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Introduction

Investigations of properties of solid materials by optical methods are now considered as
a classical part of the experimental physics. The use of an optical beam as a probe
has some significant advantages with respect to other methods. In most cases, it is
absolutely non-destructive. Its penetration depth (~10nm in metals at visible radiation
wavelengths) is allowing to probe bulk properties. But in particular cases the surface

properties can be studied as well.

Magnetic materials are very interesting from an industrial application point of view.
In many rewritable data storage devices, as hard disks, the information bit is stored in a
form of a magnetization direction of a piece of material. The challenge is to make the bit
as small as possible and thus increase the density of the stored information. The historical
overview of the increasing capacity of hard drives is illustrated in Fig. 1. The important
milestones of the data-recording industry are indicated there. Above all, the application
of magneto-resistive read heads at the beginning of nineties was promoting very fast
growth of the storage capacity. Recently, the storage of the information in elements
magnetized perpendicularly to the media surface (so called perpendicular recording) is
promising further increase of the hard drives capacity [1]. However, the magnetization-
based electronic elements are recently spreading from the data-recording applications to
other branches of the electronics industry. The spin-polarized field effect transistor is
one example of such electronic elements. Incorporating the spin degree of freedom into

the electronic devices is often called spintronics or magnetoelectronics [2-4].

For further progress in the industrial applications and in the basic research as well, it
is necessary to have the time-resolved information about the electronic processes taking
part in the respective materials. Optical methods are proved to be very useful in this
case. They can probe not only the dynamics of the magnetization reversal process
occurring at ~pus time scale [5, 6], but the femtosecond range can be achieved as well.
This is possible, as the resolution of the optical methods is related to the parameters of

an optical pulse (i.e. its wavelength and width) used as a probe. The processes accessible



2 Introduction

Perpendicular

108 HGST Areal Density Perspective .o qinc Euture Areal
Travelstar 80GN Dernpsity
Deskstar 180GXP Progress
10° 1st AFC Media
T Superparamagnetic _____________Travelstar 30GN "™ 7YPes wi

104 effect 1ot GMR 1o Microdrive If \Ultragtar 146210
o Deskstar 16G ° 100% CER
S .3
5 10 E o
- E
Kl I 1st MR Head 60% CGR
T 102 L Corsair
(=] E -
[) F 1st Thin Film Head 35 Million X
= 10 r 3375 Increase
2 F
o 1
(=] =
— r ® HGST Disk Drive Products
8 10'1 - ° @ Industry Lab Demos
;1 E A HGST Disk Drives w/AFC

2 C 4 Demos w/AFC
107 L
F _/IBM RAMAC (First Hard Disk Drive) _v
10'3\\\\\\\\\\\H\\\\\\\\\\\\\\H\\\\\\H\\\\\\\\\\H\\\\\
60 70 80 90 2000 10

Production Year

Figure 1: The capacity of hard drives as a function of time, published by the Hitachi company

7].

by recent pulsed laser technology are indicated in Fig.2. It should be noted that also
a spin-resolution can be achieved very conveniently by optical methods, because the
excitation by circularly polarized light is spin-selective.

In this thesis, an experimental setup which employs the ultrashort light pulses for the
sample excitation will be used. Two principal experimental methods will be coupled to
this excitation source. One of them is the Surface Second Harmonic Generation method
while the other one is the Two-Photon Photoemission technique. As the photoemission
and the second-harmonic generation parts of the apparatus are partly independent, dif-
ferent chapters of the thesis will be dedicated to these individual parts of the experiment
to demonstrate their performance. Later, the cooperation of these two parts will be
needed to achieve the time-resolution on the femtosecond scale.

The thesis is organized as follows: In Chapter 1, the two-photon photoemission ex-
perimental method will be explained from the theoretical point of view. Also the exper-
imental setup will be described and possible objects of studies will be summarized.

In Chapter 2, the experimental higher-order photoemission results on Cu(001) sur-
faces will be described. It will be shown that even more than two-photon processes are
observable.

Chapter 3 will be summarizing fundamentals of the Magnetization-Induced Surface



Introduction 3

Energy bandwidth [eV]

1 0.1 0.01 0.001
T T [reeT T T rererTeT T freerrTeT T |
Dynamicall ) One optical cycle of
screening h 400nm light (1.33fs)
Electronic
decoherence

e — e scattering

Surface state quenching

The shortest
measured optical
pulse (4fs)

1 1 IIIIIII 1 1 IIIIII 1 1 IIIIIII 1 1 L1l 1 1 11
0.1 1 10 100 1000
Time scale [fs]

e — p scattering

v

Figure 2: The time scales for various dynamical processes at metal surfaces after [8]. Vertical

lines indicate benchmark time scales for state-of-art laser measurements.

