation energy with respect to the
helium-neon sandwich layer is only 20 meV. We therefore conclude that the influence of the
redshifted ionization threshold decreases with decreasing principal quantum number n.

The upper 2sp hybridized state shows a pronounced signal with a broad shape for all
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Figure 4.43: The TY of metastable particles, the TY of fluorescence photons and the PY
(Ekin = 0− 10 eV) of electrons is shown for He/Ar/Ru (001) in Az-polarization.

three probes. Furthermore, their profiles are asymmetric with a shoulder towards larger
photon energies, which is particularly visible for the metastable particle and the electron
yield. For the latter, the maximum of the peak is located at 21.50 eV. However, this peak
exhibits a width of about 650 meV, whose center has a larger excitation energy in the range
of 21.60 eV. The peak in the metastable yield exhibits a maximum at 21.35 eV, while the
excitation energy of its center is slightly larger. Only the peak in the fluorescence photon
yield shows a rather symmetric shape with a maximum at 21.50 eV. These findings are in an
intermediate excitation energy range between the observations for the pure helium bilayer
and the helium-neon sandwich layer. More precisely, the excitation energies are slightly
larger compared to the helium bilayer, whereas the widths of the peaks are smaller. In con-
trast, the helium-neon sandwich layer shows larger excitation energies in combination with
smaller widths compared to the helium-argon sandwich layer. This behavior is particularly
interesting because we would anticipate a further increased binding strength of the helium
layer placed on an argon layer compared to its respective adsorption on a neon layer. We
infer this expectation from the findings for rare gas dimers, in which the helium-argon dimer
shows a larger potential depth compared to the helium-neon dimer [125]. While the binding
strength increases from helium via neon to argon, the interatomic distance of the dimer in-
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creases as well. This is caused by the large size of the argon atom and should not modify the
confinement effect for the helium atoms. However, the argon layer should have a smaller
density compared to the neon layer [136]. As a consequence, the inner layer in a helium-
argon sandwich layer might exhibit a certain corrugation, which could lead to weakening of
the confinement effect for the helium atoms in the outer layer. This would explain the exci-
tation energies for the upper 2sp hybrid in a helium-argon sandwich layer, which are larger
than the results for the helium bilayer but smaller than the values for the helium-neon sand-
wich layer. In principle, the large screening effect in the helium-argon sandwich layer could
also cause the observed redshift of the upper 2sp resonance with respect to the helium-neon
sandwich layer. However, this effect should be rather small because the lowered ionization
threshold is located more than 2 eV above this resonance. As a consequence, we assume
that the energetics of the upper 2sp resonance is mainly caused by the confinement effect
due to the specific geometry of both helium and neon layer on the metal substrate. A more
precise analysis of these experimental observations would require a theoretical examination
of the sandwich layers, which is not available up to now.

In Figure 4.43, the lower 2sp hybrid shows a strong metastable signal at 20.80 eV. This
resembles findings for the helium bilayer, where this resonance has the same excitation en-
ergy. For the neon helium bilayer, the lower 2sp hybrid exhibits a slightly larger excitation
energy of 20.82 eV. However, it should be noted that these peaks are virtually indistinguish-
able in view of the measurement accuracy of 25 meV. This result confirms the different
sensitivities of the two n = 2 states with respect to the surrounding atoms. More precisely,
the excitation energy of the upper 2sp hybrid largely depends on the density in the adsorbed
layers. In contrast, the lower 2sp state only shows a weak dependence on the matrix of the
neighboring atoms. This is due to the dominant s characteristic of this resonance, whose
electronic cloud mainly extends into the vacuum.

A further peak is visible at 21.00 eV in the electron yield of Figure 4.43. It is located
at an excitation energy lying between the lower 2sp state and the upper 2sp state of the
helium layer. This resonance can be linked neither to a helium excited state nor to an argon
excited state, which makes its assignment rather complicated. It resembles the resonance
at 21.10 eV found for the helium-neon sandwich layer in terms of its energetic position
between the two n = 2 derived states and its exclusive occurrence in the electron yield.
Nevertheless, the excitation energies differ by 100 meV in both systems and the intensity
found for the helium-argon sandwich layer is smaller compared to the helium-neon sand-
wich layer. Despite the observed differences, we suggest that both peaks correspond to a
similar excited state. The observed resonance only occurs in the sandwich layers for both
neon and argon, whereas it is absent for the helium bilayer. Hence, the interaction of the
outer helium layer with the inner layer consisting of a heavier rare gas most probably causes
the appearance of this resonance.

In Section 4.4.1, we discussed possible effects that might cause the observed resonance
in the helium-neon sandwich. Among them, a certain mixing of the atoms in both layers
leading to an excited helium atom inside the neon layer seems to be a sensible approach.
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Its location in the inner layer would lead to a small desorption probability of the excited
atom, which agrees with the absence of this resonance for metastable particle and the fluo-
rescence photon yield. However, the affinity for such a mixing should be different for the
two sandwich layer systems. More precisely, the potential depth for a pure argon dimer is
five times as large as for a helium-argon dimer [125]. In contrast, only a ratio of two results
for a pure neon dimer compared to a helium-neon dimer [125]. Based on these findings for
rare gas dimers, we conclude that the probability of helium atoms located inside the inner
layer should be higher for neon than for argon. This result matches the observed intensity
for this resonance, which is much larger for the helium-neon sandwich layer than for the
helium-argon sandwich layer.

