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1 Introduction

In the last two decades, the role of the size of a studied system has gained a large
importance in the natural sciences [1]. Size matters also in solid state physics, as is es-
pecially evident when the relevant dimensions approach the atomic scale and quantum
effects become defining factors of a system. In recent years, a broad range of experimen-
tal and theoretical investigations of systems of reduced dimensionality provided a ground
for manipulation of the structural and electronic properties of solid state systems. This
was leading to many important applications. Moreover, the Nobel Prize in Physics of
the year 2010 for groundbreaking experiments regarding the two-dimensional material
of graphene emphasized the practical importance of our understanding of the nanoscale
world. One of the most noticeable influences of low dimensional systems is their impact
on the development of semiconductor devices, in which also the electronic structure of
surfaces and interface regions can play an important role [2]. To understand the relevant
chemical and physical mechanisms, the study of model systems under precisely controlled
conditions is extremely helpful. For instance, the investigation of adsorbate chemistry
involving the electronic excitations at surfaces allowed better control and understanding
of various processes at surfaces with the help of alkali atoms as relatively simple model
systems [3–5]. Without a deeper understanding of the relevant processes of vibrational
excitations, dissociation, desorption, charge transport, catalysis and general chemical re-
actions [4], the modern era of the epitaxial growth of semiconductors would hardly be
possible. Additionally, with the present challenge of developing high efficiency batter-
ies for sustainable energy use [6], the example of single atom substrate catalysts proves
the importance of research on the electronic effects in the interaction between single ad-
sorbate atoms and a substrate [7]. Going from a picture of single atom on a surface
to a regime of higher adsorbate coverage, quantum effects arise due to confinement of
electrons to regions comparable to their de Broglie wavelength [2, 8]. Depending on the
remaining available degrees of freedom, a “zero dimensional”, “one-dimensional”, or “two-
dimensional” confining situation can be created at a surface [2, 9]. The resulting structures
resemble atoms (quantum dots), wires (quantum wires) and thin films (quantum wells).
Especially the two dimensional electron gas in thin film quantum well states, associated
with discrete variation of a wide range of physical properties [8], is found to be useful
in model investigations concerning quantized electronic states in artificial structures with
adjustable physical dimensions. Since numerous advances have been made in this field, a
whole branch of so-called “quantum-well-spectroscopy” investigations [8] has provided vi-
tal information about quantum well state effects on physical systems. This investigations
include the bulk band structure by determination of band dispersions as a function of k,
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a variety of quantum size effects and properties like the density of states [8], the work
function [10], electron-phonon coupling [11–13], surface reactivity [14], the total energy of
the system and its stability [15–17], the oscillatory magnetic anisotropy [18, 19], and the
exchange coupling between two ferromagnetic films separated by paramagnetic spacer lay-
ers [20, 21]. The exchange coupling is responsible for the giant magnetoresistance (GMR),
which has revolutionized the magnetic storage technology and found multiple applications
in magnetic sensors, magnetic random access memory and spin -valve devices [22]. How-
ever, not only the GMR-based devices but also the general development of semiconductor
devices in a wide range of applications like light-emitting diodes, semiconductor lasers, and
high-electron mobility transistors can be given as examples. Additionally, as mentioned
recently in Ref. [23] concerning the magneto-electric charge trap memory (designed out
of high quality epitaxial Fe film grown on a Ag(001) single crystalline substrate), the low
dimensionality of the system causes the shift of spin-polarized electronic bands, leading
to pronounced field driven changes of magnetic properties. This enforces the importance
of investigations regarding the electronic structure of low dimensional systems.

In this work, photoemission and non-linear optics are used to probe different types
of low dimensional electronic states on metal surfaces. Photoemission spectroscopy has
established itself as the most versatile technique for studying the electronic states of solids,
surfaces and adsorbates on surfaces [24].

As a first application, in spectroscopic photoemission experiments combined simulta-
neously with non-linear optics investigations, changes of the electronic structure during
continuous deposition of caesium atoms on a single-crystalline Cu(111) substrate are in-
vestigated. By variation of different parameters like the incident photon energy or the
growth temperature, we are able to get direct access to information concerning the contri-
butions to the intensity of the observed resonant optical transition and determine which
states take part in the previously mentioned resonances. Additionally, calculations based
on simple models are performed in order to get better insight into the interesting phe-
nomena of surface state energy shifts.

Next, we probe the changes in the electronic structure during continuous deposition
of iron films on Ag(001) substrates. The good control over the experiment allows us to
study the formation of specific electronic states near to the Fermi level. By varying the
polarization of the incident light we can access the information regarding the symmetry of
the investigated states which is used to recognize their character and origin in comparison
to the bulk band structure. We analyze the experimental data by use of the “phase accu-
mulation model” (PAM). Additionally, we determine the spin character of the investigated
states by means of the spin-resolved photoemission. The angle-resolved photoemission of
clean and iron covered silver surfaces allowed the experimental estimation of the effective
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mass and the binding energies of the n = 1 image potential state which were compared
with a PAM prediction.

Finally, time-resolved photoemission investigations aimed at the examination of the
lifetime of excited electrons in the unoccupied quantum well states of Co on Cu(001) are
presented. The analysis of the interferometric autocorrelation curves by means of phase-
averaged envelopes reveals the effect of the electron life time. Further examination by
simulation of the cross-correlation curves, allowed an estimation of the electron relaxation
time.

This thesis is organized as follows: Chapter 2 describes the physics of the experimental
methods used in this work. Chapter 3 contains an overview of the experimental setup
and measurement procedures. In chapter 4, the results of the experiments carried out in
this work are described. Chapter 5 contains the discussion of the presented results in the
scope of quantitative models for the explanation of the measured data and their physical
interpretation.
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2 Basic concepts

2.1 Photoemission

2.1.1 Energy- and Angle-Resolved Photoelectron Spectroscopy

Photoemission spectroscopy is known to be one of the most direct methods for study-
ing the electronic states of solids, solid surfaces and adsorbate covered surfaces [25–27].
In the general description of the process, after illumination of the sample the emission of
electrons with a specific energy and momentum distribution occurs. The photoemission
spectra provide information of the initial density of states below the Fermi level of the
investigated system, from which photoelectrons are excited into the states above vacuum
level. Depending on the incident photon energy we can gain access to core level elec-
trons using soft x rays (102 − 103 eV), and to valence band electrons using UV radiation
(3 − 102 eV). Photoemission spectroscopy has found application to a multiple number of
issues like superconductivity [28], metal-isolator transitions [29], the electronic structure
of Graphene [30–32], topological isolators [33, 34] and low dimensional systems [35–37].
The external photoelectric effect - photoemission from the surface of a solid placed in
vacuum which was observed for the first time by H.G. Hertz in 1888 and explained by
Einstein [38] who used Planck’s idea of energy quanta to describe it, considers energy
transfer from singe photons, to the electrons. The equation below, includes the main
thought of this discovery:

hν = φ+ EB + Ekin (2.1)

where h -Plank constant, ν -photon frequency, φ -work function of the surface, EB -
electron binding energy, Ekin -electron kinetic energy. The meaning of Eqn. 2.1 which
describes the energy conservation law, is as follows: each electron absorbs only one photon
at a time. If the absorbed energy is large enough to excite the electron it leaves the metal.
If is not, the electron dissipates its energy in collisions with nearby electrons and atoms
before it can absorb another photon. The theoretical approach to the photoemission
process requires a full quantum-mechanical treatment of the complete coherent process in
which an electron removed from an occupied state within the solid and excited into a final
state above the vacuum level and is detected by the detector. There are two theoretical
approaches used to explain the photoemission experiment: the one step process and less
accurate but simpler approach called three step model [26]. In the three step model the
photoemission process is separated into three independent steps. In the first step an
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electron in an initial state after adsorption of a photon is excited into a final state. In
the second step the electron is propagating through the material towards the surface. In
the third step the electron is emitted from the solid into the vacuum where it can be
detected. The separation of above mentioned processes is in principle artificial because
above mentioned steps are quantum mechanically not independent. In the so called one
step process all the above described steps are treated as one step. In this model an
electron is directly excited from the ground state in the solid to the final state in which
the freely propagating wave in vacuum can decay in to the solid due to scattering [39]. In
a simplified description the photoemission current J is a result of single particle photo-
induced transitions between occupied (|ψi〉, Ei, ki) and unoccupied (|ψf〉, Ef , kf ) states.
This single-particle states have an energy difference Ef−Ei, corresponding to the incident
photon energy hν. By using the first order perturbation theory, the interaction of the
electromagnetic field with the electrons in solid can be described by use of the Fermi
golden rule:

J(Ekin, k||) ∝ | 〈ψf | V̂I |ψi〉 |2δ(Ef − Ei − hν) (2.2)

= |Mfi|2δ(Ef − Ei − hν)

where ψi and ψf are the wave functions of the electron in the initial and final state
respectively. The matrix element Mfi can be written as:

Mfi = 〈ψf | V̂I |ψi〉 (2.3)

The interaction operator V̂I is given by the quantum mechanical momentum operator for
the electron p and the vector potential A of the electromagnetic wave:

V̂I =
e

mc
[A · p + p ·A] +

e2

2mc2
A ·A (2.4)

This interaction operator describes the interaction of the electrons with incident radiation.
By assuming that the p·A = 0 and neglecting the thermA·A, which represent two-photon
process [40–42], above equation can be reduced in dipole approximation:

V̂I ∝
e

mc
A0 · p (2.5)

In experiments, photoelectrons can be characterized according to the parallel momen-
tum distribution p‖ (or wave vector k‖ = p‖/~) which can be measured from the angle
resolved photoemission spectroscopy (ARPES). ARPES allows to measure and analyse
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the solid state band dispersion, giving information about binding energy and effective
mass of an electron in the specific electronic state. In the experiment by recording the
kinetic energy versus the emission angle θ we determine band dispersion. The relation
between the kinetic energy and the momentum of the electrons outside the sample is
defined by Eqn. 2.6.

Ekin =
p2

2m
=

~2k2‖
2m

+
~2k2⊥
2m

. (2.6)

Taking into consideration Eqn. 2.6 and the fact that the linear momentum parallel to
the surface is conserved as schematically shown in Fig. 2.1, the angle dependence can be
converted to k‖ by Eqn. 2.7.

k‖ =

√
2mEkin
~

sinθ. (2.7)

In general the dispersion (Ekin versus k‖) obtained in the experiment is described by
Eqn. 2.8.

Ekin = EB +
~2k2‖
meff

. (2.8)

where EB is the binding energy and meff is the effective mass of an electron in a specific
electronic band. By fitting the dispersion obtained from experiments with a quadratic
function of the form y = a+ bx2 we can obtain the parameters EB and meff in Eqn. 2.8.

Figure 2.1: Conservation of linear momentum parallel to the surface

The photoemission as described above does not resolve the perpendicular momentum k ⊥
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due to existence of surface with broken symmetry perpendicular to the film which causes
that k ⊥ is not conserved in this direction. The formation of set of discrete states -
quantum well states in a thin film as it will be shown in Sec. 5.2 is giving a possibility to
resolve k ⊥ for those states.

2.1.2 Spin-resolved photoemission

To explore magnetic proprieties and phenomena in low dimensional systems, experi-
mental techniques that allow us to investigate the electronic structure with spin resolution
are important. The spin-resolved photoemission has developed into a versatile tool for
study of surface and thin film magnetism. In this thesis the spin-resolved photoemission,
is realised by use of electron spin polarization analyzer described in Sec. 3.4. The spin
analysis takes place after energy analyser Fig. 3.1 in Ch. 3 and is based on spin depen-
dent scattering from a ferromagnetic surface. In the electron spin polarization analyzer
described in Sec. 3.4, the exchange interaction in the ferromagnetic iron thin film is respon-
sible for spin-dependent cross section in the electron-electron scattering. Spin-dependent
reflectivity of a ferromagnetic surface originates from two effects: first the elastic scatter-
ing between the spin-polarized incident electrons and electrons in ferromagnetic target,
second the inealastic electron-electron collisions due to the spin-dependent inelastic mean
free path (IMFP). To understand the scattering process we consider spin-split band struc-
ture in a ferromagnet as shown in Fig. 2.2 a).

Considering the elastic scattering process, the incident electron can penetrate into
crystal only if unoccupied states at the specific energy of incident electron are available.
For an incident beam with energy in the range between E1 −E2, as schematically shown
in Fig. 2.2 a), electrons whose spin is parallel to minority-spin electrons enter the crystal,
while electrons whose spin is parallel to majority-spin electrons are reflected due to lack of
available states. The reflectivity shown in Fig. 2.2 b) increases starting from energy E1, for
one spin channel and extends up to energy E2. Spin dependent reflectivity in the energy
range between E1 and E2 leads to detectable spin-dependent scattering asymmetry as
shown in Fig. 2.2 c). Beside the elastic scattering the inelastic electron-electron collisions
take a part in the spin dependent scattering process Sec. 3.4 and contribute to spin-
resolved photoemission signal. The inelastic mean free path (IMFP) of the electrons
depends from material and in case of ferromagnet it is spin-dependent. The density of
states of ferromagnetic metal in Fig. 2.3 shows larger number of unoccupied states in which
the electron can fall in, more for minority-spin electrons, then for majority-spin electrons.
The spin-dependent density of states above the Fermi energy for the two spin directions
results in a spin-dependent inelastic mean free path (IMFP). The minority electrons in



2.1. Photoemission 10

Figure 2.2: Schematic of spin-dependent reflectivity and asymmetry in electron scattering
from spin-split band structure.
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Fig. 2.3 are scattered more effectively than the majority electrons and consequently the
reflectivity for the majority electrons is higher. In the spin detector described in Sec. 3.4
both, the inelastically and elastically scattered electrons are included in the spin analysis
[43].