Second Harmonic Generation technique. The experimental setup will be described and
possible applications in experimental configurations with various symmetries will be
discussed.

Experimental results obtained by the Magnetization-Induced Surface Second Har-
monic Generation technique will be presented in Chapter 4. The object of the study will
be the p(1x1)O/Fe/MgO(001) structure which is a model system for the adsorbate-
metal interaction studies. Studies of surface magnetic properties during epitaxial layer-
by-layer growth of the Fe layer with surfactant oxygen will be described.

In time-resolved studies, it is necessary to measure at the same time the photoemis-
sion and the second-harmonic generation signals. The theoretical background for these
studies will be given in Chapter 5. A basic model for interpreting the experimental data
will be introduced there.

A necessary precondition for successful interpretation of the time-resolved experi-
ments is the femtosecond pulse shape determination. This issue will be addressed in
Chapter 6. Tt will be checked whether the obtained accuracy is sufficient for correct

analysis of the data from a time-resolved experiment.






Chapter 1
Two-photon photoemission

In this chapter, the two-photon photoemission phenomenon will be discussed. The pho-
toemission technique was one of the triggers of the quantum mechanics development in
the beginning of the 20th century. This experimental technique is used in a variety of
its modifications for studies of the electronic structure of numerous materials for more
than one century. In intense exciting fields, higher order effects can be detected, the
two-photon photoemission for instance. However, practical observations of two-photon
photoemission process are possible only in the case when the one-photon photoemission
signal is not present. This can be achieved when the energy of exciting photons is insuf-
ficient for one-photon excitation. The two-photon photoemission brings new possibilities
into the photoemission studies. The unoccupied states and the hot electron dynamics
are the major issues which are conveniently studied by the photoemission caused by
excitation by two photons. In this chapter, the theoretical background of two-photon
photoemission will be summarized and possible experimental approaches will be dis-

cussed.

1.1 Principles of two-photon photoemission

In this section, we will first summarize the quantum mechanical principles of the one-
photon photoemission. The complexity added by the two-photon excitation will be
discussed afterwards.

The phenomenon of the photoemission was discovered by Hertz already in 1887. The
following experiments allowed Einstein to explain this effect and to discover the quantum

nature of light.
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1.1.1 Energy conservation

The mechanism of the photoemission process is schematically depicted in Fig.1.1. The
minimum energy which has to be supplied to an electron coming from the Fermi level
EF to excite it to the vacuum state is called a work function. In Fig. 1.1, it is indicated
as ®. An electron from the states below Er needs additional energy corresponding to
its binding energy Fp to escape from the solid. Any other excessive energy supplied to
the electron becomes its kinetic energy Ey,. As the energy is supplied to the electron

by one photon, one can express the energy conservation law as
Ekin+EB+(I>:hw . (1.1)

The momentum of the detected electron of mass m, can be directly obtained as

p =/ 2meExin , (1.2)

the direction of the p (and k) vector is obtained from the geometrical configuration
of the experiment. The basic and the most attractive feature of the photoemission
process is that the energy distribution of the emitted electrons (photoelectron spectrum)

is corresponding to the statistical distribution of electron energies in the solid.

E 4 vacuum

kin

/ VI
photoelectron
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o
E 4

N(E)
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Figure 1.1: The energetic schematic of the photoemission process. In the solid are the binding

energies referenced to the Fermi level Ep, in the vacuum serves Ey,. as a reference.
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1.1.2 Three step model

For the interpretation of a photoemission experiment, one can use quite successfully a
so-called three-step model [9]. In this model, the photoemission process is separated into
three independent steps, as shown in Fig.1.2. In the first step, an absorbed photon
excites an electron. This occurs over the whole penetration depth of the radiation used
for the excitation. In the second step, the electrons travel though the material towards
the surface. Secondary electrons are produced due to nonelastic scattering. Only the
electrons within the escape depth can reach the surface with energy higher than ®. In
the third step, the electrons escape through the surface into the vacuum where they can
be detected.

The separation of the photoemission process into three steps is in principle artificial
and the whole process should be in fact treated as one step. The so called one-step model
can handle this. In this model, the electron is excited directly form the ground state of a

Bloch wave in the solid into the final state which is a wave propagating freely in vacuum
® (@ [ ®
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Figure 1.2: The 3 step model: 1) photoexcitation of electrons, 2) transport of the excited
electrons to the surface, secondary electrons are produced, 3) penetration through the surface

and escape into the vacuum.
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but decaying rapidly into the solid. However, in most cases the much simpler three-step
model is giving results very similar to those of the one-step model [9].