Another reasonable approach to explain the occurrence of the resonance at 21.00 eV
was discussed in Section 4.4.1. It consists in the formation of an excited dimer or an ex-
ciplex structure [128]. Such a process should be possible for the helium-argon sandwich
layer as well. Investigations of the excited levels in the ion (HeAr)+ do exist [130]. The
corresponding ionization level was determined as 17.9 eV, which lies below the excitation
energy of the observed resonance. Unfortunately, no excitation energies of (HeAr)∗ states
are reported in the literature. A related species, in which helium and argon atoms are close
to each other, consists of helium clusters doped with argon atoms. It was found that the
ionization of helium atoms inside the cluster yields the emission of (HenAr)+ ions [137].
However, an investigation of the resonances below the helium ionization threshold showed
no indications for (HeAr)∗ excited states [134]. As a consequence, an association of the
resonance at 21.00 eV with an (HeAr)∗ state can so far be neither confirmed nor ruled out.
If the formation of an excimer or exciplex would indeed take place, the respective probabil-
ities would be different for argon and neon. This is linked to the mixing of helium atoms
with neon or argon atoms in the sandwich layers. As examined in the last paragraph, the
binding energy of a pure argon dimer is five times the binding energy for the helium-argon
dimer [125]. In contrast, the difference in binding energy of the pure neon dimer compared
the helium-neon dimer is only a factor of two [125]. Hence, the attempt to form an energet-
ically unfavorable diatomic dimer is smaller for argon than for neon. This coincides with
the intensity of the observed resonance, which is larger for the helium-neon sandwich layer.

Besides the yet unassigned peak at 21.00 eV, the observed excited states can be associ-
ated with resonances in atomic helium. Comparing the excitation energies to the respective
values for gaseous helium, we find that the corresponding Rydberg series of the helium-
argon sandwich layer appears compressed by 65%. This value is even smaller than the
result for the helium-neon sandwich layer, which is caused by the further redshifted ioniza-
tion threshold.

4.4.4 Decay mechanisms

The decay processes for the neutral excitations of the helium bilayer were discussed in detail
in Section 4.1.5. For the sandwich layers, these mechanisms are still valid. In addition, the
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participation of a heavier rare gas opens further decay channels for electron emission. These
are analyzed in the following for the helium-neon sandwich layer and the helium-argon
sandwich layer.

Penning ionization We already examined Penning ionization for the helium bilayer in
Section 4.1.5. There, an excited state in the outer helium layer decays by the ionization
of an atom in the inner helium layer. The kinetic energy of the emitted Penning electron is
Ekin = hν−Ehole, quoted with respect to the vacuum level. Here, hν denotes the excitation
energy and Ehole the binding energy of the atom in the inner helium layer. Evidently, the
emission of a Penning electron can only take place if the excitation energy is larger than the
binding energy of the hole, i.e., the ionization threshold of the atoms in the inner layer. In
a sandwich layer, a heavier rare gas replaces the helium in the inner layer. Since all heavier
rare gases exhibit a smaller ionization potential compared to helium, the Penning ionization
process can take place in these systems. Referring to the scheme for Penning ionization
displayed in Figure 4.19, a neutral excited state in the helium outer layer decays by the
ionization of a rare gas atom in the inner layer.

This process can be verified in the experimental data by the detection of the Penning
electron. To this end, the electron yield along the kinetic energy axis is analyzed for the
excitation energies of the resonances. More specifically, we employ PES spectra, in which
the background signal consisting of direct photoemission and secondary electrons is sub-
tracted. This facilitates the examination of the electron yield following resonant excitation.
Below, we discuss the occurrence of Penning ionization for both the helium-neon and the
helium-argon sandwich layer.

He/Ne Figure 4.44 displays the electron yield due to resonant excitation for a helium-
neon sandwich layer physisorbed on ruthenium (001). The resulting spectra show several
pronounced peaks linked to Penning ionization, whereas the shallow structure is linked to
Auger neutralization.

We first examine the electron yield in Az-polarization. For the helium-neon sandwich
layer, the 2p ionization potentials of the neon atoms in the inner layer were determined as
19.43 eV and 19.75 eV (cf. Section 4.4.1). Here, the intensity of the lower band at 19.75 eV
is considerably larger compared to the upper bands at 19.43 eV. For the neutral excitation at
hν = 21.10 eV, three peaks are visible in Figure 4.44. The maxima at 1.36 eV and 1.69 eV
belong to Penning electrons coming from the inner neon layer. They agree very well with
the values expected from Ekin = hν − Ehole by taking into account Ehole = 19.75 eV and
Ehole = 19.43 eV, respectively. Surprisingly, the third peak can be associated with a certain
amount of neon atoms in the outer helium layer. For a neon bilayer on ruthenium (001), the
2p ionization potentials of the outer layer were found to be 20.14 eV and 20.52 eV, with the
latter representing the largest intensity [13]. In Figure 4.44, the maximum of the peak is
located at 0.55 eV, which is 30 meV smaller than the expected value. This slight difference
is probably caused by the deviations of this system compared to the full neon bilayer.
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Figure 4.44: Electron energy distribution of He/Ne/Ru (001) following resonant excitation
in Az-polarization (left panel) and in Axy-polarization (right panel). The excess electron
yield is depicted after subtraction of a non-resonant PES spectrum.

For the upper 2sp resonance at hν = 21.60 eV, an analogous assignment is valid. The
large twofold structure with maxima at 1.82 eV and 2.06 eV corresponds to the Penning
ionization of neon atoms in the inner layer. In contrast, the small peak located at 1.05 eV
is related to the ionization of neon atoms in the outer layer. It matches the kinetic energy
value expected from the ionization potential of the neon bilayer.