Figure 2.3: Density of states in ferromagnetic bulk iron, adapted from Ref. [44]

2.1.3 Nonlinear photoemission

The possibility that processes in which not only a single photon, but at the same
time two or more quanta are exchanged, was described by M. Goeppert-Mayer [45, 46] in
1930. The so called multiphoton-processes are known to be less probable processes which
require high radiation intensities. The invention of lasers, which provides coherent short
pulses of light with high intensity, makes it possible to experimentally observe multiphoton
processes. The first measurements of nonlinear photoemission were reported by Teich [47].
Since the development of the femtosecond lasers in the 1980, the time scale of chemical
reactions between 10 fs and 10 ps become accessible for experimental investigations [48].
Nowadays the development of lasers systems allows to shorten the laser pulses to few
optical cycles [49]. With progress in the field of nonlinear optics even shorter attosecond
(10−18 s) pulses can be soon applied in the photoemission spectroscopy for study of the
fundamental physics of the electron dynamics in atoms and solids [50]. Thanks to the
strong femtosecond pulses in the THz frequency range the direct coherent control over
magnetic excitations became possible [51].

In nonlinear photoemission process the coupling due to the ultra-short, high-intensity
optical pulses between occupied initial states, the initially unoccupied intermediate states
and the final states plays a decisive role. Implementation of a controllable time delay be-
tween laser pulses allows investigation of the temporal behaviour of the excited system as
discussed in Sec. 2.1.4. The investigations of image potential states on the metal surfaces
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are a good example with use of nonlinear photoemission. The clear physical mechanism of
formation [52] and relative long lifetimes of those states make them an important model
systems for electron dynamics investigations at magnetic and non-magnetic solid surfaces
[53–58].

The graphical presentation of the multi-photon photoemission process is schematically
shown in Fig. 2.4. It includes the linear one photon process, the nonlinear two- and three-
photon photoemission processes.

E

EV

EF

hν

initial state

intermediate 
state

final state

unoccupied
states

occupied
states

unoccupied
states

hν

photoemission

φ

2PPE1PPE

hν

3PPE

Figure 2.4: The schematic of the multi-photon photoemission process.

The one photon photoemission described by Eqn. 2.1 and shown in Fig. 2.4 is a first
order, linear process in which an electron with a binding energy EB after absorption of
a photon hν is excited above vacuum level EV with detectable non-zero kinetic energy
Ekin. The two-photon photoemission is a second order, non-linear process Fig. 2.4 in which
within one laser pulse the electron absorbs one-photon and it is excited into an unoccupied
state between EF and EV , where after adsorption of another photon, the electron is
emitted above the vacuum level. The number of photoelectrons emitted in a 2PPE process
is proportional to square of incoming light intensity. The simplest description of the 2PPE
process is given by Eqn. 2.9 which is a modification of Eqn. 2.1:

2hν = φ+ EB + EK . (2.9)
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The higher order photoemission processes involve more transition steps until the elec-
tron emission occurs. To describe them the Eqn. 2.1 is modified dependent on the number
of transition steps similarly as in the 2PPE for 2 step process Eqn. 2.9. Thanks to the
energy and the parallel momentum conservation, described in more detail in the previous
section, the multiphoton photoemission provides a unique method to study the unoccu-
pied electronic band structure.

In strong contrast to the linear one-photon photoemision, in the multi-photon pho-
toemission process, the intermediate states play a decisive role. Moreover, the optical
excitation with short laser pulses enable the possibility of time-resolved studies of the
electron dynamics in an originally unoccupied electronic state. We can observe there
many interesting dynamic phenomena. The description of the above processes concern-
ing the propagation of quantum-mechanical system is generally formulated by a density
matrix formalism [59–62]. With the use of density matrix formalism it is possible to take
into account the coupling between the electronic states and the optical excitation field
as well as the time-dependent interactions within the system [55, 63–68]. A semiclas-
sical approach is applied to describe the photoemission, in which the electronic states
are described quantum mechanically but the radiation is considered as a classical electric
field.

A basic model of the 2PPE process is based on the density matrix formalism. Lets
consider a system composed of three orthonormal states: the initial state |i〉, the interme-
diate state |m〉 and the final state |f〉 with corresponding energies εi, εm, εf respectively.
The density matrix operator ρ̂ of above described system can be expressed as:

ρ̂ =


ρii |i〉 〈i| ρim |i〉 〈m| ρif |i〉 〈f |
ρmi |m〉 〈i| ρmm |m〉 〈m| ρmf |m〉 〈f |
ρfi |f〉 〈i| ρfm |f〉 〈m| ρff |f〉 〈f |

 (2.10)

ρii(t = −∞) = 1

The diagonal elements in form of (ρaa) in the matrix ρ̂, describe the populations of the
involved states, while the off-diagonal elements in form of (ρab), represent the coherences
between the states [59]. An application to the three-photon photoemission (3PPE) process
is presented in [69]. The matrix element ρii is the only non-zero element in the ground
state at time t = −∞, representing the initial population of the relevant state. The
photoelectrons N(εf )observed in the experiment for a given energy of the final state are
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described in the density matrix formalism as:

N(Ef ) =

∫ +∞

−∞
dtTr{F̂ ρ̂(t, Ef )} (2.11)

where F̂ is an operator defined simply as F̂ = |f〉 〈f | in order to receive the population in
final state ρff . The matrix element ρff determines the quantity we measure in experiment:
the very small population that is transferred to the final state by ultra-short optical
pulse. Starting at t = −∞ in the Eqn. 2.11 from initial state ρii, the coupling provided
by the laser electric field E(t) via intermediate state allows to develop a finite values in
the matrix elements during time evolution of density operator. This time evolution is
described by the equation of motion for the density matrix (Liouville - von Neumann
equation) [55, 60, 64, 65, 67]:

dρab
dt

= − i
~
〈a|
[
ĤS + V̂I , ρ̂

]
|b〉 − Γabρab(a, b = i,m, f) (2.12)

where ĤS is the hamiltonian of unperturbed system, V̂I is the interaction operator de-
scribing the coupling between relevant states. The dipole approximation of V̂I discussed
in Sec. 2.1.1, leads to a dipole matrix element µab which describes the relative strength
of coupling between states |a〉 and |b〉. The complete description of the time dependent
response of the system under influence of an electric field from optical pulse is given in
Ref. [70]. The elements Γab in Eqn. 2.12 are phenomenological parameters which are in-
troduced to account for the relaxation of the system back to equilibrium. In a simplified
picture those elements are assumed to be constant. The off-diagonal elements ρab decay
due to the influence of the population loss of the population loss rates Γaa, Γbb of both
involved levels and in addition due to the dephasing Γab between states |a〉 and |b〉. In
general the coherences ρab accounting for interference effects will be washed out when
the phase correlation of the oscillating dipole between the interactions with electric field,
decays to zero [69]. The perturbative expansion of the ρ̂ with respect to interactions with
electric field allows for a transparent physical interpretation. Such a perturbative expan-
sion allows us to visualise the induction of non-zero matrix elements ρab as a sequence of
steps in which the commutators

[
ĤS + V̂I , ρ̂

]
in Eqn. 2.12 are expanded up to a specified

order [71]. This expansion can be represented by double-sided Feynman diagrams which
keep track of both time development of the populations in the involved states as well as
the induced coherency between those states [69]. Another related visualisation (Liouville
space pathways described in [69]) allows us to show the possible coupling of two generic
elements ρab and ρcd of the density matrix.

The electronic structures in band structures in real solids can be approximated by the
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three level system only in rare cases. A generalisation of band alike states [72], can be
made by introduction of k dependent three or more level systems. In such systems the
coupling between states by various E and k elastic and inelastic scattering processes must
be additionally considered. This is the reason responsible for an extreme complexity of
the ab− initio calculations of the non-linear photoemission.

The above description does not take into account the spin influence on the discussed
states which can affect the spin dependent interaction operator V̂I , spin dependent matrix
elements 〈a|VI |b〉 or spin dependent scattering processes. In general, a coupling between
spins must be considered since the existence of the spin-flip scattering processes [73, 74].
Additionally the occupation of a state |a〉 through an inelastically spin dependent scat-
tering process from another state |b〉 is possible. This allows the dynamics of populations
with different spin to be coupled together in a complex way, and introduces a need of a
proper theoretical description.

2.1.4 Time-resolved photoemission

Interferometric time-resolved two-photon photoemission (ITR-2PPE) is a suitable non-
linear optical method for probing phase and energy relaxation of excited electrons [56, 75–
77]. By means of the ITR-2PPE spectroscopy it is possible to measure with extremely high
(about 1fs) resolution the carrier dynamics processes [75]. In the interferometric photoe-
mission two pulses with identical polarization and frequency ω are collinearly overlapped
on the sample and the photoemission signal is recorded as function of the pump-probe
delay. As electrons are excited, the pump pulse induces on the sample linear and nonlinear
polarization at laser frequency and its second harmonic, which decays into an incoherent
non-equilibrium distribution of hot electrons [78]. The linear polarization due to coupling
of the initial state E0 with the intermediate state E1 and with the final state E2, oscillates
at the excitation frequency ω, while the nonlinear polarization between the initial E0 and
the final state E2, oscillates at frequency 2ω. The probe pulse interacts coherently with
the induced polarization and incoherently with the hot electron population. The interac-
tion of the probe pulse with the pump pulse excitation can occur in three different ways
as illustrated in Fig. 2.5.

In Fig. 2.5 a) an excited electron adsorbs another photon and if its total energy is
higher than the vacuum level, the electron can be detected at a given kinetic energy. This
process gives information about the energy relaxation time of the intermediate state, T1.
In the Fig. 2.5 b) depending on the relative phase between the pump and the probe pulse
an interference of linear polarization results in enhanced adsorption or simulated emission.
The oscillation of polarization with frequency ω between the states E0 and E1, and be-
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Figure 2.5: Schematic of two-photon photo-excitation processes by coherent laser pulses.
a) energy relaxation time T1, b) phase relaxation time T 01

2 and T 12
2 , c) dephasing of

nonlinear polarization T 02
2 [79]

.
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tween E1 and E2, decays with the phase relaxation time T 01
2 and T 12

2 respectively as shown
in Fig. 2.5 b). The two pulse excitation induces the nonlinear polarization Fig. 2.5 c) be-
tween the E0 and the E2 states, which decays with a time constant T 02

2 . The ITR-2PPE
signal can be decomposed approximately by Fourier analysis into components consisting
of: a slowly varying phase-averaged envelope of equal pulse correlation measurement de-
noted as 0ω, - envelopes of the fast oscillations at approximately the excitation frequency
denoted as 1ω, - its second harmonic denoted as 2ω. This decomposition allows to de-
termine the hot electron lifetimes T1 from 0ω envelope, to estimate the phase relaxation
times T 01

2 , T 12
2 of the linear polarization from 1ω envelope and dephasing time T 02

2 of the
nonlinear polarization from 2ω envelope. The figure Fig. 2.6 shows an example of time-
resolved two-photon autocorrelation spectrum from Cu(001) and its decomposition into
mentioned above 0ω, 1ω, 2ω components:

Figure 2.6: Interferometric time-resolved two-photon correlation curve from Cu(001) and
its decomposition into 0ω, 1ω and 2ω envelopes.

2.2 Second harmonic generation

The physics of nonlinear optics started with the invention of the laser by Maiman in
1960. Access to very high light intensities made it clear that the response of a medium to
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light can be nonlinear. This discovery led to development of researches regarding various
intriguing phenomena such as second harmonic generation. To understand the physics
of SHG process one can consider a light with incident field E at frequency ω. This
light can induce a dipole oscillation of each molecule in the medium. The nature of this
oscillation is anharmonic and has higher order frequencies 2ω, 3ω and so on. Oscillating
dipoles emit radiation from the medium and because of anharmonic character, one expects
the output radiation at higher frequencies [80]. The surface second harmonic generation
process is based on the fact that the inversion symmetry at the interface of a medium is
broken[61, 80, 81]. The incident electric field E⊥ of a laser light oscillating in a direction
normal to the surface is interacting with surface charge σ expressed by Eqn. 2.13. It is
distributed in a thin region close to the surface of a conductor.

σ = −e ·
∫
dzδn(z). (2.13)

The incident light electric field induces time-dependent perturbation and draws the
electrons from the metal to a region in distance d from surface where they accumulate
with a certain distribution δn(z). This give a rise to a linear surface polarization P⊥ = σd

as shown in Fig. 2.7 a).

A stronger field produces a larger surface charge and deforms its distribution as shown
in Fig. 2.7 b), displacing it by a distance ∆d and giving rise to extra surface polarization
P

(2)
⊥ = σ∆d. When the fundamental field reverses direction after half of period the

electrons are strongly pushed onto the surface instead of being strongly pulled. The
extra surface polarization P (2) which arises from deformed charge distribution responds
nonlinearly to the field reversion and oscillates in case of second harmonic with frequency
2ω as expressed by Eqn. 2.14.