A very important aspect of the photoemission experiment is the small escape depth of
the photoelectrons which is of the order of a few lattice constants. The probed electronic
structure is therefore influenced by the surface. This brings difficulties when studying the
bulk electron properties. On the other hand, the photoemission method is very suitable

for studies of the surface effects.

1.1.3 Two-photon photoemission (2PP)

The conventional photoemission process involves one photon only. With the invention of
the laser in sixties [10] the field of multiphoton excitations of the bound electrons started
its development. The first observation of a two-photon photoemission (2PP) yield from
a metal sample was done in 1964 by Teich et al. [11].

The two-photon photoemission process is schematically depicted in Fig.1.3. The
kinetic energy of the detected electron is related to twice the energy of exciting photons
by modified Eq. 1.1

Eiw+Ep+® =2 . (1.3)

The effect is observed when the energy of one photon is not sufficient to excite the
electron to a vacuum state. In other case, the one photon photoemission would be much
more intense than 2PP which would make the observation of 2PP impossible.

The two-photon photoemission can be distinguished from the one-photon photoemis-

sion by its dependence on the exciting beam intensity. In contrary to the one-photon

Ea Eq
Evoolead DO g
o VUG o
5 W LLCTZ
K k-

Figure 1.3: The schematic of the two photon photoemission process. It can involve either

virtual intermediate states only (the left panel) or a real unoccupied state (the right panel).
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process the two-photon photoemission intensity (i.e. the number of detected photoelec-
trons) is proportional to the square of the intensity of incoming light.

Another interesting aspect of 2PP is that the unoccupied bands above Er can play
a role in the two-photon photoemission process. In Fig.1.3, it is seen that the two-
photon photoemission can involve either virtual intermediate states (a truly two-photon
process) or real unoccupied intermediate states (a cascade of two subsequent, one-photon
processes). The fact that the excitation pathway can involve a real intermediate state
allows to study properties of unoccupied electronic states above the Fermi level by 2PP.
This will be discussed in detail in Sec. 1.4.

In a case of the real intermediate state, the two photons involved in the excitation
process do not have to arrive necessarily at the same time. A non-zero lifetime of the
intermediate state allows the second step of the excitation even when the second photon
comes with a non-zero delay after the first one. Changing the delay between the two
photons allows to perform experimental studies of lifetimes of the intermediate states.

This will be discussed in more detail in Chapter 5.

1.2 Experimental approaches

In this section, the experimental approaches used in photoemission experiments will be
discussed. The focus will be put on the two-photon photoemission and on the other
methods suitable for studies of unoccupied electronic states.

Photoemission is a classical experimental technique and its principles are the same
for more than 100 years. The basic setup is sketched in Fig.1.4 [9]. The photons are
impinging on the sample and the photoelectrons with kinetic energy selected by an energy
analyzer are counted by a detector. Important parameters allowing the reconstruction of

the sample electronic structure are the kinetic energy of the detected electrons Ey;, and

photon source < /D \

detector

sample

Figure 1.4: Schematic of the experimental setup used for photoemission experiments.
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the angles of excitation ¢ and emission ¥ related to the geometry of the experimental

arrangement.

As the electron escape depth from a solid is of the order of a few atomic planes, the
surface of the sample has to be atomically clean. Therefore, it is necessary to perform

the photoemission experiments under Ultra High Vacuum (UHV) conditions.

As a photon source it is possible to use a gas discharge lamp, an X-ray tube, a laser
or synchrotron source. Synchrotron radiation is recently very popular because its photon
energy is easily tunable over a broad spectral range and it has a high intensity. However,
the laser sources offer coherent radiation suitable for studies of the optically induced
coherence between levels in the solid (see Sec.5.3). In addition, pulsed lasers can offer a

very high peak photon fluxes allowing to perform effectively multiphoton excitations.

For detection of the photoelectrons, the electrostatic analyzers are usually used. The
effect of a change on a trajectory of an electron in the electrostatic field is employed.
In principle, also magnetic analyzers could be used. Their application is bringing many
difficulties, so that they are nowadays used only rarely. According to the geometry
of the electrodes of the electrostatic analyzers, one distinguishes between Cylindrical
Deflection Analyzer, Spherical Deflection Analyzer, Plane Mirror Analyzer, Cylindrical

Mirror Analyzer etc.