The n = 3 neutral excitation at hν = 22.87 eV exhibits a peak at 3.13 eV, which agrees
well with the lower neon 2p band with an ionization potential of 19.75 eV. A shoulder in this
peak located at 3.43 eV is barely visible. It is caused by Penning electrons that stem from
atoms in the upper neon 2p bands. The intensity as well as the ratio of the Penning electron
signals associated with the upper and lower 2p bands varies for the different resonances, i.e.
for different excitation energies. A similar dependence was observed for neon 2p photo-
electrons from a neon monolayer on ruthenium (001), which also show a strong modulation
with the photon energy [13]. The intensity of both states reaches a maximum close to the
threshold at 20.5 eV and then declines to a minimum around 22.5 eV. The ratio favors the
states related to the lower 2p band in the extremal values. The signal corresponding to the
upper 2p bands nearly vanishes in the minimum region. This explains the large Penning



4.4 Sandwich layers 131

electron signal linked to the lower 2p band for the resonances at 22.87 eV and 21.10 eV.
For the resonance at hν = 22.87 eV, a small structure at 2.25 eV is visible. It can again

be related to Penning electrons coming from neon atoms in the outer layer. A further peak
appears at a smaller kinetic energy of 0.10 eV. We already observed such a structure for the
helium bilayer (cf. Figure 4.20) and attributed it to the Penning ionization of helium atoms
in the inner layer. We therefore infer that the observed peak is linked to helium atoms inside
the neon layer of the helium-neon sandwich layer. In principle, the ionization threshold
of helium atoms in the inner layer is larger than the excitation energy of the resonance of
22.87 eV. Nevertheless, the enormous width of the photoemission structure extending down
to a binding energy of about 22.7 eV explains the occurrence of this Penning electron peak.

We now turn to the Penning electron yield for Axy-polarization depicted in Figure 4.44.
For a helium-neon sandwich layer, the 2p ionization potential of the neon atoms in the
inner layer was determined as 19.45 eV (cf. Section 4.4.1). For the n = 3 resonance at
hν = 22.98 eV, a peak is visible at 0.10 eV. In analogy to the findings for the n = 3

resonance inAz-polarization, we attribute this peak to a Penning ionization of helium atoms
inside the neon layer. At a kinetic energy of 3.15 eV, a further pronounced peak is visible
which should be linked to the Penning ionization of a neon atom in the inner layer. However,
this maximum is observed at a kinetic energy that is 380 meV smaller than expected from the
neon ionization potential. This deviation can be explained by the band structure of the neon
layer. At the Γ-point, the 2pxy derived band dominates the neon photoemission structure for
Axy-polarization, whereas the 2pz derived band is most influential forAz-polarization. Both
bands are related to a certain orientation of the neon 2p orbitals. That is, the 2pxy derived
bands are linked to orbitals with a symmetry axis parallel to the surface. In contrast, the
orbital associated with the 2pz derived band corresponds to a symmetry axis perpendicular
to the surface. Hence, the overlap with excited helium atoms in the outer layer should
be larger for neon atoms corresponding to the 2pz derived band. As a consequence, the
Penning process should preferably lead to the ionization of a 2pz related neon atom. In the
neon photoemission in Axy-polarization, the 2pz derived band is extremely small such that
its ionization threshold cannot be determined. However, its value should be comparable to
the respective finding for Az-polarization, which is 19.75 eV. Taking into account this value
for Ehole, the anticipated kinetic energy of the Penning electron matches the observed peak
at 3.15 eV quite well. Hence, the n = 3 resonance inAxy-polarization indeed favors a decay
into the lower neon 2p band.

For the 2p3d resonance at hν = 21.55 eV, two structures can be distinguished. The
large peak located at 1.92 eV corresponds to the ionization of neon atoms in the inner layer.
However, the observed kinetic energy of the Penning electrons is smaller than the value
expected from the upper neon 2p bands. This deviation is again due to the band structure
of the neon layer. As for the n = 3 resonance in Axy-polarization, the excited helium atom
leads to a preferential Penning ionization of a neon atom associated with the lower neon 2p

band. Hence, the emitted Penning electrons appear at a smaller kinetic energy compared
to the neon photoemission from the upper 2p bands. This behavior is also visible in the
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Figure 4.45: Electron energy distribution of He/Ar/Ru (001) following resonant excitation
in Az-polarization. The excess electron yield is depicted after subtraction of a non-resonant
PES spectrum.

contour plot of the electron yield displayed in Figure 4.39, where the Penning electrons
are located slightly below the diagonal neon photoemission. For the 2p3d resonance, a
further peak is visible at a kinetic energy of 1.03 eV. In analogy to the findings for Az-
polarization, we associate this peak to a Penning ionization of a neon atom in the outer
helium layer. Interestingly, this process also seems to favor a coupling to the lower neon
2p band. For a physisorbed neon bilayer, the upper bands with an ionization threshold of
20.14 eV dominate the neon photoemission of the outer layer. However, the Penning process
leads to a neon ion corresponding to the lower band with an ionization threshold of 20.52 eV.

He/Ar Figure 4.45 displays the electron yield linked to the resonances in a helium-
argon sandwich layer in Az-polarization. As discussed in Section 4.4.3, the argon 3p pho-
toemission exhibits two bands, whose ionization potentials were determined as 13.98 eV
and 13.43 eV, respectively. The intensity of the lower band at 13.98 eV is considerably
larger compared to the upper bands at 13.43 eV.

The resonance located at hν = 21.00 eV shows a pronounced peak at 6.98 eV, which
corresponds to the Penning ionization of argon atoms in the inner layer. It agrees very well
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with the kinetic energy anticipated from the lower 3p band. A further maximum is visible at
a kinetic energy of 7.59 eV, which corresponds to a hole in the upper 3p bands of the argon
layer. Furthermore, a very small peak can identified at 6.20 eV. In analogy to the helium-
neon sandwich layer, we suggest that this structure might be related to the ionization of
argon atoms in the outer layer. Unfortunately, the ionization potential of a argon bilayer
physisorbed on a well-defined metal surface is not reported in the literature. However, the
observed Penning peak at a kinetic energy of 6.20 eV would correspond to an argon binding
energy of about 14.8 eV. Since this value is larger than the ionization potential for the argon
monolayer but smaller than the ionization potential of gaseous helium, it seems to be a
reasonable assumption for the ionization potential of argon atoms in the outer layer. Hence,
we suppose that the observed structure indeed corresponds to the occurrence of a certain
amount of argon atoms in the outer layer.