P (2)(2ω) = χ2E(ω)E(ω). (2.14)

where χ2 is known as the nonlinear susceptibility, a characteristic coefficient of the
medium. The induced P (2) polarization according to Maxwell’s equations radiates an
optical field E(2) at optical frequency 2ω. The polarization ~P can be expressed also in
the scope of density matrix formalism as ~P =Tr[µ̂ρ̂]. The relevant elements of density
matrix type |b〉 〈a| possess the non-diagonal elements describing the non-linear optics
phenomena[60]. There is an advantage of the density matrix formalism, namely that the
both the photo-emission and the non-linear optical signal from the observed system can
be described in a unified picture with the use of common parameters [60, 82]. Combined
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Figure 2.7: The schematic of induced surface a) linear dipole per unit volume, b) second-
harmonic dipole per unit volume.

experiments with use of photoemission and non-linear optics can provide an additional
information as it is shown in the further part of this thesis.

The second harmonic generation as a technique is a powerful instrument in surface
analysis due to its high surface sensitivity and applicability which allows to use it where
the electron spectroscopy can not be applied. SHG in comparison the angle resolved
photoemission can not obtain the information about the relevant initial and final state
energies or the momentum of an electron. The only information which is known are the
photon energies of optical transitions and the output intensity of frequency doubled light.



3 Experimental setup

The experimental results presented in this thesis, were obtained with an apparatus
as shown on Fig. 3.1. The laser light source produces 12fs, 800nm pulses which are then
frequency doubled (400nm) and used in photoemission investigations. The Mach-Zehnder
interferometer control pump probe delay used in time-resolved photoemission. Photoelec-
trons emitted from sample are analysed both by the electron energy analyser and the
electron spin polarization analyser. Light reflected from the sample is investigated by
surface second harmonic generation detector. Sample is prepared and held in ultra high
vacuum (UHV) condition. The main elements in Fig. 3.1 are described in detail in the
following sections.

x
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channeltron Fe film

W (001)

electron energy analyser

surface SHG detection

200 nm

PMT
laser out

la
se

r 
  i

n

Mach-Zehnder
interferometer

400nm
 18 fs

electron spin polarization analyzer

sample

Figure 3.1: Experimental setup for interferometric control of spin polarized electron
populations in multiphoton photoemission [83].

3.1 Laser system

The light source used in the experiment (“Fusion” laser from Femto Optics) is a
Ti:sapphire oscillator as shown in Fig. 3.2, pumped by a 6W, 532nm CW “Finesse” laser
from Laser Quantum. The green light from “Finesse” pump laser is directed by a piezo-
controlled mirror into the lens L showed in Fig. 3.2, which focuses the light on the
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M3 M2

M4

M5
M6

M7

DC

Laser 
output

C

OC

OP

Figure 3.2: Fusion oscillator: Optical Schematic. M1-M6 dielectric mirrors, L - lens, DC
- dispersion compensation mirrors, OC - output coupler. OP - compensation plate

Ti:sapphire crystal. Ti:Sa crystal as gain medium emits in the process of spontaneous
emission near infra red light which is trapped in the cavity with a short (M1 to M3) and
a long arm (M5 to M7 then OC). After the output coupler (OC) the beam is directed
towards a pair of mirrors (DC) with special coating for dispersion compensation. The
mode-lock operation can be started by moving the M3 end mirror, which in process of

Fusion laser

Interferometric
measuremants

SM1

SM2
SM3SM4

BBO cavity
M1

M2
M3FM1

FM2

DC

M4

P1 chamber
BBO cavity P2

movable stage

Figure 3.3: The optical setup guiding the laser beam into the photoemission chamber.
S1 - S4 silver mirrors, M1 - M4 dielectric mirrors, FM1 - FM2 flippable dielectric mirrors,
DC - dispersion compensation mirrors, P1 - P2 polarizer
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constructive interference, creates periodical pulses of light with femtosecond duration
time. The 800 nm pulsed light from fusion laser is directed through set of silver mirrors
SM1 - SM2 - SM3 - SM4 as shown in Fig. 3.3 to a Beta Barium Borate (BBO) crystal cavity
where in the second harmonic generation process, 400 nm light is produced. The 400 nm
UV light is then directed by set of dielectric mirrors M1 - M2 - M2 - FM1 through the DC
mirrors for dispersion compensation and the P1 polarizer to the chamber. By switching
between flip mirrors FM1, FM2 we are able to provide interferometric measurements
described in one of next subsections. The second BBO cavity in the movable stage doubles
frequency to 200 nm light used in one photon photoemission (1PPE) measurements.

3.2 Surface second harmonic generation setup

In Fig. 3.1 the light is reflected from the sample surface towards the surface second
harmonic generation detector. Together with the reflected light there is second harmonic
light generated at the surface of the sample. Both the reflected 400 nm and the generated
200 nm light from the sample, enter the detector as shown in Fig. 3.4. The L1 and L2
lenses focus the beam, which is guided by the silver mirrors SM1 - SM2, on the Brewster
CaF2 prism P1. The P1 prism separates the main 400 nm beam from the generated second
harmonic 200 nm light. After passing the iris i2 on which part of the remaining 400 nm

SHG setup

chamber

PMT

movable stage

L1

L2

SM1

SM2

i1

i2

i3

i4

P1

P2 P3

P4

G

Figure 3.4: Schematics of second harmonic generation detector. L1 - L2 lenses, SM1-SM2
silver mirrors, i1-i4 irises, P1 - P4 prisms, G - glass filter, PMT - photomultiplier tube
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light is stopped, the 200 nm light goes through prism P2 and P3. Finally the 200 nm light
goes through the last P4 prism to the PMT -photomultiplier tube. The movable glass
filter is used to check the signal to background ratio. The 200 nm light will be absorbed
whereas the stray light from the surrounding is allowed through. The detected intensity
ratio of 200 nm light to background light is better then 104.

3.3 Interferometric measurements

The time-resolved photoemission investigations are based on the pump-probe delay
control provided by a Mach-Zehnder interferometer shown in Fig. 3.6. The 400 nm light
enters the interferometer from the mirror M1 side and is split into two beams by BS1 and
BS2 beam splitters. The delay stage shown in Fig. 3.6, allows the optical path adjustment
and the fine tuning T of the pulse overlap in the time domain. The time delay between
the two beams, provided by the delay stage, is achieved during the light propagation
through two different optical paths. One output beam reflected from the flipped mirror
FM2 is directed through dispersion compensation mirrors to the chamber. The other
output beam, reflected from mirror M2, is directed through the lens L, to the grating G.
It is finally measured by a photodiode PD as a reference. The reference output beam
serves as a monitor and control mechanism of the delay between the pulses.
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Figure 3.5: a) Laser mode-lock spectra obtained by fine adjustment of the cavity, b)
corresponding change in the pulse shape measured by the phase-averaged autocorrelation
(0ω envelope). FWHM - full width at half maximum.

As it is shown in the Fig. 3.5 a) we have a possibility to manipulate the shape of our
laser mode-lock spectrum. This however has a direct impact on the laser pulse. In the
figure Fig. 3.5 b) we clearly see the influence of changed mode-lock spectrum on the phase
averaged autocorrelation envelope at FWHM and in general on the shape of the envelope.
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Figure 3.6: Mach-Zehnder interferometer. DC - dispersion compensation mirrors, FM2 -
flippable dielectric mirror, M1 - M2 dielectric mirrors, BS1 - BS2 beam splitters, L - lens,
i1 - i2 irises, G - grating, PD - photodiode, T - fine tuning controller

The previously mentioned changes in the laser pulse are directly connected with changes
in the envelope shape. The manipulation of the mode-lock spectrum can be used in
experiments in order to obtain an advantage of a control over the laser pulse conditions.
Ultra short 10 fs laser pulses are known to be affected by quantities like group delay
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dispersion (GDD) and third order dispersion (TOD). The analysis of GDD and TOD, will
be discussed later together with the lifetime measurements of the unoccupied quantum
well state.

3.4 Electron spin polarization analyzer

Devices with spin sensitivity used in spin-resolved photoemission experiments are
based on spin-dependent scattering of electrons. The physical basis for the spin-dependent
scattering are spin-orbit and exchange-splitting interaction [43, 84, 85]. The electron spin
analyser presented in Fig. 3.7 exploits the exchange interaction phenomena [43]. The main
part of the detector is the iron film about ≈40ML thick on W(001) with chemisorbed oxy-
gen. The presence of spin dependent band gap in the iron film causes the spin-dependent
reflectivity, namely the reflectivity depends on the relative orientation between the elec-
tron spin and the magnetization of the iron film. The chemisorbed oxygen on the top of
the film is preventing from residual gas adsorption. In the basic setup of our spin detector
the electron beam is focused on the W(001) scattering target which is surrounded by an
electromagnet M. After reflection from the Fe film on W(001) the electrons are collected
by the channeltron Ch B. The spin asymmetry is measured with alternating Fe film mag-
netization using the electromagnet M. The projection of the spin quantization axis onto
the magnetization direction can be chosen by the rotation of the holder H. In the ’evapo-
ration position’ the holder H points toward the Fe source rod. In this position the 2PPE
measurements without spin-resolution are performed by detecting the photoelectrons with
the channeltron Ch D.

The switching between two opposite magnetization directions of the iron film allows to
measure the number of reflected spin-up and spin-down electrons I−M ,I+M , which are used
to derive the asymmetry A, defined as A = (I+M −I−M)/(I+M +I−M). The asymmetry is
proportional to the spin-polarization of the incident electron beam P by P = A/S. The
constant S (Sherman function) depends strongly on the incident electron kinetic energy
and the scattering potential on the Fe film target, therefore it is necessary to calibrate
the Sherman function by using a known spin-polarized electron beam. The value of S
corresponds to the reflected intensity asymmetry (A) upon magnetization reversal of the
iron film when a completely spin-polarized electron beam is analysed (P = 1). The
Sherman function was estimated to 0.24 ± 0.03, as calibrated in [43]. The projection of
the spin-polarization (P ) along the magnetization direction of the iron film (along +M)
can be obtained by:

P =
1

S

I+M − I−M
I+M + I−M

. (3.1)
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Figure 3.7: Drawing of main parts of the electron spin polarization analyzer (taken from
[43]): (L1,L2,L3) electrostatic transfer and focussing lenses, (W) W(001) crystal, (M)
electromagnet, (H) rotatable holder for W, M and heating filament, (Ch B) the channel-
tron collecting the electrons reflected from W, (Ch D) the channeltron which is used for
spin-integrated measurements when H is moved into the position under the Fe evaporation
source (Fe).
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The spin-up and spin-down intensities (I±s) are derived from the total number of measured
electrons [86] and the spin-polarization is :

I±s =
(1± P )

2
(I+M + I−M). (3.2)

The method of switching between the ±M magnetization of the iron film inside the
spin-detector during experiments allows significant reduction of the extrinsic error which
may come from the laser intensity fluctuation [43]. The experimental error is obtained
by taking into account the statistical error of counting electrons, which is the standard
deviation in Poisson statistics defined as the square root of the measured number of
electrons [86]. The error indicated in the spin-polarization as well as in the partial spectra
are derived by error propagation.

In the experimental results shown in this thesis the photoelectron spin is analyzed in
the direction along the sample magnetization. The spin-up (-down) photoelectrons are
defined to have their spin with component −~/2 (+~/2) along the quantization direction
which is parallel to sample magnetization. The electrons in the sample are called ma-
jority (minority) electrons if they have spin component −~/2 (+~/2) along the sample
magnetization.

3.5 Sample preparation

All substrates were cleaned by cycles of argon ion bombardment at (2 keV, 2×10−8mbar)
followed by 10 minutes annealing at 700K for Ag(001) or 900K for Cu(001) and Cu(111).
The surface quality was verified by Auger electron spectroscopy, the low-energy-electron
diffraction (LEED) and the nonlinear photoemission signal coming from the surface states
[87]. The experiments were performed at a base pressure of 2×10−10mbar. The samples
were cooled in the process of heat exchange through contact with the manipulator cooled
with liquid nitrogen flow. The thin films: Cs on Cu(111), Fe on Ag(001) and Co on
Cu(001) investigated in the frame of this thesis are prepared as described below:

Cs on Cu(111). The Cs was deposited from a current-heated getter source (SAES
Getters, www.saesgetters.com) at a pressure of 5×10−10mbar. Cs was deposited on the
Cu(111) surface at 140K or alternatively at 300K. The Cs coverage was estimated on the
resulting work function change induced by Cs adsorption [88].

Fe on Ag(001). Iron films were deposited on Ag(001) single crystal by an electron
beam evaporator at pressures of 5×10−10mbar. The iron film thickness was estimated
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by medium energy electron diffraction (MEED). The deposition in case of continuous
measurement during film growth was done at 140K in order to avoid silver segregation.
The image potential state dispersion measurements where performed on the film whose
growth was optimized [89]. To avoid silver segregation the first 10ML of the film were
evaporated at 140K, the last 10ML where deposited at 570K in order to take advantage
of a good homoepitaxial growth. The oxidation process was performed with the pressure
of 1.5×10−8mbar for 10 minutes. Then the sample was annealed at 570K for 5 minutes.
The amount of oxygen was estimated as: 100 seconds exposure at 1.33×10−8mbar is equal
to one Langmuir.