Inverse processes to the photoemission experiments are employed in the inverse pho-
toemission method. In this process, an impinging electron is captured by the sample.
As the process is just an inverse to the photoemission effect, one photon is emitted.
The energy of the photon is corresponding to the energy level to which the electron
was captured. The energy distribution of the unoccupied electronic states in the solid
can be determined by analyzing spectral properties of the emitted light. The inverse
photoemission method was applied to studies of unoccupied states above Er which are

also a subject of our interest [12, 13].

For the two-photon photoemission experiment, a pulsed laser is used as a source of
the exciting photons. The present advances in the femtosecond pulsed laser technology
allow achieving very high peak powers (~ 10 GW/cm? or even more). As the efficiency
of the two-photon process is proportional to the square of the power density, a high
attention has to be paid to the optimization of the pulse length and the overall output

power of the laser system.
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1.3 Experimental setup for two-photon photoemis-
sion

In this section, we will describe the experimental setup used for the two-photon pho-
toemission experiments discussed in this work. The schematic of the setup is displayed
in Fig.1.5. It has two principal parts: a femtosecond laser and a UHV photoemission
chamber. It is easily possible to modify the setup to perform time-resolved experiments.
These modifications will be described later in Section 5.2.

The details of the experimental apparatus will be described in following subsections
1.3.1 — 1.3.4. Here we only summarize with use of Fig. 1.5 the basics of the cooperation
of individual parts of the setup: The femtosecond laser pulses are generated in a home-
built titanium-sapphire (Ti:S) oscillator. The central photon energy (1.55eV) is not
sufficient, to perform two-photon photoemission experiment on most metals. Therefore,
the beam is passing through a frequency-doubling stage where photons with sufficient
energy (3.1eV) are produced. The dispersion of the pulses has to be compensated
afterwards to achieve the best performance (shortest pulse) at the sample location. The

polarization of the incident beam is set before it is entering the UHV chamber. After

< <
/50(‘ 5 N
0/67 42/(/ é
data acquisition } --------------------- o, R NS
/707/@(‘(‘,. 25 X
l’e :
&

SHG~ J\ disp. polarization _]\ polar.

400nm comp. setting ample il
<¢ lens

Ti:sapphire

xci?ieg()(gsrzm—’ spectrometer

FWHM ~ 8fs MEED
* screen
pumping laser
Millennia

Figure 1.5: Schematic of the experimental setup used for two-photon photoemission experi-

ments.
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the electrons are liberated from the sample by the incident photons, their energy is
analyzed in an electrostatic analyzer. The whole energetic spectrum of the electrons can
be obtained and recorded by a data acquisition computer system. The individual parts

of the experiment will be described the detail in the following text.

1.3.1 Femtosecond laser system

The schematic of the laser system used in the experiments is depicted in Fig.1.6. For
generation of the ultrashort pulses, a mode-locking operation is used [14, 15]. The laser
cavity design is similar to that of Xu et al. [16]. The laser resonator consists of four
planar and two convex dielectric mirrors and one output coupler. The planar mirrors
posses negative group velocity dispersion (~ —60 fs?). The output coupler is formed by
a glass wedge. Additional glass wedge is placed in the outgoing beam. By moving it
towards the beam center a fine adjustment of the dispersion is possible.

As an active medium a considerably doped titanium-sapphire (Ti:S) crystal is used
[17], generating the ultrashort pulses by Kerr-lens self-mode-locking [18]. For pumping
of the crystal, a Millennia V laser (from Spectra Physics Inc.) is used which produces a
beam at 532 nm wavelength by intracavity doubling of 1064 nm beam from the Nd:YVO,
gain medium. The Ti:S crystal is placed in a special water-cooled holder to avoid its
overheating. The pump power is about 5 W.

The negative dispersion mirrors have a design similar to that of Szipdces et al. [19]. The

Oscilloscope

Cavity length ~ 1.9m

Lens

Pump _ 532nm /] “

beam %SW \j \

>
Ti:Sapphire
a=5-cm”

4

Figure 1.6: Schematic of a home-built laser setup used for the experiments described in this

thesis.
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dielectric stack of the mirrors is designed so that the resulting group velocity dispersion
is achieving values which are not critically spoiling the ultrashort pulse properties.

The length of the laser resonator is &~ 1.9m which gives the repetition rate of the
femtosecond pulses of ~ 80 MHz. The output power is close to 1 W which corresponds
to the energy of &~ 13nJ per pulse.