The spectrum for the upper 2sp hybrid at hν = 21.50 eV resembles the findings for the
resonance at 21.00 eV. A peak located at 7.52 eV shows the large signal, which is linked to
Penning ionization leading to holes in the lower argon band of the inner layer. A further
structure located in the shoulder of the large peak is visible at a kinetic energy of 8.02 eV. It
corresponds to holes in the upper bands of the inner layer. Taking into account the binding
energies of the argon bands, the expected values for the Penning peaks match our obser-
vations almost perfectly. A second shoulder in the large peak can be identified at 6.75 eV,
which we attribute to the ionization of argon atoms in the outer layer. The energetic position
of this peak confirms that the ionization potential of the outer argon layer should be about
14.8 eV.

For the n = 3 resonance at hν = 22.85 eV, we observe a large peak with two visible
shoulders as well as a further peak at small kinetic energy. Concerning the former structure,
an analogous assignment as above is valid. The large peak at 8.87 eV corresponds to the
lower argon band in the inner layer, whereas the shoulder at 9.49 eV is associated with the
respective upper argon bands. The second shoulder located at a kinetic energy of 8.08 eV
corresponds to a hole binding energy of 14.8 eV. This agrees very well with the findings
for the other two resonances and confirms the assumption that this value corresponds to
the binding energy of argon atoms in the outer layer. Consequently, we relate this peak to
the Penning ionization of argon atoms in the outer layer. In the spectrum for the n = 3

resonance, a further peak is located at a kinetic energy of 0.15 eV, which we associate to
the ionization of helium atoms inside the argon layer. The occurrence of this peak is due
to the large width of the helium photoemission, which extends to binding energies as low
as 22.7 eV. Hence, for the helium-argon sandwich layer, we can verify Penning electrons
that stem from both helium atoms inside the argon layer and argon atoms inside the helium
layer.

In conclusion, we find that the emission of Penning electrons takes place for all reso-
nances observed in the electron yield of both sandwich layer systems. This is in contrast
to the findings for the pure helium bilayer, in which the emission of Penning electrons was
limited to resonances with n > 2. This behavior is due to the lower ionization threshold of
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neon and argon compared to helium. A second feature in the scrutinized spectra concerns
the geometric arrangement of the sandwich layers. For the same data set, we observe both
Penning electrons from helium atoms in the inner layer and from neon resp. argon atoms in
the outer layer. This indicates that a certain mixing of helium and the respective heavier rare
gas atoms is present in both layers. This observation could be linked to the occurrence of
the resonance located at 21.10 eV for the neon sandwich layer and at 21.00 eV for the argon
sandwich layer, whose electronic nature is not clear yet.

It should be noted that no indications for a Penning process under participation of the
substrate exist. This process would lead to an increased photoemission signal of the ruthe-
nium 4d band, which cannot be observed in our experimental data for both sandwich layer
systems. This observation coincides with the findings for the helium bilayer and monolayer,
in which such a process does not take place either.

Auger neutralization As discussed for the helium bilayer in Section 4.1.5, the system
can further decay via Auger neutralization after Penning ionization has taken place. Here,
the vacancy created by Penning ionization is filled by an electron from the metal substrate.
The excess energy is transferred to a further metal electron, which is then promoted above
the vacuum level. The kinetic energy of the emitted Auger electron depends on the binding
energies of the participating levels in the metal. This leads to a shallow distribution of Auger
electrons up to a limit of Emax = Ehole− 2Φ. Here, Ehole denotes the binding energy of the
initial vacancy in the inner layer and Φ represents the work function of the substrate.

This process can be identified for the sandwich layers by our experimental data as for
the helium bilayer. For the helium-neon sandwich layer, the excess electron yield depicted
in Figure 4.44 shows – besides the pronounced Penning peaks – a flat structure extending up
to about 9− 10 eV for all resonances. Taking into account a neon vacancy in the inner layer
with Ehole = 19.75 eV and the work function of the helium-neon sandwich layer of 5.21 eV,
the maximal kinetic energy of an Auger electron should be 9.33 eV. These values are quite
close, in particular in view of the rather noisy spectra. This indicates that the Auger process
indeed takes place for the helium-neon sandwich layer.

For the helium-argon sandwich layer, the excess electron yield is displayed in Figure
4.45. Besides the Penning peaks, it exhibits a shallow Auger electron distribution up to
approximately 4 eV. This observation agrees well with the anticipated value of 3.78 eV ac-
cording to Ehole = 13.98 eV and a work function of Φ = 5.10 eV. Hence, we can verify
the occurrence of Auger neutralization for the helium-argon sandwich layer, just as for the
helium-neon sandwich layer.

Auger neutralization also takes place in both helium monolayer and bilayer. There, the
kinetic energy of the emitted Auger electrons is reduced by approximately 1 eV compared
to the expected value. Evidently, this is not the case for the sandwich layers, in which the
Auger electrons quite accurately match the expected kinetic energy. As a consequence,
the deceleration of the Auger electrons for the pure helium layer case should not be linked
to a mere substrate effect because all measurements were performed for the same ruthe-
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nium (001) surface. Hence, mechanisms such as incomplete screening or electron correla-
tion (cf. p. 86) can be ruled out. In contrast, the deceleration of the Auger electrons for pure
helium layers is most likely caused by the image potential attraction of the initial helium ion
towards the substrate (cf. Section 4.1.5). This effect seems to have only a small influence
on the neon and argon ions, which should be due to their larger mass.