Co on Cu(001). Cobalt was deposited on Cu(001) single crystal by an electron beam
evaporator at pressure 2×10−9mbar. The Co film was deposited in 300K and in 140K.
The averaged 2PPE signal during film growth shows oscillations of one monolayer period
[90], used for film thickness calibration. At the desired film thickness, the deposition was
stopped and the film was cooled down to 140K for the photoemission measurements.
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4 Results

This chapter contains the results of Cs on Cu(111), Fe on Ag(001) and Co on Cu(001)
studies. The measurements presented in the following subsections are obtained by one
and two-photon photoemission, second harmonic generation and time- and angle-resolved
techniques. The simultaneous use of combined photoemission and surface second har-
monic generation allows more precise insight into the investigated systems. The p− and
s− polarised light and the electron spin-polarization analyzer provides useful information
about the symmetry and spin-polarization of probed electronic states.

4.1 Second harmonic generation and two-photon pho-

toemission from Cs/Cu(111)

The two-photon photoemission spectrum (2PPE) from the clean Cu(111) in Fig. 4.1
a) shows two peak features. The work function gives rise to a cut off which is located
at around 1.8 eV on the intermediate state energy scale. The first (1.9 eV) peak on
intermediate energy scale comes from the bulk transitions near the L-points in the band
structure [91]. The second peak (2.8 eV) is identified as the feature due to photoemission
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Figure 4.1: a) Two-photon photoemission (2PPE) spectra (hν=3.1 eV) measured with
p-polarized light in normal emission from clean Cu(111) and b) from Cs on Cu(111).
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from the Shockley surface state. The small feature near (4.2 eV) is attributed to three-
photon photoemission (3PPE) through the n=1 image potential state. In Fig. 4.1 b)
the 2PPE spectra from Cs on Cu(111) are shown. For increasing amount of Cs there
is lowering of work function which is shown in the spectra as the work function cut off
shifts to lower energy values. For Cs coverage above 0.06 ML we observe a clear peak
coming from 2PPE through the unoccupied Cs state at around 2.9 eV. With increasing Cs
coverage this peak shifts to lower energy and its intensity grows due to resonant transition
from Shockley state via unoccupied Cs state.
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Figure 4.2: 2PPE spectra and SHG intensity, measured during the deposition of the Cs
on Cu(111) at 300K.

The 2PPE spectra presented in Fig. 4.1, are extracted from an experiment during the
Cs adsorption. During the Cs deposition we measured simultaneously the 2PPE spectra
and the intensity of second harmonic generation (SHG) from the Cu(111) surface. Fig. 4.2
shows the whole evolution of the 2PPE and SHG during Cs adsorption at 300K. The upper
part represents 300 individual 2PPE spectra measured in normal emission geometry, while
the lower part shows the SHG intensity. In the beginning of the experiment (before
the shutter was opened) we observed 2PPE and SHG signals from Cu(111). On the
intermediate state energy scale around (2.8 eV), the feature from the optical transition
via Shockley surface state was observed. The intensity increase around (1.9 eV) comes
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Figure 4.3: Energy position of the unoccupied Cs state extracted from 2PPE spectra in
Fig.4.2 as function of the work function change.

from the bulk states in Cu(111). Marked by the black arrow there is the border between
the white and coloured area indicating the work function change. For clean Cu(111) the
work function is 4.9 eV. After opening the shutter, a shift of the work function to lower
energy is observed. Simultaneously the signal from the Cs state appears at slightly higher
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measured for different photon energies. a) 3.07 eV and b) 2.96 eV.
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energy than the signal from the Shockley surface state and shifts continuously with in-
creasing Cs coverage to lower energy. The Cs state energy extracted from the 2PPE
spectra in Fig. 4.2 is presented in Fig. 4.3 as the function of measured work function
change from the cutoff of the 2PPE spectra. Spectra shown in Fig. 4.1, are marked in
Fig. 4.2 by arrows.
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Figure 4.5: Temperature dependent behaviour of SHG and 2PPE intensity during the
deposition of Cs at a) 140K and b) 300K.

The lower part of Fig. 4.2, shows SHG intensity modulation during the Cs adsorp-
tion. Shortly after opening the shutter we observe decrease of SHG intensity and then an



4.2. One- and two-photon photoemission from Fe/Ag(001) 34

increase up to a point of maximum. The position of maximum in SHG intensity corre-
sponds approximately to the intensity maximum position of the of the 2PPE spectra and
indicates the unoccupied Cs state formation (upper part of Fig. 4.2). We investigated the
SHG intensity modulation during Cs adsorption for two different (3.07 eV and 2.96 eV)
photon energies as shown in Fig. 4.4. Clear shift of SHG maximum with photon energy
change is observed and will be explained in the discussion Sec. 5.1.1.

Furthermore we studied the temperature dependent 2PPE together with SHG during
the Cs adsorption on Cu(111). 2PPE and SHG intensity is plotted against the Cs coverage
in Fig. 4.5 for a) 140K and b) 300K. The visible temperature dependence of 2PPE and
SHG analysis will be explained in the discussion Sec. 5.1.2.

4.2 One- and two-photon photoemission from Fe/Ag(001)

In Fig. 4.6 the one-photon photoemission (1PPE) spectra measured during the Fe film
growth on Ag(001) at 150K are shown in a two-dimension color plot. This measurement
was performed with p-polarized light and photon energy hν=6.2 eV. The final energy for
photoelectrons is displayed on the vertical axis on the left side. The intensity of 1PPE
spectrum which corresponds to count of measured photoelectrons is shown by the colour
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Figure 4.6: One-photon photoemission (1PPE) spectra measured with p-polarized light
in normal emission during the deposition of Fe on Ag(001). The experiment was preformed
at T=160K with photon energy hν=6.2 eV.
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scale in box. We estimated the work function of Ag(001) for 4.4 eV. After opening the
shutter the intensity increase due to Fe deposition is observed. Starting from coverage
around 4.5ML, the 1PPE intensity oscillates at 5.9 eV with period of 4.5ML. This intensity
oscillation indicates a formation of occupied quantum well states derived from a Fe d-band
and will be discussed in detail in discussion Sec. 5.2.
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Figure 4.7: One-photon photoemission (1PPE) spectra measured with a) p-polarized
and b) s-polarized light in normal emission during the deposition of Fe on Ag(001). The
experiment was preformed at T=150K with photon energy hν=6.2 eV.

The 1PPE measurements shown in Fig. 4.7 were performed with p-polarized and s-
polarized light. The experimental conditions where comparable to those in Fig. 4.6 except
of a much slower deposition rate. The slow deposition rate (129 s per ML) allowed us to
take simultaneously the 1PPE spectra for both s and p polarizations. Switching between
the light polarization took place every 13 seconds. Both a) and b) spectra in Fig. 4.7
contain 300 spectra within a coverage of 7.8ML. The spectra in Fig. 4.7 a) and Fig. 4.7
b) show an intensity increase around 4,5ML in agreement with the result presented in
Fig. 4.6.

Fig. 4.8 shows the two-photon photoemission (2PPE) spectra and the intensity of
second harmonic generation (SHG) measured with incident p and s-polarized light during
the deposition of Fe on Ag(001). The deposition rate is the same as described in the
measurements shown in Fig. 4.7. In Fig. 4.8 a) at energy around 5.9 eV we observe an
intensity increase in 2PPE spectra from 2.5ML coverage to 5ML . In Fig. 4.8 b) at around
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Figure 4.8: Two-photon photoemission (2PPE) spectra in normal emission and second
harmonic generation (SHG) intensity measured with a) p-polarized and b) s-polarized
light during deposition of Fe on Ag(001). Measurements were preformed at T=150K
with photon energy hν=3.1 eV.
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5.9 eV we see intensity increase starting from 3.5ML to 5ML in 2PPE spectra. This
intensity increase agrees well with the intensity increase shown in Fig. 4.6 and Fig. 4.7 for
1PPE. A detailed comparison of 1PPE and 2PPE spectra with calculated band structure
will be discussed in Sec. 5.2.

Figure 4.9: Spin-polarized one-photon photoemission spectra measured for a) 9ML and
b) 11.5ML of Fe/Ag(001). The experiment was preformed at T=135K) with photon
energy hν=6.22 eV.

The measurements presented in Fig. 4.9 show the spin-polarized photoemission spectra
for a) 9ML and b) 11.5ML of Fe film on Ag(001). The measurements were performed
at T=135K with photon energy hν=6.2 eV. The 1PPE spin-polarized spectra are plotted
against the initial state energy. The spin-polarization of photoelectrons is shown with
a scale on the right axis in Fig. 4.9. These spin-resolved data provide insight into the
spin-dependent electronic states of the ultrathin Fe films and will be further discussed in
detail in Sec. 5.2.

4.3 Angle-dependent multiphoton photoemission from

Ag(001), Fe/Ag(100) and O/Fe/Ag(001)

In Fig. 4.10, Fig. 4.11 and Fig. 4.12 angle-resolved multi-photon photoemmision spectra
from Ag(001), 20ML Fe/Ag(001) and oxygen covered 20ML Fe/Ag(001) are shown. Each
figure consist from 2PPE and 3PPE parts displayed with the final state energy scale. The
2PPE part with a linear intensity scale on the left side, and the 3PPE part is shown with
a logarithmic intensity scale on the right side. Due to the lower intensity the 3PPE part
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Figure 4.10: Angle-resolved multi-photon photoemission from Ag(001) measured at
150K. The emission angle is from 24◦ to 15◦ with a 3◦ step. Measurements are performed
with p-polarized light and 3.1 eV photon energy. The 2PPE and 3PPE spectra are shifted
vertically for clarity. 3PPE spectra were measured 10 times longer than 2PPE.
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Figure 4.11: Angle-resolved multi-photon photoemission from 20ML Fe/Ag(001) mea-
sured at 160K. The emission angle is from 22◦ to 18◦ with a 2◦ step. Measurements are
performed with p-polarized light and 3.1 eV photon energy. The 2PPE and 3PPE spectra
are shifted vertically for clarity. 3PPE spectra were measured 8 times longer than 2PPE.
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Figure 4.12: Angle-resolved multi-photon photoemission from oxygen covered 20ML
Fe/Ag(001) measured at 150K. The emission angle is from 18◦ to 12◦ with a 2◦ step.
Measurements are performed with p-polarized light and 3.1 eV photon energy. The 2PPE
and 3PPE spectra are shifted vertically for clarity. 3PPE spectra were measured 8 times
longer than 2PPE.
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Figure 4.13: Two-photon photoemission spectrum from 20ML of Fe on Ag(001) at room
temperature before (black solid line) and after exposure of 6.7 L oxygen (blue solid line).
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is measured 10 times longer then the 2PPE part. For the clarity the spectra are shifted
vertically in the waterfall plot. Zero on the vertical axis corresponds to spectrum measured
in normal emission geometry, which is shown as the thicker black curve. In the 3PPE
part we observe image potential state dispersion in the energy range from 7 to 8 eV with
characteristic dispersion in Fig. 4.10 and Fig. 4.11. However, significantly less dispersion
is observed on the oxygen covered Fe/Ag(001) surface as shown in Fig. 4.12. The detailed
analysis of the dispersion will be discussed in detail in Sec. 5.3. Two-photon photoemision
spectrum from 20ML Fe film on Ag(001) was oxidized up to 6.7 L and is presented in
Fig. 4.13. The oxygen exposure details are described in Sec. 3.5.

4.4 Time-resolved two-photon photomission through the

unoccupied quantum well state in Co/Cu(001)

Fig. 4.14 shows the 2PPE and SHG intensities during cobalt deposition on Cu(001).
The integrated 2PPE intensity oscillates with of one monolayer period. The SHG intensity
decreases with increasing coverage.
Fig. 4.15 shows time-resolved 2PPE data from 7ML Co/Cu(001) measured at 150K.
Fig. 4.15 a) presents the result of the room temperature cobalt film grow whereas Fig. 4.15
b) the result of the low temperature film grow.
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Figure 4.14: 2PPE and SHG intensities during cobalt deposition on Cu(001).
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Figure 4.15: Time-resolved 2PPE data from 7ML Co/Cu(001) measured at 150K. In
the upper part, the 0ω envelopes of the 2PPE cross-correlation measured at 5.4 eV are
shown. In the lower part, the 2PPE spectra with the arrows marking all energies at which
the cross-correlation was measured, are shown. a) film grown at 300K, b) film grown at
150K.

Figure 4.16: Comparison of the 0ω envelopes of the 2PPE cross-correlation measured at
energies indicated by arrows in Fig. 4.15. a) film grown at 300K, b) film grown at 150K.
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The 2PPE spectrum in the bottom panel of Fig. 4.15 a), shows a feature at 5.4 eV
specified as the well-known unoccupied quantum well state in the cobalt film [92]. Fig. 4.15
b) doesn’t show the clear feature of the quantum well state at 5.4 eV. In the upper part of
Fig. 4.15, we see the 0ω envelopes of the 2PPE and the SHG interferometric correlation
curves measured at 5.4 eV.
Fig. 4.16 shows the 0ω envelopes of the 2PPE cross-correlation measured at energies
marked by arrows in Fig. 4.15. The 0ω envelopes are shifted vertically for clarity. The
blue colour indicates a difference in width between the envelopes of the 2PPE and the
SHG interferometric correlation curves. The FWHM of the 0ω envelope of the 2PPE
cross-correlation is showed in Fig. 4.17.