The spectrum of the output beam was monitored always when the beam was not used
for the experiment to check the quality of the mode-locking process. One such spectrum
is plotted in Fig.1.7. The estimated minimum pulse width can be deduced from this
spectrum. It is well below 10fs.

A very small part of the laser beam which is not reflected by one of the mirrors
is pointed onto a photodiode (see Fig.1.6) and the resulting signal is visualized on an
oscilloscope. This allows to check whether there is always only one pulse propagating
within the laser cavity. Propagation of two pulses is leading to a smaller peak intensity
and it is also causing an instability of the system.

The laser is located in a semi-sealed box to avoid spoiling of the surfaces of the Ti:S
crystal (especially in the beam focus) and mirrors by dust particles. In the box there is
an overpressure of nitrogen gas maintained which quite effectively decreases the amount

of dust deposited on the important cavity components.

1.0

©
o

©
~

Intensity [arb. u.]

Typical spectrum of

0.2 the 800nm fs-pulses
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Figure 1.7: A typical spectrum of the 800 nm femtosecond pulses produced by the laser setup.
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1.3.2 Frequency doubling and polarization preparation

After the fs-pulse at the 800 nm wavelength is produced in the laser system, it is necessary
to double its frequency, so that photons with an energy sufficient for initiation of the two-
photon photoemission process are obtained. For the frequency doubling, a #-BaB,Oy
(BBO) crystal of 80 um thickness (manufactured by Castech) is used. The conversion
efficiency is about 15%, the maximum output power at 400 nm is about 150 mW.

The spectrum of the 400 nm pulses is much smoother compared to the 800 nm pulses
which is caused by the effect of phase-matching conditions in the BBO crystal. One
typical spectrum of the 400 nm beam can be seen in Fig. 1.8. The width of the spectrum
corresponds to ~18fs pulse duration.

The knowledge of the changes of the output power from the frequency doubling stage
is essential for the treatment of the experimental data as they are related to the intensity
of the 400 nm light. Tt is therefore necessary to monitor changes of the intensity of the
exciting beam by measuring the intensity of some residual part of the beam passing
through one of the mirrors in the optical path after the frequency doubling.

Continuous nitrogen gas flow is used to avoid dust sticking on the BBO crystal surface

Typical spectrum of
the frequency-doubled

N

pulses

Intensity [arb. u.]

360 380 400 420 440
Wavelength [nm]

Figure 1.8: A typical spectrum of the 400 nm femtosecond pulses produced by the frequency
doubling stage with a BBO crystal.
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which would cause a decrease of the efficiency of the second harmonic generation and
consequently lower the intensity of the exciting beam.

After the frequency doubling, the dispersion of the pulses is compensated by multi-
ple reflections on negative-dispersion mirrors to achieve the shortest pulse. A set of two
thin silica wedges is inserted into the 400nm beam which allows to adjust the disper-
sion precisely by changing the effective silica thickness through which the beam has to
propagate.

The linear polarization generated by the laser system is preserved by keeping the
height of the beam constant along the whole optical path. The polarization desired for
the photoemission experiment is set just before the beam is entering the UHV chamber
by a set of A\/2 and A/4 achromatic phase plates mounted on motorized rotation stages.
The beam is then entering the UHV chamber via a differentially pumped CaF, focussing
lens (f = 10 cm) viewport.

After the measurement is finished, a shutter is closing the laser beam of the femtosec-
ond laser before the BBO frequency doubling stage. By this action, the BBO crystal
and other experimental equipment is preserved as it is exposed to the laser pulses for

the necessary time only.

1.3.3 UHYV photoemission chamber

The UHV part of the experiment is schematically plotted in Fig.1.5. The chamber
itself is manufactured from a nonmagnetic stainless steel. Apart from the photoelectron
analyzer, various tools for structural and chemical characterization of the sample surface
are present in the chamber. Tools for characterization of the laser beam properties are
present as well.

Some types of two-photon photoemission experiments (measurements of the magnetic
circular dichroism for instance) need very precise adjustment of the polarization at the
sample location. However, the polarization of the beam at the sample location cannot
be measured with sufficient precision outside the UHV chamber because the viewports
of the chamber are influencing the beam polarization by their birefringence. Therefore,
a device for characterizing the polarization incident on the surface was mounted in the
chamber. It is located just opposite the entrance viewport so that the 400 nm beam is
entering directly the device when the sample is removed from the optical path. The tool
consists of a rotating analyzer and a photodiode. The signal from the diode is recorded
while the analyzer is rotating and the polarization ellipse is calculated from these data.