Resonant charge transfer In the first step, a helium resonance in the sandwich layer
system can decay either by Penning ionization or by resonant charge transfer. For the helium
bilayer, we found that the latter process is weakened due to an insulating effect of the inner
helium layer. As a consequence, Penning ionization resulted to be faster than resonant
charge transfer. However, the occurrence of Penning ionization in the helium bilayer is not
possible for the n = 2 resonances, because the corresponding excitation energies are smaller
than the helium ionization threshold. This is not the case for the investigated sandwich
layers, where Penning ionization is energetically possible for all observed resonances.

We assume that both the neon and the argon layer exhibit a similar weakening effect for
resonant charge transfer. Hence, Penning ionization should be the dominant mechanism for
a decay inside the sandwich layer. This finding is further substantiated by the comparable
sizes of the yields for Penning and Auger electrons in our experimental data for the sandwich
layers. This is because a significant contribution of resonant charge transfer would lead to
an increased Auger electron yield, which is not the case.

Desorption processes The situation for the desorption processes is precisely the same
as for the helium bilayer discussed in Section 4.1.5. For the sandwich layer systems, we
observe very similar fluorescence photon and metastable particle yields compared to the he-
lium bilayer. This is due to analogy of the underlying mechanisms. Hence, for both radia-
tive decay and metastable desorption, the reasoning for the helium bilayer can be transferred
verbatim.

4.4.5 Summary

In this section, we examined the neutral excitations of sandwich layers below the first helium
ionization threshold. The resulting excitation energies are summarized in Table 4.5 for the
helium-neon sandwich layer and in Table 4.6 for the helium-argon sandwich layer. For
both systems, the helium ionization thresholds are lowered compared to the helium bilayer
due to an increased screening effect from the rare gas layers. This redshift is particularly
large for argon and is also responsible for the lowered excitation energies of the n = 3

and n = 4 resonances in the helium-argon sandwich layer. Furthermore, compared to the
helium bilayer, the van der Waals attraction between the helium layer and the neon layer and
in turn the argon layer is increased. Nevertheless, the density of the argon layer is smaller
than for the neon layer resulting in a larger corrugation of the former. This might also
influence the density in the helium layer and therefore the confinement effect for the excited
states, which seems to be largest for the helium-neon sandwich layer. This is particularly
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Probe Excitation Energy [eV]
2sp n.d. 2sp 2p3d n = 3 n = 4

Az Axy Az Az Axy Az Az Axy Az Axy

Metastables 20.82 20.82 - 21.48 21.40 22.85 22.97 22.98 - -
Photons 20.82 - - 21.55 21.50 - - - - -

Electrons 20.82 20.82 21.10 21.60 21.55 22.87 22.97 22.98 23.43 23.46

Table 4.5: Excitations energies for the resonances of He/Ne/Ru (001) for the three probes.
The resonance of unclear assignment is denoted by n.d. The ionization threshold is 23.80 eV
in Az-polarization and 23.84 eV in Axy-polarization.

reflected in the different blueshifts of the upper 2sp and the 2p3d resonances, which are
larger for the helium-neon sandwich layer compared to the helium-argon sandwich layer
and in turn to the helium bilayer. Moreover, in the sandwich layers, the effect of zero-
point motion seems to be decreased due to the large masses of the neon and argon. This
should be responsible for the decreased widths and the more symmetric peak shapes for the
mentioned resonances in the sandwich layers. As for the decay mechanisms, the sandwich
layers enable the occurrence of Penning ionization for all observed resonances, whereas this
process is limited to resonances with n > 2 for the helium bilayer. Furthermore, the analysis
of the Penning electrons gives evidence for a certain mixing of helium and neon atoms in
both layers. This result is rather surprising since the van der Waals interaction between a
helium and a neon resp. an argon atom is smaller compared to two neon resp. argon atoms.
Finally, both sandwich layer systems feature a resonance, which is absent for the helium
bilayer and cannot be linked to a helium state in the outer layer. We propose two sensible
approaches for the assignment of this resonance. Firstly, helium atoms inside the neon layer
should exhibit an altered excitation energy compared to the outer layer and could therefore
cause the appearance of this resonance. Furthermore, the low desorption probability of an
excited state in the inner layer would agree with the exclusive occurrence of this resonance
in the electron yield. Secondly, the formation of a mixed excimer of exciplex could be
linked to the observed resonance. In agreement with the experimental observations, both
approaches should be more probable for neon than for argon. This is because the dimer
formation of HeAr instead of ArAr is even more unfavorable compared to HeNe instead of
NeNe. However, a definite assignment of this resonance is beyond the scope of this thesis
and is therefore left to future research.

4.5 Substrate variation

In the previous chapters, we examined a variation of the helium coverage on ruthenium (001).
We now focus on the influence of the substrate by analyzing helium layers on different met-
als, namely platinum (111), copper (111) and silver (111), in addition to ruthenium (001).

Concerning the helium adlayers, the main difference between these substrates is linked
to their respective physisorption energies for helium. For platinum, the helium binding
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Probe Excitation Energy [eV]
2sp n.d. 2sp n = 3 n = 4

Az Az Az Az Az Az

Metastables 20.80 - 21.35 22.85 - -
Photons - - 21.50 - - -

Electrons - 21.00 21.50 22.85 22.95 23.38

Table 4.6: Excitations energies for the resonances of He/Ar/Ru (001) for the three probes.
The resonance of unclear assignment is denoted by n.d. The ionization threshold is 23.66 eV.

energy is about 9.0 meV [33, 138], which should be comparable to the respective value for
ruthenium. In contrast, the binding energy for helium is 3.55 meV for copper and 3.53 meV
for silver [139]. Thus, the helium physisorption energy is about 2.5 times larger for the
transition metals platinum and ruthenium compared to the noble metals copper and silver.