Figure 4.17: The FWHM of the 0ω envelope of the 2PPE cross-correlation for a cobalt
film grown at room temperature.

The time-resolved 2PPE results can give information about the dynamics of optically
excited electrons in the unoccupied quantum well state. A discussion about the life time
broadening due to quantum well formation is presented in Sec. 5.4.
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5 Discussion

In this chapter I’m going to discuss the experimental results presented previously.
In Sec. 5.1 the electronic states in Cs on Cu(111) responsible for the observed resonant
transitions are discussed and identified by combined two-photon photoemission (2PPE)
and second harmonic generation (SHG) techniques. Sec. 5.1 contains two subsections:
Sec. 5.1.1 and Sec. 5.1.2. In Sec. 5.1.1 the simultaneous 2PPE and SHG experiments during
Cs adsorption on Cu(111) at low temperature and the photon energy dependence are
discussed. The optical transition from the occupied Shockley surface state (SS) to the
unoccupied Cs state is concluded to be responsible for the observed intensity maximum
in SHG and 2PPE. In Sec. 5.1.2 the experiments at room temperature and its relation to
the low temperature are discussed. There the additional contribution in SHG from other
optical transition such as SS to the image potential (IP) state is considered. In Sec. 5.2 the
origin of the oscillations observed in Fe on Ag(001) is discussed based on the symmetry
selection rules. In Sec. 5.3 the dispersion of the image potential state on clean Ag(001),
Fe on Ag(001) and oxidized Fe on Ag(001) as well as the binding energy and effective
mass are discussed. In Sec. 5.4 the analysis of time-resolved studies of Co on Cu(001) and
the lifetime of the unoccupied quantum well state are presented.

5.1 Similarities and differences in SHG and 2PPE from

Cs/Cu(111)

5.1.1 Surface state to Cs-state resonance in SHG

The 2PPE investigation of Cs/Cu(111) has been reported in literature [93–95]. Schema
in Fig. 5.1 explains the mechanism of resonant transition through the unoccupied Cs state
during adsorption. The Cs state is formed in the initial stage of deposition around 2.9 eV.
As coverage increases the Cs state shifts from non-resonant to a resonant position. This
allows the resonant optical transition from the occupied Cu(111) surface state (SS) to
the Cs state. This resonant transition can be seen in experiment as the 2PPE intensity
increases as shown in Fig. 4.1 and Fig. 4.2. Upon further deposition the Cs state shifts
more toward lower energy to a non-resonant position as shown in Fig. 5.1.

In Fig. 4.2 a direct comparison between the SHG and the 2PPE signals measured
during Cs adsorption is shown. In SHG intensity we observe a maxima at nearly the same
Cs coverage where the maximum occurs in the 2PPE. This observation agrees with the
simplified model shown in Fig. 5.1 since the 2PPE is also expected to show the maximum
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Figure 5.1: Schematic showing the second harmonic generation (SHG) and two-photon
photoemission (2PPE) on Cs/Cu(111) with the energy shift of the Cs state during the
deposition. At certain Cs state energy positions a resonant optical transition through the
Cs state occurs.

due to the resonant transition [93–95]. The SHG intensity variations described in literature
for monolayer coverages [96, 97] has been associated with transitions involving the Cu(111)
surface state. In our investigation we were able to precisely assign the dominant parts in
the experimentally observed SHG signal to a specific optical transitions. The literature
concerning SHG measurements from Cu(111) surface [98, 99] provides an investigation
with different photon energies in order to understand better the origin of the SHG intensity
change. In our experiments we changed the photon energy from 3.07 eV to 2.96 eV to
check possible characteristic features from optical transitions responsible for SHG. By
such photon energy change we influence our resonance condition and as a consequence we
observed its direct impact on SHG signal as shown in Fig. 5.2.

In Fig. 5.2 the SHG intensity is plotted as a function of the work function change
due to Cs adsorption. The maximum observed in Fig. 5.2 a) has a full-width-at-half-
maximum (FWHM) of 0.4 eV. This value corresponds nicely to the energy range of the
Shockley surface state dispersion presented in Fig. 5.2 b) which is 0.4 eV in the occupied
region. The SHG peak position shifts by 0.27 eV on the work function energy scale when
we change the photon energy by 0.11 eV as shown in Fig. 5.2 a). From these two numbers
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Figure 5.2: a) SHG during Cs adsorption on Cu(111) for different photon energies, b)
surface projected bulk band structure of Cu(111) with the unoccupied anti-bonding Cs
state.[100]

we could derive a phenomenological ratio defined as:

change in photon energy

change in work function
=

0.11 eV

0.27 eV
= 0.4. (5.1)

According to the simplified picture in Fig. 5.1, the SHG intensity reaches maximum
when the Cs state moves into resonance with the Shockley surface state at the given
photon energy. It is therefore important to have a quantitative estimation of the energy
shift of the Cs state as a function of the Cs coverage or the corresponding work function
change. The change of work function caused by Cs adsorption [88, 93–95] is summarized
in Fig. 5.3 together with the experimental data points from Fig. 4.2. From Fig. 5.3 we can
get a quantitative estimation of the energy shift of the Cs state during the adsorption.
For the two different values of Cs coverage at which we observed the intensity maximum
in Fig. 4.4, the values of work function are 1.08 eV and 1.35 eV and the Cs state is located
at 2.65 eV and 2.53 eV as indicated by the filled area in Fig. 5.3. The resonance conditions
at these two different Cs coverage can be expressed in terms of a similar phenomenological
ratio defined previously:
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change in Cs state energy position

change in work function
=

0.12 eV

0.27 eV
= 0.44. (5.2)

Comparing the numbers in Eqn. 5.1 and Eqn. 5.2 indicates that the SHG maximum
in Fig. 4.4 can be quantitatively explained by a resonant optical transition between the
Shockley surface state and the unoccupied Cs state. Moreover, the SHG peak width of
0.4 eV indicates that the whole occupied part of the surface state with different parallel
momentum plays an important role contributing to the SHG intensity.

Figure 5.3: Excited Cs state energy positions in normal emission 2PPE for Cs on Cu(111)
as a function of work function change during Cs adsorption. Red circles - our data; Black
triangles - Ref. [95]; Solid black line - Ref. [101]

5.1.2 Temperature influence on SHG and 2PPE.

In the previous subsection it was shown that the origin of the SHG maximum can be
attributed to resonant optical transitions between the occupied Shockley surface state
(SS) on Cu(111) and the unoccupied Cs state. The low temperature investigation in
Fig. 4.5 a) shows a clear agreement of the 2PPE and SHG peak position at the same Cs
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coverage as expected from the simplified model in Fig. 5.1. In contrast, in the experiment
performed at room temperature the 2PPE and SHG have maxima at different Cs coverage
as shown in Fig. 4.5 b). The shift between 2PPE and SHG maximum position corresponds
to a difference in the Cs coverage that leads to a work function difference of 0.14 eV. This
result is very surprising since it neither agrees with the simple model shown in Fig. 5.1 nor
the results from the low temperature measurement. Since the SS to Cs state transition
should give the same maximum position in SHG and 2PPE, we include in this section other
additional optical transitions to discuss the observed temperature dependent deviation of
the maximum position in SHG from 2PPE. The electronic states that play a role in the
SHG process will be considered in a numerical model.

As discussed in the previous section, the 2PPE maximum comes from the well-defined
transition between the Cs state and the Shockley surface state (SS), therefore the shift
between the maximum of the SHG and 2PPE intensity implies that some other optical
transitions contribute to the SHG signal and they might be responsible for the shift
observed in Fig. 4.5 b) at room temperature. Consideration of this temperature dependent
shifts of the surface electronic structure as a function of the Cs coverage in Ref. [96] allows
to model available optical transitions for our photon energy in order to find possible
resonances in SHG. In Fig. 5.4 the data form Ref. [96] is presented.

The arrows marked in Fig. 5.4 indicate possible optical transitions from the SS to n=1
image potential (IP) state, from the Cu d-bands through a virtual state to the n=1 IP
state or to the n=2 IP state. In the first step we will concentrate on the SS to n=1 IP
state transition which occurs in the range of Cs coverage between 0.06 ML and 0.1 ML.
In order to simulate the SHG intensity contribution from the SS to n=1 IP transition we
will use the theoretical model [102–105]:

I2ω(ω, T, θ) = I0(ω, T )

[∫
dk q

Fa(k q, T, θ)√
[~ω − Eba(k q, T, θ)]2 + [Γ(T, θ)]2

]2
, (5.3)

where Fa is the Fermi-Dirac distribution function, ~ω is the incident photon energy, Eba
is the energy separation between a given pair of occupied state a and unoccupied state b,
and Γ is the linewidth of the transition. Fig. 5.5 shows the numerical results of Eqn. 5.3.

The values of Eba are directly taken from Ref. [96], the Fa is calculated for the SS
as initial state, the photon energy ~ω=3.06 eV, and the Γ value in Eqn. 5.3 is set to an
assumed constant value of 30meV for all range of thickness θ. The I0 is set to a constant
value in order to fit the experimental data. In Fig. 5.5 a) we see a reasonable agreement
of the modelled SHG intensity maximum with the experimental data maximum. That
confirms that the SS state to n=1 IP state transition plays an important role and should
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Figure 5.4: Energy shifts of surface electronic structure as a function of the Cs coverage
[96].

therefore be also responsible for the discrepancy between the 2PPE and the SHG intensity
maxima observed at room temperature in Fig. 4.5 b).

At low temperature the 2PPE and SHG maxima overlap. The influence of tempera-
ture effects can be clearly seen at room temperature by the deviation of SHG maximum
from the 2PPE maximum. For both SHG and 2PPE from Cs/Cu(111), there are several
temperature dependent effects coming from the electronic states. One of which is the
temperature dependent shift of the Shockley surface state toward the Fermi level [106–
109]. In our range of temperature this shift is estimated to be 0.03 eV toward the Fermi
level. In Ref. [110] for 0.10ML Cs coverage a shift of 0.1 eV of the Cs state peak posi-
tion between 2PPE spectra measured at 300K and 100K is reported and attributed to
temperature and photodesorption shifts. In Ref. [98] concerning the SHG from Cu(111)
surface during molecular adsorption the shift of main peak upon increasing the temper-
ature is reported and attributed to temperature dependent SS state shift towards the
Fermi level. Other processes which have influence on the dynamics of Cs adsorption are
the adsorption sites of Cs atoms [95, 110, 111]. The change of the relative proportion
between atop and hollow site adsorption at 300K and 140K influences the Cs surface
dipole and can change in principle the averaged Cs state energy position with respect to
the Fermi level. Moreover the different Cs adsorption sites can contribute to the apparent
width of the Cs state [101]. In addition, there is a thermal broadening of the Shockley
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Figure 5.5: a) Comparison of experimental data with result of a model calculation
integrating all vertical optical transitions between the occupied SS state and the unoc-
cupied n=1 IP state, b) calculated SHG intensity behaviour including the temperature
dependence of the surface state energy positions.

surface state [108]. To model the behaviour of SHG intensity showed in Fig. 5.5 b) we
used the temperature dependent binding energy of SS by applying a shift of 0.03 eV. Due
to lack of measurements concerning energy positions of the surface states in Fig. 5.4 we
use in the model the data from Ref. [96]. The result of the model shown in Fig. 5.5 b)
agrees qualitatively with the observed behaviour in Fig. 4.5 that at low temperature the
SHG intensity rises at an earlier coverage than at room temperature. The model calcula-
tion of SS to Cs state transition at room temperature gives a broad contribution to SHG
intensity with maximum at 0.07 ML which corresponds to the maximum in the 2PPE
data in Fig. 4.5 b). For more precise modelling concerning the width of the Cs state, the
results in Ref. [101] should be taken into account.

In the following the contribution in SHG from optical transitions from the d-bands to
the n=1 IP state and to n=2 IP state are considered. The optical transitions through
a virtual intermediate state at low temperature are negligible because the lifetime of an
electron in the virtual state is extremely short and consequently the transition probability
through such state is low. In other words we do not expect a contribution to SHG intensity
at low temperature for the data presented in Fig. 4.5 a). The situation can be significantly
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different at room temperature since indirect transitions start to play a noticeable role for
the data shown in Fig. 4.5 b). Such indirect transitions as reported in Ref. [112] mediated
by electron-phonon interaction can change the final-state electron wave vector from Γ

point to anywhere with in the Brillouin zone. Therefore indirect transitions from the d-
bands to the n=1 or n=2 IP state could contribute to the SHG signals. From the energy
schema in Fig. 5.4 the relevant Cs coverage range for different optical transitions is shown
in Fig. 5.6.

Figure 5.6: The relevant Cs coverage range for optical transitions presented in Fig. 5.4.

On the surface of Cs/Cu(111), the high mobility of Cs atoms on the surface [110, 113]
is supporting an increase of phonon mediated indirect transitions with increasing Cs
coverage. From that point of view the transition marked as d-band to n=2 IP in Fig. 5.6
should give detectable contribution to the SHG intensity. A model calculation of the
electron-phonon coupling in Cs/Cu(111) [114] shows phonon dispersion and clearly for
the high k q in Cu(111) at low temperature the phonon mediated indirect transitions is
not supported in comparison to room temperature. Additionally the increase of phonon
density of states of Cs/Cu(111) in comparison to Cu(111) is shown.