By optimizing the orientations of the A/2 and \/4 plates before the chamber, a setting
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corresponding to the desired polarization is achieved.

The sample is fixed in a holder which can be cooled down to -180°C. Its position can
be adjusted in three directions (x,y,z) and in two angles. The angle between the incident
beam and the detection axis of the electrostatic cylindrical sector electron energy analyzer
is fixed by the chamber design at 35°.

The electrostatic cylindrical sector analyzer was manufactured by the Focus GmbH
company. The electrons passing the analyzer can be detected by a channeltron. This
detector can be also replaced by a spin analyzer for spin-resolved studies of photoemission
from magnetic surfaces. The sample can be biased by a small (a few Volts) potential to

achieve better collection efficiency of the photoelectrons by the energy analyzer.

The tools for the sample preparation and characterization include the ion-beam sput-
tering gun for cleaning the surface of the crystal. When working with atomically flat

metal surfaces, the cleaning by ion-beam is necessary every day.

One of characterization techniques available in the chamber for checking of the
progress of the sample surface cleaning is the Auger Electron Spectroscopy. It is pro-
viding an important information about the contamination of the sample, particularly
when cleaning surfaces of crystals which were not kept in the UHV conditions. Other
(much more sensitive) option for checking the cleanliness of the surface is based on the
observation of saturation of the photoemission signal at energies where is it sensitive to

the surface contamination. This will be discussed in Chapter 2, particularly in Sec. 2.2.2.

The orientation of the crystallographic axes of the sample with respect to the exciting
beam can be determined by the Medium-Energy Electron Diffraction (MEED). The
diffraction pattern is projected onto a phosphor screen and from its symmetry properties

the correct setting of the sample can be determined.

There is also a possibility of growing thin metallic layers on the substrate by a
Molecular Beam Epitaxy (MBE) technique. The electron beam evaporators used for
this purpose were designed by Kirschner et al., further development of the evaporator

design is described in [20].

In the chamber there is also a coil consisting of a few turns of a thick copper wire. It
allows to switch magnetization of thin magnetic films by pulses of magnetic field. The
electric current pulses for this coil are provided by a special pulsed source designed in
the electronic workshop of the MPI-Halle.

The external magnetic fields generated outside the laboratory, which would affect the
trajectories of low energy electrons, are automatically compensated in all three (x,y,z)

directions by a system of large coils mounted on the walls of the laboratory.
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1.3.4 Computer control of the experiment

The experiment is almost fully controlled by a personal computer. Writing a program
for controlling all necessary devices and acquiring data was also a part of this thesis. The
program is communicating with experimental devices via a GPIB bus (PCl-card from
Agilent Technologies Inc.) and it is able to measure and to set analogue signals and
digital levels by a Keithley KPCI-3108 PCI-card (A/D and D/A converters). Another
devices for data acquisition are two multichannel scalers (ISA 7882 Multiscalers by FAST
ComTec) which are used for counting TTL pulses.

As the signal from the channeltron detector is in a form of TTL pulses (to each
photoelectron is corresponding one pulse), it is acquired by the multiscalers. The mul-
tiscaler is storing the data in so-called boxes, whereas the length (in time units) of one
box and the number of boxes is specified at the beginning of the measurement. During
the data acquisition, some of the parameters of the experiment is usually being changed.
For instance, a gradual change of the energy of the detected electrons during the data
acquisition results in photoelectron spectrum data stored in the multiscaler boxes. The
main advantage of the multiscaler use is that the data can be added into the boxes in
multiple runs, synchronized by a trigger signal. In this way, any influence of a possible
drift in the acquired signal is minimized.

The measurements of the multichannel scalers and also of the Keithley A/D card
can be started by an external trigger signal which allows to measure all the signals syn-
chronously. As the Keithley card has digital and analogue outputs available, one can set
also digital levels and analogue voltages during the measurements to modify the experi-
mental settings. Via the GPIB bus, mainly the Owis DC 500 Motor Controller (used for
precise setting of motorized stages holding polarizers, phase plates and other optical el-
ements) and the settings of lock-in amplifiers are controlled during the experiment. The
digital outputs can control the source of current pulses for the coil used for magnetizing
the sample and shutters for closing the beam.

The settings of a particular measurement process are specified in two configuration
files. The first configuration file is specifying which channels of the multiscaler and of
the A/D card will be used for the data acquisition. The necessary settings for the boxes
of the multiscaler (their length and amount) are also specified in this file.