In the following, we study the electronic excitations in physisorbed helium as a function
of the binding strength to the substrate.

4.5.1 Helium bilayer

In this section, we investigate the influence of the substrate on the resonances in physisorbed
helium bilayers and semi-bilayers. To this end, we focus on a comparison of the electron
yields corresponding to the four investigated metal surface.

Figure 4.46 shows the electron yield of a helium bilayer on a platinum (111) surface in
Az-polarization. It largely resembles its counterpart for ruthenium (001) (cf. Figure 4.1). In
particular, there are two pronounced diagonal structures corresponding to the photoemis-
sion of the inner and outer helium layer, respectively. Furthermore, the neutral excitations
associated with the n = 3 and n = 4 manifolds are clearly visible.

Figure 4.47 shows the respective electron yield for a semi-bilayer helium on copper (111)
in Az-polarization. For this substrate, only a partial coverage of the second helium layer
can be obtained due to its weaker physisorption energy for helium. This is reflected in
the smaller photoemission signal from the second helium layer compared to the results for
ruthenium and platinum. Moreover, the neutral neutral excitations are barely discernible in
the displayed 3D plot of the electron yield.

For silver (111), the 3D plot of the electron yield is omitted as it is very similar to the
spectrum for copper (111). This is because the binding strength for this substrate is only
slightly lower than for copper (111).

The ionization thresholds of the helium bilayer spectra were determined using CFS-
plots. For all investigated substrates, the resulting values are 23.25 eV for the inner layer
and 23.83 eV for the outer layer. According to the model calculations, the energetic position
of the ionization threshold is expected to depend delicately on the adsorption distance to the
metal (cf. Section 4.1.4). We therefore conclude that the specific properties of the metal
substrate only weakly influences the adsorption geometry of the helium layers.
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Figure 4.46: 3D plot of electron emission from He/He/Pt (111) in Az-polarization.

Figure 4.47: 3D plot of electron emission from He/He/Cu (111) in Az-polarization.



4.5 Substrate variation 139

Figure 4.48: PEY spectra (Ekin = 0 − 12 eV) in Az-polarization of a helium bilayer on
Ag (111), Cu (111), Ru (001), and Pt (111).

For the four substrates under consideration, Figure 4.48 shows the PEY summed up
for 0 − 12 eV kinetic energy. Note that the measurement range for silver (111) is smaller
than for the other substrates. The general features of the PEY spectra are very similar for
all substrates, which were discussed at length for the ruthenium (001) case in Section 4.1.
However, there are some slight differences due to the influence of the substrate.

The broad structure associated with a 2sp hybrid shows different excitation energies for
the investigated metals. For platinum (111), the center of the peak is largest at 21.60 eV, fol-
lowed by 21.55 eV for ruthenium (001), and 21.45 eV for copper (111). Hence, the blueshift
of the 2sp state with respect to the atomic 2p state located at 21.22 eV increases from copper
to platinum. This behavior can be rationalized by the different binding strengths of the met-
als for helium, which lead to specific helium densities in the absorbed bilayer. For copper,
the physisorption energy is comparably low causing a partial helium coverage in the outer
layer. Hence, the helium density in the outer layer is smaller for copper than for ruthenium
and platinum leading to a smaller blueshift in excitation energy.

Comparing the photoemission yields from the inner and outer helium layer, we deduce
that the outer layer has to be virtually full for ruthenium. However, the blueshift of the
2sp peak for platinum (111) as a substrate is larger than for ruthenium (001). This indicates
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that the outer helium layer in the platinum case is more densely packed than for ruthenium.
However, a population of a third helium layer can be ruled out because this requires tem-
peratures of about 0.4 K.

The peaks associated with the n = 3 manifold show different intensities and slightly
deviating excitation energies depending on the substrate. For platinum (111) and ruthe-
nium (001), two pronounced peaks are located at 22.88 eV and 22.98 eV. In contrast, for
copper (111) and silver (111), the respective peaks have smaller excitation energies with
maxima at 22.84 eV and 22.94 eV. The energetic positions resemble the findings for the 2sp

peak, where platinum and ruthenium account for larger excitation energies than copper and
silver. Hence, the excitation energy again increases with the density in the helium layers,
which is correlated to the binding strength of the substrate. Besides the density induced
blueshift, the n = 3 resonances are also affected by the screening induced redshift of the
ionization threshold. As a consequence, the observed n = 3 resonances exhibit lower ex-
citation energies compared to the atomic 3p state located at 23.09 eV. However, since the
ionization threshold is the same for all investigated substrates, it cannot be responsible for
the observed differences in excitation energy. Hence, the different helium densities corre-
sponding to the binding strength of the substrate account for the variation of the n = 3

excitation energies. Nevertheless, the density induced variation of the n = 3 excitation en-
ergy is only 30 meV, which is smaller than for the 2sp resonance with 150 meV. This is due
to the large influence of the redshifted ionization threshold. The rather weak intensity of the
n = 3 resonances for copper and silver is linked to the smaller amount of helium atoms in
the outer layer. The helium bilayer spectrum for silver (111) exhibits an additional structure
at 22.65 eV, which is barely visible. It most likely corresponds to an n = 3 state in the inner
helium layer. For larger helium coverages, this peak cannot be observed due to the large
signal of the resonances in the outer helium layer.

For platinum and ruthenium, the n = 4 manifold shows a pronounced peak at 23.45 eV
with a shoulder at 23.34 eV. In contrast, only a small and rather broad structure peaked at
23.43 eV is visible for copper and silver. As for the n = 3 manifold, this behavior can
be rationalized by the smaller helium density for copper and silver. The substrate induced
deviation of the n = 4 excitation energies amounts to 20 meV, which is slightly smaller
compared to the n = 3 manifold. This is due to the strong influence of the redshifted ion-
ization potential, which mainly determines the energetic position of the n = 4 resonances.