To conclude the deviation between the 2PPE and SHG as shown in Fig. 4.5 leads
to investigation of possible contributions from the surface states in Fig. 5.4 to the SHG
intensity. A calculation based on the model described in Eqn. 5.3 suggests that the SS
to n=1 IP state optical transition is responsible for the observed discrepancy between
2PPE and SHG maximum position. Temperature dependent shift of the Cu(111) Shockley
surface state in energy toward the Fermi level [106–109] is included in the model and gives
rise to a clear shift of the maximum in the SHG signal toward the lower Cs thickness as
shown in Fig. 5.5 b). This result is in qualitative agreement with the experimental results
shown in Fig. 4.5. In addition, temperature induced indirect optical transitions at high
k q are suggested to give additional contribution to the SHG intensity.



5.2. QW states in Fe film on Ag(001) 52

5.2 QW states in Fe film on Ag(001)

5.2.1 Electronic structure of the surface region via 2PPE and

SHG

The combination of 2PPE spectroscopy together with SHG as shown in previous section
provides detailed information about the electronic structure near the surface region. In
Fig. 4.8 simultaneously recorded 2PPE and SHG spectra during iron deposition show the
adsorbate induced response of the system. The investigations of iron films grown on silver
surfaces [115, 116] have shown an intriguing thickness-dependent oscillatory magnetic
anisotropy. This behaviour was attributed to the formation of quantum well states. In
this section we will analyse the 2PPE and SHG in an attempt to probe those quantum
well states and to understand the early stage of iron deposition.

Before going into the details of quantum well state formation and the physics behind of
this process let us consider the surface analysis provided by SHG and 2PPR spectra. The
sub-monolayer sensitivity of SHG allows to understand the very first stage of adsorption
process. In Fig. 4.8 a) and b) we see a strong decrease of SHG intensity, next to the line
marking the beginning of deposition. The signal from surface decreases as surface exposure
to the adsorbate increases. This can be qualitatively understood in terms of the fact that
the nearly free electrons of metal substrate dominate the surface nonlinearity Sec. 2.2 and
the adsorption tends to localize the free electrons in the chemisorption bond reducing
the nonlinearity [80, 117]. The response of surface states to the presence of adsorbate
can provide an information of a adsorbate-surface interaction. In Ag(001) the occupied
surface at X̄ point and the image potential states supposed to play considerable role in
the process of surface second harmonic generation. Taking into consideration Eqn. 5.3
we can immediately get insight of the physics of the SHG signal decrease in Fig. 4.8 a).
The model predicts that SHG intensity will decrease if the occupied surface state moves
upward in energy or if the separation energy between states a and b moves away from
resonance with photon energy. In Fig. 4.8 we see sharp change of work function in the very
early deposition stage between 0 and 0.5ML. The value of this change is estimated to be
0.2 eV. The change of work function is combined with lowering of vacuum level and in result
the energy down shift of image potential states. This will definitely influence the above
mentioned resonant condition in Eqn. 5.3 and as a result lead to decrease of SHG intensity
observed in Fig. 4.8 a). The values of work function for clean silver are estimated to be
4.35 eV which corresponds well to literature values [118]. An additional process that causes
the intensity drop of SHG in the beginning of the deposition is proposed to be the surface
state upward shift during iron adsorption. This SS upward shift as proposed in [103] can
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be explained by lateral confinement of the surface state electrons. Such effect can be
caused by introducing abrupt barriers in the surface potential reported in Ref. [119, 120].
In the literature [121–124] the formation of Fe clusters and three dimensional islands in
low coverage region up to one monolayer support the process of abrupt barriers formation.

Lack of clear oscillatory behaviour in the SHG signal during iron deposition as well
as no clear oscillatory behaviour in the 2PPE intensity (Fig. 4.8) leads to the obvious
conclusion that the only quantum well state formation takes place in the initial state
region as observed in Fig. 4.6 and is discussed in the following section.

5.2.2 Origin of QW states via 1PPE

As described in result chapter Sec. 4.2 at around 4 ML thickness in Fig. 4.8 there is an in-
crease in both p and s-polarized 2PPE intensity. To understand the origin of this intensity
increase as shown in Fig. 4.6 we performed one-photon photoemission (1PPE) experiments
on Fe films grown on Ag(001). In Fig. 4.6 we observe intensity oscillations near the Fermi
level at around 5.9 eV on the final state energy scale. According to the literature [125]
such intensity oscillations with repeatable period are attributed to the quantum well state
formation (QWS). More detailed discussion about origin of the oscillations in 1PPE in-
tensity assigned to the formation of QWS in iron film overlayer, will be presented in the
further part of this chapter. In contrast to 2PPE we do not observe in 1PPE the in-
tensity increase around 4.9 eV which is attributed to the inter-band transition from the
initial state 1 eV below the Fermi level to the unoccupied intermediate state. As shown
in Fig. 4.8 b), the increased intensity in SHG in the thickness range starting from 2ML
we connect directly to the 2PPE inter-band transition mentioned above. The absence of
clear oscillatory 2PPE intensity implies that the quantum well state formation takes place
only in the initial state region observed in 1PPE as shown in Fig. 4.6 and is analyzed in
more detail in Fig. 5.7.

In Fig. 5.7 we see the intensity oscillations by the thickness line profiles at 5.9 eV and 5.8 eV.
The period of oscillation ≈4.5ML provides insight into the formation of the QWS, namely
the quantization of the crystal momentum k ⊥ that is perpendicular to the interfaces of
the film.

The wave function of a quantum well state, as described in Ref. [92, 126], consists of
a rapidly oscillating Bloch function, which is modulated by an envelope function. The
Bloch function is derived from the bulk band whereas the envelope function comes from the
boundary conditions due to the interfaces. Since the envelope function is simply a beating
pattern between the Bloch function and the period of the lattice planes perpendicular to
the interfaces, we can derive the Bloch wave vector (ktot) of the Bloch function by:
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Figure 5.7: The line profile at 5.9 eV and 5.83 eV shows the oscillatory behaviour of 1PPE
intensity as a function of Fe coverage.
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ktot = kedge ± kenv. (5.4)

The interfaces confining the quantum well state are expected to cause interference of
the electron wave functions with period p = λenv/2. Thus, one obtains kenv = 2π/λenv =

π/p. This allows us to determine the wave vector kenv of the envelope function from
the period of intensity oscillations. The band-edge wave vector kedge corresponds to the
zone-boundary wave vector kZB = π/d where d is the layer spacing in the iron thin film.
The simple relation between the oscillation period and band wave vector k is expressed
by Eqn 5.5.

k = 1− 1/p. (5.5)

with k in units of kZB and p in monolayers. This simple relation allows to calculate the
Bloch wave vector of the band that is quantized into the quantum well state at the Fermi
level and we obtain a value of k = kF/kZB = 0.78 and the Fermi wave vector of this band
is kF =1.7 Å−1, representing the value of k ⊥ at which we expect the quantum well state
to cross the Fermi level. In Fig. 5.8 the electronic band structures of bulk iron and silver
are shown [127, 128]. The black arrow at the Fermi level indicates the Fermi wave vector
kF derived above.
The theoretical values of the Fermi wave vector of the relevant majority d-bands for the
QWS are summarized in Tab. 5.1.

Band Symmetry Schäfer [129] Wang [130] Yates [131] Yao [132] Crangle [133]
kF for ∆2′ 1.9 1.93 1.94 1.91 1.77
kF for ∆5 2.0 2.0 2.0 2.0 1.98

Table 5.1: The values of kF at which ∆2′ , ∆5 bands cross the Fermi level [127, 129–133]
along the Γ−H direction. All values are in Å−1.

As suggested in Ref. [8, 92, 126] the formation of quantum well states due to reflection
of wave function at the interfaces requires presence of a gap in the electronic band structure
of the substrate. The intensity oscillations observed at 0.1 eV below the Fermi level in the
1PPE as shown in Fig. 5.7, limit the energy region in the electronic band structure shown
in Fig. 5.8, at which the QWS are expected to form. Absence of ∆2′ and ∆5 symmetry
bands in silver in region beyond 4 eV below Fermi level could provide good reflectivity
at the silver-iron interface for the electrons in iron d states. Since in normal emission
geometry the transition from ∆2′ is forbidden for s and p polarized light,-according to
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Figure 5.8: The electronic band structure along ∆ direction of silver [128] and iron [127]

the dipole selection rules [134–137], the quantum well states observed in Fig. 4.6 and in
Fig. 5.7 are attributed to electrons in ∆5 symmetry band in iron. The Tab. 5.2 summarizes
the discussed above dipole selection rules.

We measured the 1PPE spectra during iron deposition with s and p polarization light
as shown in Fig. 4.7, to further support experimentally the ∆5 symmetry character of the
quantum well states observed in Fig. 4.6 . Observed in both s− and p− polarized spec-
trum intensity increase near the Fermi level at around 4ML, confirms the ∆5 symmetry
character of the initial states in agreement to the dipole selection rules in Tab. 5.2. In
Fig. 5.9 the thickness line profiles at 5.9 eV from Fig. 4.7 and Fig. 4.8 are shown. The
direct comparison of the intensity increase at Fermi level in 2PPE and 1PPE spectra,
associates the intensity increase at 5.9 eV in 2PPE to the same quantum well state ob-

Symmetry Orbit Polarization
Final state ∆1 s, pz, dz2
Initial state ∆2′ dxy forb.

∆5 px, dxz s(A ‖ x).
∆5 py, dyz s(A ‖ y).

Table 5.2: Non-relativistic dipole selection rules for cubic systems in normal emission
[135]
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served at the same thickness in 1PPE. The lower intensity of the s-polarized 2PPE can
be explained that the intermediate electronic states between the Fermi and vacuum level
are of ∆1 symmetry character and cannot be probed by s-polarized light according to the
dipole selection rules in Tab. 5.2. The p-polarized 2PPE spectra show maximum which is
shifted with respect to the 1PPE maximum. This shift can also be attributed to 2PPE
transitions through the intermediate states. Moreover the 2PPE p-polarized spectrum
measured at room temperature in Fig. 5.9 a) shows a broad intensity maximum between
3 to 5 ML and may be related to the silver segregation on top of the iron film during the
growth [89]. Control over the segregation process is important since the segregation can
have an influence on the interface which is critical for the formation of the quantum well
states [138].

The damping of the intensity oscillations at Fermi level toward higher Fe coverage is
observed in Fig. 4.6. This effect was observed in literature and in case of Fe on Ag(001)
as reported in Ref. [92] could be attributed to the degradation of the film quality, finite
energy resolution which makes it harder to separate the QWS when their spacing becomes
smaller in thicker films, and the mean free path of the electrons in the QWS. The degra-
dation of the film quality is attributed to the accumulated amount of impurities from
long sequence of evaporations and to the roughness of the film [89]. The deposition at
low temperature (160K) was expected to drastically limit the intermixing, at the expanse
of the poor morphological quality of the film [139]. The mean free path of electrons in
the d-bands is usually short [140] due to their small group velocity of the flat energy-
momentum dispersion and their short lifetime due to strong Auger decay. Consequently
quantum well states derived from the d-bands should diminish when the film thickness
becomes larger than the mean free path.

The binding energy of QWS as a function of the Fe film thickness measured in 1PPE
is discussed with use of the phase accumulation model. The phase accumulation model
was used extensively in the literature [138, 141–146] for the analysis and interpretation
of the quantum well states. It is based on the idea of plane wave propagating inside the
quantum well. As the plane wave reaches the substrate-overlayer or overlayer-vacuum in-
terface of the film, it is reflected with the additional phase: ΦC for the substrate-overlayer
reflection and ΦB for the overlayer-vacuum reflection. After the plane wave has been
reflected at both interfaces it can undergo constructive or destructive interference with
itself. For the constructive interference the total accumulated phase must be an integer
multiple of 2π. In this case a standing wave solution corresponding to a bound state takes
place. The mathematical equation with the condition for the formation of a standing wave
corresponds to the Bohr-Sommerfeld quantization rule:
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Figure 5.9: The line profiles at 5.9 eV from Fig. 4.7 and Fig. 4.8: a) p-polarized 2PPE at
room temperature T=300K, b) p and s-polarized 2PPE at low temperature T=150K, c)
p and s-polarized 1PPE at low temperature T=150K
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ΦB + ΦC + 2kd = 2πn. (5.6)

where ΦC and ΦB are the phase shifts related to the reflections at the substrate-overlayer
interface (barrier) and at the overlayer-vacuum interface respectively and k is the wave
vector of the electron modelled by a plane wave propagating in an overlayer of thickness
d. To generate ΦB an expression from Ref. [144] based on the Wentzel-Kramers-Brillouin
(WKB) approximation [147] is used:

ΦB = π

(√
3.4eV

E∗V − E
− 1

)
. (5.7)

where E∗V is the vacuum level of the overlayer and E the electron energy measured from
the bottom of inner potential. To generate ΦC we use the empirical formula [148]:

ΦC = 2arcsin

√
(E − EL)

(EU − EL)
− π. (5.8)

where EU and EL are the energies of the upper and lower edges of the band gap in the
substrate. The quantum well states formed in the iron films are of ∆5 symmetry character.
There is no band gap in silver in the energy region where ∆5 band in iron exists but only
a symmetry gap in which bands with ∆5 symmetry are absent (Fig. 5.8). This is why the
phase shift ΦC values, the energies EL and EU are not well defined. To obtain best fit of
experimental data in Fig. 4.6 we chose those quantities. The bulk band dispersion k(E)

dependence that enters in the term 2kd in Eqn. 5.6 was fitted from the calculated band
structure in Ref. [127].