The program is suitable for performing sets of measurements with changing param-
eters of the experiment. The second configuration file is used for control of these types
of measurements. Commands which are to be performed after each individual set of

measurements is finished are specified in the file. In this way, the experimental configu-
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ration is being changed between acquisitions of individual data sets. These commands
can be commands for the GPIB bus, commands setting voltages on the analog input of
the D/A card, commands controlling via the settings of digital levels the pulsed current
source or the shutters used to close the beam, for instance. The configuration file is
written in a simple ad-hoc programming language and can be easily modified to design
new types of measurements. Without need of manual control of the experiment by the
experimentalist, measurements consisting of many sets of data can be performed in this
way. This is bringing better data quality and reproducibility. Experiments running as

long as 24-hours (see Chapter 4) are also performed more conveniently.

1.4 Systems studied by two-photon photoemission

As it has been pointed out already in the Sec.1.1, the two-photon photoemission is a
powerful method for studying unoccupied electronic states above the Fermi level. Here
we summarize the most important phenomena which can be studied by two-photon

photoemission. A main attention will be paid to the surface states.

1.4.1 Surface states

The presence of electronic states localized at a surface of a single crystal was predicted
already 70 years ago by Tamm [21] and Shockely [22]. One of the most elegant approaches
to the Shockley’s surface states phenomenon was presented in 70’s by Echenique and
Pendry [23]. Their model is assuming that surface states are corresponding to electrons
with an energy smaller than the vacuum energy FEy,. which are trapped between the
surface of the crystal (via bandgap) and the surface barrier potential.

Lets consider a wave 1), carrying a unit flux towards the crystal (Fig.1.9). A portion

of

o = ree iy (1.4)
will be Bragg reflected, where 1_ carries the flux towards the surface barrier and rce'®c
is the corresponding electron reflectivity. This amount of flux will be then reflected on

the surface barrier and
Vs = rpe®BY_ = rgel®Breel®Cy (1.5)

will travel back towards the crystal. The respective electron reflectivity is rge!®s. It is

obvious that for a bound state at the surface the conditions
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Figure 1.9: Schematic of a potential at the crystal surface showing atomic potentials and the

surface barrier (after [23]).

rgre = 1, (1.6)
(I)B+CI)C = 2mn (n:(),l,) (17)

have to be satisfied.

Considering a flux conservation, equation (1.6) implies rg = r¢ = 1. The phase
condition will not be satisfied for any arbitrary energy E' and momentum parallel to the
surface k) (the perpendicular and parallel motion of the electron is fully separable in
this model). The phases are functions of energy, so a detailed calculation is needed for
determination of the position of the surface states on the energy scale [23, 24].

The solution of equation (1.7) for n = 0,1, ... gives a series of surface states. The
”ground” state n = 0 is usually called Shockley state (or surface resonance) because it
is corresponding to Shockley’s calculation in 30’s [22, 25]. States for n > 0 are usually
called image potential states, contrary to the Shockley state they are less localized and
are extending more into the vacuum. They are forming a Rydberg-like series on the
energetic scale. In the most simple view [26] one can write for their energies

0850V

Evac - En 2

=1,2,. 1.8
S n=12, (1.9

The total energy of individual states is then given as

thﬁ
, (1.9)

E.(k) = E,
(k) * o,

where kj| is a component of the wavevector parallel to the sample surface. In this ap-
proximation, the electrons are treated as free in the surface plane, so their effective mass

(for the effective mass definition see [27], for instance) is equal 1. When interacting with
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the electromagnetic waves, the surface states are for symmetry reasons sensitive only to
excitation having a non-zero component of the E vector perpendicular to the sample
surface. This means that the light linearly polarized perpendicularly to the plane of
incidence doesn’t interact with the surface states.

The surface states were already observed by the inverse photoemission [28, 29] and
by the two-photon photoemission [30, 31] for various metallic surfaces. However, in the
experiment presented in Chapter 2 the relation of the exciting photon energy and the
sample Fermi energy is causing that the surface states will affect the observed photoe-

mission spectra mainly due to the three- and four-photon processes.

1.4.2 Other applications of two-photon photoemission

Other applications of two-photon photoemission can be found in surface chemistry. The
two-photon photoemission signal is emerging from the topmost layers, so it is extremely
influenced by the cleanliness of the surface. Therefore, an influence of adsorbates can
be studied with high sensitivity [32]. The main power of the two-photon photoemission
experiment is the possible achievement of time resolution. This allows experimental
studies of ultrafast processes at the surface of the investigated sample to be performed.
Overview of studies of the desorption of alkali atoms from noble metals can be found in
[33] or [34].