In conclusion, the general features of the excitation spectrum seem to be independent
of the specific metal substrate. In particular, the ionization thresholds are the same for all
substrates. However, two minor features depend on the binding strength specific metal,
which is largest for platinum and ruthenium, followed by copper and silver. Firstly, the
excitation energies of the resonances increase with the binding strength of the metal due to
the increased density in the outer helium layer. Secondly, the intensities of the n = 3 and
n = 4 resonances are weaker for copper and silver due to the smaller amount of helium
atoms in the outer layer.
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Figure 4.49: 3D plot of electron emission from He/Cu (111) in Az-polarization.

Figure 4.50: 3D plot of electron emission from He/Ag (111) in Az-polarization.
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Figure 4.51: PEY spectra (Ekin = 0− 12 eV) in Az-polarization of a helium monolayer on
Ag (111), Cu (111), Ru (001), and Pt (111).

4.5.2 Helium monolayer

We now examine the substrate induced differences for the neutral excitation of a helium
monolayer. As for the helium bilayer, we compare the electron yields corresponding to the
four metal substrates.

Figure 4.49 shows the electron yield of a helium monolayer on copper (111) in Az-
polarization. The respective spectrum for silver (111) is depicted in Figure 4.50. In both
spectra, the helium photoemission is clearly visible. Compared to the helium monolayer on
ruthenium (001) (cf. Figure 4.25), the photoemission structures exhibit a smaller intensity.
This is due to the smaller amount of helium atoms in the monolayer caused by the weaker
physisorption energies for the two noble metals. Furthermore, the helium photoemission
on copper and silver shows a broader shape compared to ruthenium. This difference can
be rationalized by the small potential depths for the noble metals, which lead to a larger
zero-point motion in the adsorbed layer. The helium ionization threshold was obtained
employing CFS cuts at Ekin = 0 eV, in which the center of the photoemission peak was
determined as 23.25 eV for both the helium monolayers on copper and on silver. This value
coincides with the findings for the helium monolayer on ruthenium.
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In the 3D plots of the electron yield, the neutral excitations are barely discernible for all
investigated substrates. We therefore employ PEY data summed up for 0 − 12 eV kinetic
energy for a further analysis. Figure 4.51 displays the PEY spectra of a helium monolayer
on the substrates ruthenium (001), copper (111), and silver (111). For ruthenium, two pro-
nounced peaks are visible at 21.37 eV and 22.60 eV, which we associated with the n = 2

and n = 3 manifold, respectively (cf. Section 4.2.1). In contrast, the PEY for copper and
silver only exhibits one broad structure, which should correspond to the n = 2 manifold.
The n = 3 structure found for ruthenium seems to be absent here. Comparing the electron
yields for the different substrates, we observe a broadening of the n = 2 peak with decreas-
ing binding strength to the metal. This behavior is most likely linked to a lower density in
the helium layer, which corresponds to a decreased confinement of the excited helium atom.
A weaker confinement implies a smaller perturbation of the excited atom, which is linked to
its lifetime. More precisely, for a free electron metal, resonant charge transfer of an excited
electron to the substrate was found to be faster for a single physisorbed atom than for a
physisorbed monolayer [104]. Hence, we suggest that the lifetime of the n = 2 helium res-
onance decreases with decreasing helium density in the monolayer. Since a shorter lifetime
would lead to an increased width, this might explain our experimental observations for the
helium monolayer on copper and silver.

4.5.3 Sandwich layer

In this section, we investigate the influence of the substrate on helium-neon sandwich layers.
To this end, we compare the electron yields corresponding to measurements of the four
employed substrates.

Figure 4.52 displays the 3D electron yield of a helium-neon sandwich layer on the plat-
inum (111) surface. For silver (111), the respective spectrum is depicted in Figure 4.53. In
general, these spectra are fairly similar. In particular, for both substrates, the ionization
threshold is 23.80 eV for the outer helium layer and 19.43 eV for the inner neon layer. This
virtually coincides with the findings for the ruthenium (001) substrate discussed in Section
4.4.1. This also agrees with the values for copper (111), for which the corresponding 3D
spectrum is omitted for brevity. Slight differences are visible between the electron yield
spectra for platinum and silver. For the latter, there is a pronounced secondary electron
structure parallel to the hν - axis at Ekin = 1 eV. This makes it more difficult to identify
the Penning electron peaks corresponding to the helium resonances. In contrast, no such
characteristic secondary electron structure is present for platinum. Hence, the three Pen-
ning electron peaks located in the neon photoemission signal can be clearly distinguished.
However, these differences are of minor importance for our analysis. This is because the
secondary electron structure corresponds to unoccupied density of states in the metal sub-
strate and does not influence the observed helium resonances.

In order to further examine the neutral excitations of the sandwich layer, we employ
PEY spectra for a kinetic energy range of 0 − 10 eV. Figure 4.54 depicts a comparison of
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Figure 4.52: 3D plot of electron emission from He/Ne/Pt (111) in Az-polarization.

Figure 4.53: 3D plot of electron emission from He/Ne/Ag (111) in Az-polarization.
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Figure 4.54: The PEY spectra (Ekin = 0 − 10 eV) of a He/Ne sandwich layer on
Ag (111), Cu (111), Ru (001), and Pt (111) are shown for Az-polarization (left panel) and
Axy-polarization (right panel).

the resulting spectra for the different substrates in both polarizations. The displayed curves
evidently show a great similarity. This applies both to the general shape of the peaks as
well as to their energetic positions, which deviate by at most 10 meV. This clearly indicates
that the specific metal substrate is of minor importance for the sandwich layers. Instead, the
neon layer is the decisive factor for the energetic positions and shapes of the resonances.
More precisely, the helium density in the outer layer seems to be governed by helium-neon
interaction. This is due to the rather large van der Waals binding between helium and neon
atoms [125]. Compared to this, the influence of the different physisorption energies of the
employed metal substrates seems to be almost negligible.