In addition the experimentally determined Fermi wave vector (1.7Å−1) deviates con-
siderably from the theoretically calculated values (Tab. 5.1). In Ref. [129] a combined
study of angle-resolved photoemission with density functional calculations shows discrep-
ancy between measured and the calculated kF value of ∆

′
2 symmetry band. The exper-

imentally obtained value in Ref. [129] is smaller than the theoretical value summarized
in Tab. 5.1. To fit the experimental data in Fig. 4.6 with phase accumulation model we
shift the calculated ∆5 band from Ref. [127] upwards in energy by 0.16 eV as shown in
Fig. 5.10. The upward energy shift causes a decrease of kF value as shown in Fig. 5.10.
The discrepancy in Ref. [129] disscussed above is a major reason justifying band energy
shift presented in Fig. 5.10.
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Figure 5.10: Artificial shift of the majority ∆5 band from the theoretical calculation in
Ref. [127] in order to fit the experimentally observed data in Fig. 5.11

This energy shift is related to the binding energy shift. The binding energy shifts due to
the different structure of the thin film as compared to the bulk. It is known [149, 150] that
the bulk interlayer spacing compared to the surface interlayer spacing is contracted. For
(001) surface this contraction is generally estimated to be in range of 3%. It is known that
the increased roughness of the film is caused by the low temperature growth [89]. The
increased roughness as reported in Ref. [151] is causing the increased interlayer distance
compression in the direction perpendicular to the surface. If the interlayer distance of the
iron film is compressed compared to iron bulk interlayer distance. We can expect a shift
in binding energy of all states in the film in comparison to a bulk case. The perpendicular
to surface contraction is connected with in-plane expansion. When the lattice is expanded
parallel to the surface, the overlap between the d electrons on neighbouring metal atoms
become smaller, the bandwidth decreases and to keep the d occupancy fixed, the d states
move upwards in energy [152]. This additionally supports the observed upward energy
shift. However because of the small 0.8% lattice misfit the above argument should be
treated with caution.

The solution of phase accumulation model calculation is presented in Fig. 5.11. The
red solid points represent the estimated dispersion of the quantum well states in iron
film. The values of subsequent variables used in phase accumulation model are: E∗V
is set to 4.1 eV (vacuum level in experiment), EU is set to 2 eV and EL is set to -4 eV
according to the top and bottom edges of the sp- band in silver. In comparison to previous
photoemission studies of Fe film grown on Ag(001) [115], the quantum well states exist
only in the region near the Fermi level and disappear for electron energy below 0.1 eV. Our
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Figure 5.11: The 2PPE spectrum with the corresponding estimation of the dispersion of
quantum well states on the basis of the phase accumulation model (red points).

measurements performed during low temperature iron film growth provide very similar
observation described in Ref. [115]. The phase accumulation model allows to predict the
model dispersion of quantum well states in a single particle picture.

Furthermore, we would like to identify the spin-polarization that could be related
to the QWS. Fig. 4.9 shows the spin-polarized 1PPE spectra for 9ML and 11.5ML of
iron film. The average spin-polarization in the 1PPE spectra is about 37%, what is in
agreement with the literature values for bulk iron [153, 154]. Both 9ML and 11.5ML
thickness shown in Fig. 5.12 are above the spin reorientation transition [155, 156]. Form
spin-polarized 1PPE spectra we are able to identify the majority character of the quantum
well state.
At 9ML coverage shown is Fig. 4.9 a), corresponding to the thickness where quantum
well state is formed, we measure the in-plane spin-polarization of the 1PPE spectrum and
compare it to the in-plane spin polarization of the 1PPE spectrum for 11.5ML where the
quantum well state is not formed Fig. 4.9b). Although we can observe a clear difference
in 1PPE intensities at the Fermi level due to the QWS formation, no significant change
in the spin-polarization is found within the statistical uncertainty of about 5%.

Conclusion: We observe oscillatory photoemission intensity at the Fermi level in 1PPE
and attribute it to the formation of quantum well states from the occupied majority ∆5

band in the iron film. From spin-resolved photoemission we identify the majority character
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Figure 5.12: Thickness dependence of the in-plane spin-polarization measured in 1PPE
at initial state energy 0.15 eV below the Fermi level.

of the quantum well state. However no significant change in spin-polarization related to
the formation of the quantum well states could be detected within the accuracy of our
experiment. We used phase accumulation model to explain the observed oscillation and
to predict the model dispersion of quantum well states in the single particle picture.

5.3 Image potential resonance on clean and oxidized

Fe/Ag(001)

In the previous subsection we mentioned the influence of sample preparation on the film
quality which can affect the surface electronic structure of the Fe film on Ag(001). This is
especially important for the well-known image potential (IP) states [157–159], originating
from electrons near the vacuum level, trapped in front of the metal surface where the gap
of the projected bulk bands occurs. In this case the reflectivity for energies within the
band gap prevents electrons from decaying into the bulk, and the long-range bounding
potential is formed by Coulombic attraction between the electron in the vacuum and its
image charge in the solid [160]. As the IP states have their dominant part of wave function
near and in front of the surface, they are sensitive to any change at the surface [87] like
e. g. the gas adsorption. The formation of the IP state can be well explained by the
phase accumulation model that we used in Sec. 5.2 for the quantum well states [161]. In
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Fig. 5.13 the graphical solution of the phase accumulation model for the clean Ag(001)
surface gives an estimation of the binding energy of the n = 1 image potential state with
respect to the vacuum level. The binding energy estimated from Fig. 5.13 is equal to
E − EV= -0.52 eV and matches the literature values in Tab. 5.3.
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Figure 5.13: The graphical solution of the phase accumulation model for Ag(001). The
phase shifts upon reflection on the surface barrier (ΦB), the Ag bulk crystal (ΦC) and the
total phase Φ showing the n = 1 image potential state (IP) binding energy.

The phases from the reflection at the IP barrier and at the crystal side ΦB and ΦC

in Fig. 5.13 are introduced in Sec 5.2. The value of work function is estimated from our
photoemission spectrum of clean Ag(001) as 4.35 eV. The lower edge of the Ag(001) band
gap taken from Ref. [128] is 2.04 eV and the upper band gap edge is 6.56 eV.

The electron in the IP state is trapped in the direction perpendicular to the surface,
but in the direction parallel to the surface its motion is close to the near-free electron and
its energy-momentum dispersion can be described by equation Eqn. 2.8.

Calculated values Giesen [162] Z. Li [163] Fauster [164] this work
Effective mass 0.95 1.03 1.0 0.96
Binding energy -0.53 -0.548 -0.529 -0.52

Table 5.3: Calculated electron effective masses (in free electron mass units m∗/m) and
binding energies (in respect to vacuum level in eV ) for the n = 1 image potential state
on Ag(001)
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The free electron-like behaviour in direction parallel to the surface requires an introduction
of a a single parameter called effective mass m∗, which can differ from the value of the
rest mass of an electron me. The important point here is that the electron in a periodic
potential is accelerated relative to the lattice in applied electric or magnetic field as if its
mass is equal to an effective mass m∗. The effective mass of IP state can depend strongly
on its relative position to the substrate band gap [165, 166].

Image potential states near the top edge of the gap have an effective mass m∗/me > 1 and
states near to the bottom of the gap have m∗/me < 1. Whereas image potential states
near the middle of the gap, have m∗/me

∼= 1. In case of Ag(001) the vacuum level is close
in energy to the middle of the energy gap. The image potential states which are formed in
the vicinity of vacuum level should have an effective mass close to the free electron value
me. To estimate the effective mass (m∗) of the n = 1 image potential state on Ag(001)
we will apply the method presented for Cu(001) in Ref. [162].

The Rydberg-series-like IP states predicted for n = 1 span only in a very narrow range
of energy [167]. The binding energy of individual IP state EB can be derived from:

EB = 0.85eV/(n+ a)2 (5.9)

a =
1

2
(1− ΦC/π).

where a is a parameter called quantum defect, related to phase shift in the reflection of
an electron in the IP state from the substrate band gap [168]. The ΦC varies from 0 to π
in the whole energy range within the band gap as shown in Fig. 5.13, leading to a possible
value of binding energy (EB) of the n = 1 IP state from -0.38 eV to -0.85 eV in respect
to the vacuum level. The solution closest to the vacuum level will lay in energy near to
the middle of the energy gap and such IP state should obey free electron dispersion with
effective mass m∗/me

∼= 1.

As shown in Fig. 5.14 the IP state with binding energy EB1 of -0.38 eV will disperse (red
dashed line) following m∗/me

∼= 1 behaviour and eventually at some point EC it will cross
the extrapolated bottom band edge dispersion curve as shown in Fig. 5.14. The Ag(001)
n = 1 image potential state binding energy estimated by use of phase accumulation
model for EB2=-0.52 eV lies below the middle of the gap and should have m∗/me < 1. To
estimate the value of the effective mass of the n = 1 image potential state in Ag(001) we
use Eqn. 5.10 introduced in Ref. [162].

m∗

me

=
EC − EB1

EC − EB2

(5.10)
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Figure 5.14: Surface projected band structure on Ag(001) [163]. The red curve represents
the estimated dispersion of the of n = 1 image potential resonance. The dashed line curve
represents free electron dispersion (details in text).

The estimated value of effective mass for n = 1 image potential state in Ag(001) from
Eqn. 5.10 where EC = 3 eV is found to be m∗/me = 0.96.

Fig. 4.10 shows the dispersion of the IP state in the photoemission spectra on the
clean Ag(001), where we obtain the energy dispersion versus the momentum parallel to
the surface E(k q) of the n = 1 image potential state as shown in Fig. 5.15.

The experimentally measured binding energy EB=0.5 eV ± 0.1 and the effective mass
m∗=0.95me± 0.15 for the n = 1 image potential state on Ag(001) are in good agreement
with literature values recently reviewed in Ref. [169] and summarized in Tab. 5.4.

Fig. 4.11 and Fig. 4.12 shows angle-resolved photoemission spectra measured on Fe on
Ag(001) and oxidized Fe on Ag(001). The dispersion of the n=1 IP state is extracted and
shown in Fig. 5.15. From the dispersion of the n = 1 image potential state on Fe/Ag(001)

Reihl [170] Goldman [167] Giesen [162] Ferrini [160] this work
Effective mass 1.6 ± 0.3 1.02 ± 0.2 1.15 ± 0.1 0.97 ± 0.02 0.95 ± 0.15
Binding energy -0.5 ± 0.4 -0.5 ± 0.2 -0.53 ± 0.2 -0.53 ± 0.1 -0.5 ± 0.1

Table 5.4: Experimentally obtained values of electron effective masses (in free electron
mass units m∗/m) and binding energies (in respect to vacuum level) in eV for the Ag(001)
n = 1 image potential state on Ag(001)
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Figure 5.15: Binding energy of the n=1 IP states with respect to the vacuum level
(E − EV ) and its dispersion versus the parallel momentum (k q).

in Fig. 5.15, we obtained the binding energy EB=-0.5 eV ± 0.1 and the effective mass
m∗=1.56me± 0.2. There is no data are available for the dispersion of image potential
state in Fe(001). In our experiments, the binding energy of the n = 1 image potential
state on Fe on Ag(001) and on clean Ag(001) are similar whereas the effective mass values
differ significantly.
This difference is probably caused by the lack of energy gap near vacuum level in Fe(001)
band structure as shown in Fig. 5.8. In the absence of the energy gap, there is no well-
defined reflection as well as phase shift (ΦC) for the electron trapped in the image po-
tential. The electron can penetrate into the interior of the Fe film with its wave function
hybridized with the sp-electrons at the same energy. This explains qualitatively the ob-
served increase of the effective mass in comparison to the Ag(001) as shown in Fig. 5.15.
Due to the absence of the energy gap in Fe(001) it is suspected that the IP state becomes
IP resonance as pointed out in Ref. [171] and as such will be used in description below.

In Fig. 4.13 the 2PPE spectrum of Fe films on Ag(001) is shown with the work function
change of +0.1 eV upon oxidation as shown in Fig. 4.12. This change in the work function
affects the n = 1 image potential state dispersion [172]. The measured binding energy
EB=-0.7 eV ± 0.1 and effective massm∗=1.85me± 0.8 Fig. 5.15 are higher than the values
on Fe on Ag(001).
The change in the binding energy might be related to the change in the work function
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Figure 5.16: Model assumption with the change of the surface potential barrier upon
oxidation. Energy variation of the phases ΦB, ΦC and Φ showing the n = 1 image
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of the system since the IP states are bound with respect to the vacuum level. It ise can
clearly seen from the Fe bulk band structure in Fig. 5.8, that there is no band gap near
the vacuum level where IP states exists. It is therefore difficult to estimate the binding
energies and effective mass of the IP resonance above the iron film according to the phase
accumulation model, since the ΦC parameter is undefined. As the prediction of phase
accumulation model depends strongly on the proper determination of ΦC and ΦB, for the
general behaviour examination we will apply a 0.1 eV vacuum level shift to the solution
presented in Fig. 5.13.