This is not the case for the helium bilayer, where a considerably weaker van der Waals
interaction is present between the two helium layers. There, the deviating binding strengths
of the metals do affect the helium density in the outer layer leading to different excitation
energies for the varying substrates.
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4.5.4 Dilute helium layer

We also studied the impact of varying the substrate for dilute helium bilayers and dilute
sandwich layers. It turns out that the influence of the substrate is rather small. In particular,
the main features discussed in Sections 4.3 and 4.4.2 apply for all metal surfaces. Since
they contain no additional effects, the corresponding spectra are not shown here.
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Conclusions

In this thesis, we have presented the first detailed investigation of the electronic properties
of physisorbed helium. For this experiment, a custom-made cryostat was designed and
constructed, which meets both the cryogenic requirements and the necessary cleanliness
standards. This setup allows the stable adsorption of up to two helium layers on several
metal substrates. This system was studied spectroscopically using synchrotron radiation and
a time-of-flight spectrometer, which minimized the radiation exposure onto the sensitive
helium layers. Our detector allows the simultaneous detection of electrons, fluorescence
photons, and metastable particles, which has the great advantage of full comparability.

In the following, the results for one-electron excitations in physisorbed helium are sum-
marized. The examination of these resonances was performed for helium bilayers, helium
monolayers, and dilute helium bilayers. Moreover, helium sandwich layers were studied, in
which the inner layer consists of neon or argon. These variations of the adsorbate coverage
were performed for four different metal substrates, namely ruthenium (001), platinum (111),
copper (111), and silver (111).

In our experimental data, we can resolve neutral excitations for the principal quantum
numbers n = 2-4, which roughly correspond to the 11S → n1P Rydberg series of atomic
helium. Due to the symmetry breaking at the surface, the energetic positions of the neutral
excitations depend on the polarization of the synchrotron radiation. For physisorbed helium,
the observed series is found to be compressed with respect to the gas phase. On the one hand,
this is due to the screening induced redshift of the ionization potential, which also affects
the energetic position of the neutral excitations. On the other hand, the repulsive interaction
of the excited helium orbitals with their closed-shell neighboring atoms leads to a density
dependent confinement effect, which causes a blueshift in excitation energy.

The magnitudes of both the screening and the confinement effect differ for the investi-
gated layer systems. Firstly, the screening effect is larger for the sandwich layers compared
to pure helium layers due to the increased polarization of the neon and argon atoms. Since
the screening depends on the adsorption distance to the metal, it is generally larger for the
first layer on the substrate compared to the second layer. For all adlayer systems, the screen-
ing effect turned out to be nearly independent of the specific metal substrate. Secondly, the
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confinement effect is smaller for the helium monolayer compared to the bilayer, because the
number of nearest neighbors is smaller for the former. For both systems, the coverage varies
for the employed substrates, because their different binding strengths lead to varied helium
densities. For the sandwich layer, the confinement effect is largest because of the increased
coupling between the layers. Here, a variation of the substrate has only a negligible effect.

A compression of the physisorbate Rydberg series with respect to the atomic case also
occurs for the heavier rare gases. However, our excitation spectra show additional fea-
tures that are exclusively present for physisorbed helium. All observed resonances exhibit
a strong hybridization and correspond to their respective atomic states only in the asymp-
totic limit of large interatomic distances. Furthermore, the large zero-point motion is found
to cause a further mixing, which involves states of different symmetries. Moreover, the
large zero-point motion turned out to be responsible for the broadening of the resonance
lines observed for all physisorbed helium systems. This also provides an explanation for
the large widths of the resonances, which were observed previously for many dense helium
structures. Moreover, the physisorbed helium layers were found to form a two-dimensional
homogeneous phase. This is in contrast to the heavier rare gases, for which island for-
mation was observed. Hence, several characteristic features of the excitation spectrum of
physisorbed helium can be rationalized by the quantum nature of helium.

The decay products of the helium resonances allow to determine the involved mecha-
nisms. For the helium monolayer, the excited states decay via resonant charge transfer on a
femtosecond time scale and subsequently undergo Auger neutralization. For the two layer
systems, i.e. the helium bilayer and sandwich layer, the resonant charge transfer from the
outer layer is hampered, leading to Penning ionization as the dominant process for the decay
of the excited state. Moreover, except for the helium monolayer, metastable desorption also
turns out to be an important decay process.

While the presented results considerably enhance the understanding of physisorbed he-
lium, there are still a number of interesting open questions for future research. For example,
the occurrence of an additional resonance for the sandwich layers might be elucidated by
investigating He/CO or He/O2 sandwich layers on metal substrates. Furthermore, the exam-
ination of the two-electron excitations of physisorbed helium seems to yield very complex
effects. First results show a broadening of the low lying He∗∗ states, whereas the higher
states are more narrow. This behavior resembles our results for the one-electron excitations.
However, the spectra for the two-electron excitations are far more complex and would there-
fore require a specifically tailored theoretical description.

Finally, the employed experimental setup, which includes a custom-made cryostat par-
ticularly designed for the investigation of physisorbed helium layers, could also be used
for other fields of research. It allows the preparation of clean metal substrates at tempera-
tures of less than 1 K in a straightforward manner. Hence, it would be suited, e.g., for the
investigation of photoelectrons emitted from Cooper pairs in superconductors like lead.
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