In the following we compare the measured binding energy of IP resonance on clean and
oxidized Fe/Ag(001) with the model assumption. First we estimate the binding energy
shift due to the increase of surface barrier according to the phase accumulation model. In
Fig. 5.16, the vacuum level is shifted upon 0.1 eV due to the oxidation of Fe on Ag(001),
in consequence, the phase shift of electron wave function upon reflection from the surface
barrier ΦB is changed which creates the energy shift of the n = 1 image potential state
towards the vacuum level (see Fig. 5.16). The estimated value of binding energy increases
with respect to vacuum level from -0.52 eV to -0.54 eV and is consistent with the observed
binding energy behaviour in Fig. 5.15 for oxidized Fe film on Ag(001).

In addition, modifications at the surface due to oxygen absorption can occur. The image
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barrier is not simply scaled to higher energy but its shape is modified. These can also
contribute to the observation of different binding energy.

In general the change of the position within the energy gap is responsible for the change of
image potential state effective mass due to change in the binding energy [173]. Although
there is no energy gap in iron we expect that the effective mass of the image potential
resonance will change upon oxidation of Fe/Ag(001) because the change in binding energy
should affect the coupling (hybridization) between the electrons in IP resonance and the
sp-electrons in iron.

The adsorption of oxygen on iron surfaces was extensively investigated in literature [156,
174–177]. It is well known that oxygen bonding with iron results in hybridization between
the oxygen 2p and iron 3d orbitals at the surface. However we can only speculate about
possible hybridization between IP resonance and the oxygen adsorbate. The idea of such
hybridization is schematically shown in Fig. 5.17. A similar phenomena was reported in
Ref. [178] where author proposed a coupling between the image potential state on Cu(111)
and the molecular resonance of O2 adsorbed on top of substrate. Such coupling could be
responsible for the experimentally observed increase of the effective mass in Fig. 5.15.
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To conclude the discussion in this section we described the binding energy and effective
mass of the n = 1 image potential state on Ag(001), the image potential resonance on clean
and oxidized surfaces of the Fe/Ag(001). We investigated the differences in the effective
mass based on the bulk band structure of iron and silver. In addition we examined the
differences in the binding energy compared to the phase accumulation model prediction.

5.4 Increase of electron lifetime due to QW state for-

mation in Co/Cu(001)

The 2PPE spectra shown in Fig. 4.15 are the result of low and room temperature growth
of 7ML cobalt film on the Cu(001) substrate. The temperature dependent formation of
QW states allows a time-resolved investigation at the same amount of deposited cobalt
but with a different density of electronic states as shown in Fig. 4.16. The combined SHG
and 2PPE measurements shown in Fig. 4.14 allow for a laser pulse shape control at the
sample surface without further assumptions.

The upper part of Fig. 4.15 shows the phase-average (0ω) envelope of 2PPE cross-correlation
measured on Co/Cu(001) extracted by integrating the experimental interferometric cross-
correlation curves over each optical cycle as described by Nessler [78]:
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λ

c

∫ δ+ λ
2c

δ− λ
2c

II2PC(δ)dδ (5.11)

I1ω(δ) =
2λ

c

√√√√(∫ δ+ λ
2c

δ− λ
2c

II2PC(δ)cos(ωδ)dδ

)2

+

(∫ δ+ λ
2c

δ− λ
2c

II2PC(δ)sin(ωδ)dδ

)2

(5.12)

I2ω(δ) =
4λ

c

√√√√(∫ δ+ λ
4c

δ− λ
4c

II2PC(δ)cos(ωδ)dδ

)2

+

(∫ δ+ λ
4c

δ− λ
4c

II2PC(δ)sin(ωδ)dδ

)2

(5.13)

The increase in the full-width-at-half-maximum (FWHM) of the 0ω envelope in the
Fig. 4.15 a), indicates a lifetime effect in the cross-correlation and can be attributed to the
lifetime of an unoccupied quantum well state in Co film on Cu(001). We compared the
cross-correlation curves measured on Co/Cu(001) deposited at low temperature Fig. 4.15
b) and the FWHM of the 0ω envelope had not shown any increase.
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As shown in Sec. 2.1.4 the 0ω envelope includes the information regarding the energy
relaxation time of electrons in the unoccupied intermediate state involved in the 2PPE pro-
cess. Following the analysis procedure described in Ref. [78] we assume an instantaneous
response of the material and a Gaussian pulse shape given by E(t) ∝ exp(−4ln2(t/τ)2)

where τ is the FWHM of the electric field envelope of the laser pulse. Under these as-
sumptions the autocorrelation of the laser pulses on the sample surface is given directly by
the interferometric second harmonic generation (SHG) curves which can be decomposed
into phase-averaged envelopes by:

IAC0ω(t) ∝ e
−4ln2(

t

τ
)2

(5.14)

IAC1ω(t) ∝ e
−3ln2(

t

τ
)2

(5.15)

IAC2ω(t) ∝ I0ω (5.16)

In the experimental data presented in Fig. 4.15 a) the optical pulse width τ is esti-
mated to be 10 fs. In order to quantify the lifetime of the unoccupied quantum well state
according to the increase in FWHM of the 0ω envelope of 2PPE, we compared the SHG
envelope marked in Fig. 4.15 a) with the 2PPE envelope. To extract the lifetime from the
0ω envelope of 2PPE we applied the method introduced in Ref. [78]. By means of fitting
procedure based on convolution of the assumed Gaussian laser pulse with exponential
decay exp(|-t/T|) representing the phase and population decays with a time constant T:
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(5.19)
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we extracted from the 2PPE and SHG envelopes the energy (T1) and phase relaxation
times (T 01

2 , T 02
2 ) at final state energy 5.4 eV corresponding to the unoccupied quantum

well state in Fig. 4.15 a). The relaxation time parameters are: T1=4 fs, T 01
2 =8 fs, T 02

2 =5 fs.

All the relaxation times reported above are smaller than the pulse width τ=10 fs.
Although above analysis of envelopes give the possibility to deduce the relaxation param-
eters, the experimental autocorrelation should be fitted directly by a simulation, when
the relaxation parameters become less than the pulse width [179]. For the simulation we
used the mathematical description of the laser pulses as given in Ref. [180]:

E(ω) = E+(ω) + E−(ω) (5.20)

E+(ω) = |E+(ω)| ∗ e−iφ(ω)

where |E(ω)| is the spectral amplitude of the electric field of the laser pulse and φ(ω)

is the spectral phase component which can be expanded into a Taylor series: φ(ω) =

φ(ω0) + φ′(ω0)(ω−ω0) + 1
2
φ′′(ω0)(ω−ω0)

2 + 1
6
φ′′(ω0)(ω−ω0)

3 + ... introducing the group
delay dispersion (GDD) φ′′ and third-order dispersion (TOD) φ′′′. To estimate the val-
ues of GDD and TOD of the laser pulses used in experiment we iteratively compared
the envelopes extracted by Fourier transforming the experimental (SHG) and simulated
autocorrelation curves. To obtain the autocorrelation from our simulated pulse we use
formula for quadratic interferometric autocorrelation [180] expressed by:

SintAC(δ) =

∫ +∞

−∞
(E(t) + E(t+ δ)2)2dt (5.21)

Using this procedure the pulse width, group delay dispersion and third-order dispersion
values are found to be: τsim = 13 fs, GDDsim = 20fs2 and TODsim = 1000fs3. The
simulated pulse is showed in Fig. 5.18.

After reconstructing the electric field we used it to simulate the cross-correlation of
2PPE in order to estimate quantitatively the relaxation time constants. We solved nu-
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Figure 5.18: Simulated laser pulse corresponding to the real pulse in experiment. The
electric field E(t) is plotted as a function of time.
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Figure 5.19: Envelope fitting of the measured SHG autocorrelation curve with the
simulated one used for determination of the laser pulse.

merically a set of differential equations arising from Liouville - von Neumann equation
introduced in Sec. 2.1.3 by Eqn. 2.12. The electromagnetic field of the laser pulse is used
to define the interaction operator V̂I which describes the coupling between the electronic
states in the presence of laser electric field. The simulated cross-correlation curves of
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2PPE are decomposed by Fourier transformation into envelopes. Next we compared the
obtained envelopes with the experimental ones iteratively until they matched. This pro-
cedure allowed determination of the energy relaxation time value as T1=6 fs. The solution
of Eqn. 2.12 for laser pulse presented in Fig. 5.18 is shown in Fig. 5.20.
By applying the above procedure to the 2PPE cross-correlation measured on the cobalt
films grown at low temperature we found a lower value of the energy relaxation time
T1=2 fs. The 4 fs difference in the energy relaxation time is attributed to the increase of
electron lifetime of optically excited electrons in the unoccupied quantum well state QW
in Co/Cu(001). The longer lifetime of excited electron in the quantum well state is further
in agreement with our observation, that 0ω envelopes are narrower by approximately 2 fs
in FWHM at energies beside the quantum well state peak position as showed in Fig. 4.17.

Conclusion: The analysis of measured interferometric time-resolved two-photon pho-
toemission correlation curve show the increase in the width of the phase averaged 0ω

envelope attributed to the quantum well state formation. Two different methods were
used to analyze the cross-correlation curves. The first approach proposed by the Nessler
et al. [78], reveals that the lifetime effect is shorter than the laser pulse width and there-
fore the alternative method is suggested for a more precise quantitative estimation of the
lifetime, as pointed by Ogawa et al. [179]. The second approach is suitable for shorter
lifetime as compared to the laser pulse width and relies on numerical calculation using
modelled laser electric field in the Liouville-von Neumann equation. As a result, the 4 fs
increase in the lifetime of optically excited electrons in the unoccupied quantum well state
was extracted.
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Figure 5.20: a) The simulation of interferometric two-photon photoemission correlation
curve, b) the measured 2PPE interferometric correlation curve, c) envelope fitting of the
measured correlation curve with the simulated one used for estimation of the life time.
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6 Conclusion

The electronic states of adatoms and ultrathin films on noble metal surfaces were
studied by laser-based one- and two-photon photoemission spectroscopy (1PPE, 2PPE)
and second harmonic generation (SHG). The electronic states under different confinement
conditions were identified in 1- and 2PPE. The SHG signal provides information regarding
the nonlinear optical response of studied system integrated over several electronic states
and can be used to retrieve the electric field of incident laser pulses. Going from the
zero dimensional atom-like unoccupied σ state in Cs/Cu(111) to the two dimensional
spin-polarized quantum well states in Fe/Ag(001) and Co/Cu(001), this work directly
reveals the significant contribution from confined electronic states in the macroscopic
nonlinear optical response, in the oscillation of photoemission intensity, and in the lifetime
of optically excited electrons.

The spectroscopic photoemission experiments combined simultaneously with non-linear
optical investigations provided information about the change of electronic structure during
adsorption of cesium atoms on the Cu(111) surface. In both 2PPE and SHG signals optical
resonances were observed. By systematic variation of the incident photon energy and
the temperature growth, the contributions to the resonant optical transition due to the
unoccupied Cs state and other surface states are assigned. The observed maximum in the
SHG intensity is attributed to the resonant optical transition from the Shockley surface
state to Cs state. From a model calculation, the Shockley surface state to the n = 1

image potential state transition is found to be responsible for the additional contribution
to the SHG signal. Moreover a temperature dependent shift in the binding energy of the
Shockley surface state is used in the model to explain the temperature dependence in
SHG and 2PPE.

In the ultrathin iron films on Ag(001) the formation of quantum well states (QWS) de-
rived from the d bands near to the Fermi level is observed via 1PPE. By using the dipole
selection rules for linearly polarized light the symmetry character of QWS is identified
and compared with the bulk band structure. The QWS give rise to oscillatory photoe-
mission intensity in 1PPE and is found to be of majority spin and ∆5 spatial symmetry
character. The spin polarization of photoelectrons from the QWS is 37%. In contrast
to the oscillatory photoemission intensity, no oscillations in spin polarization could be
detected within the accuracy of our experiments. The Fe thickness dependence of the
binding energy of QWS is understood by using the bulk band structure in combination
with the phase accumulation model. We observed the image potential resonance on the
iron film on Ag(001) and discussed the changes of it’s binding energy and effective mass
upon oxygen exposure.
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Analysis of the measured interferometric time-resolved two-photon photoemission corre-
lation curves on the ultrathin cobalt films on Cu(001), reveal the lifetime of optically
excited electrons in the unoccupied QWS. Two different approaches are used to analyze
the data. The first approach according to Nessler et al. [78] provides a rough estimation
of the relaxation times by fit functions, and indicate a lifetime of QWS shorter than the
laser pulse duration. The second approach is based on a simulation with optical Bloch
equations using the incident laser electric field extracted from the measured SHG autocor-
relation curve. The comparison between time-resolved 2PPE studies on cobalt films with
different growth temperature shows significant difference in the density of electronic states
and allows identification of a 4 fs increase in the lifetime of optically excited electrons due
to the formation of the unoccupied QWS.
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