Two-photon photoemission can be used also for more general and fundamental studies
of the hot electron population dynamics [8, 35-41]. Transport effects can be also detected
[42]. In the photoelectron detection part of the experiment, a spin-analyzer can be
incorporated and the spin-resolved information about the hot-electron dynamics can be
obtained as well [43].

While combining Photoemission Electron Microscopy (PEEM) setup with the two-
photon excitation one can achieve a spatial resolution for investigating surface inhomo-
geneities [44, 45].

In conclusion, in this chapter we have summarized the theoretical and experimental
background of the two-photon photoemission technique. The experimental apparatus for
this method was described and the most important phenomena which can be investigated

by this technique were summarized.



Chapter 2

Multiphoton photoemission from
Cu(001) surfaces

In this chapter, the results obtained on Cu(001) surfaces by means of the two- and more
than two-photon photoemission will be discussed. The advantage of this choice is that
copper has a well known electronic structure and it was studied also quite recently even
with the two-photon photoemission method [8, 32]. Because the experimental setup has
several parameters (especially the peak photon flux density) better than those used in
previous experiments, a better observation of known effects and detection of new phe-
nomena is expected. The most important experimental result presented in this chapter
will be the observation of multiphoton (up to four-photon) excitation of photoelectron-
s with an efficiency which is enhanced by a presence of surface states and bulk Bloch

states.

2.1 Normal emission geometry

In this section, the experimental data obtained in a photoemission experiment on a
Cu(001) surface in normal emission geometry will be presented. Quite intense femtosec-
ond pulses were used for the excitation. The observation of higher-order effects will be
discussed.

The photoemission experiments with the Cu(001) surface were performed in a UHV
apparatus (p < 107'°mbar). The surface was optically excited by frequency-doubled
pulses from a Ti:sapphire oscillator. A central energy of the frequency-doubled pulses
was FEy = 3.07eV, the corresponding excitation spectrum linewidth was ~ 0.17eV, the
pulse duration (i.e. the intensity FWHM) was < 18fs, the pulse energy was ~ 1 nJ. The
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beam was focused on a small area (~ 20 um in diameter) of the specimen surface which
resulted in the peak power of the order of 10'° W-cm 2.
in detail in Sec. 1.3.

A clean and ordered Cu(001) surface was obtained by repeated sputtering and an-

The apparatus was described

nealing cycles. For the sputtering, the Art ions accelerated by 1keV voltage were used,
the annealing temperature was 870 K. The surface quality during the sample cleaning
cycles was checked by the Auger Electron Spectroscopy, the Medium-Energy Electron
Diffraction (MEED) and above all by reaching the saturation of the photoemission signal
related to the excitation via surface states (7.1eV final state energy). The orientation of
the scattering plane was parallel either to the Cu[100] or Cu[110] axis and it was checked
by the Medium-Energy Electron Diffraction (MEED).

The Cu crystal was biased at -1V to achieve a better efficiency of the photoelectron
detection. It was possible to vary the angle of incidence from -15° to 85° (i.e. -50° to

50° emission angle).

2.1.1 The s and p excitation at normal emission geometry

The data reported in this section were acquired at normal emission geometry which
corresponds to a 35° angle of incidence of the exciting beam. Two linear polarizations
were used for the excitation — the p polarization with the electric field vector in the
incidence plane and the s polarization with the electric field vector perpendicular to
the incidence plane. The respective photoemission intensities are reported in Fig. 2.1
(linear scale) and in Fig.2.2 (logarithmic scale). The energy of the detected electrons
is denoted with respect to the Fermi level, Er. In the figures, there are also indicated
energies corresponding to the electrons excited from the Fermi level by two and three
photons. The Er + 2hw energy can be understood as a border between the two- and
three-photon excitation, whereas the Fr + 3hAw energy is a border between the three-
and four-photon excitation.

In the right panel of Fig. 2.1, the band structure of Cu(001) along the A line calculated
by Burdick [46] is plotted. The symmetry of the bands involved in the photoemission
process is also indicated in the figure. The selection rules (in dipolar approximation)
applicable to the normal emission geometry allow A; — As and A5 — A; transitions
for both s and p excitation, whereas the A; — A transition is allowed for the p excitation
only [47]. There is also a restriction on the final state symmetry — in the normal emission
configuration it should posses the A; symmetry.

In the two-photon photoemission region (the final state energies up to 6.2eV), the
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Figure 2.1: Left panel: Photoemission signal as a response to p- and s-polarized excitation of
the Cu(001) surface. Right panel: Band structure of copper along the A line as calculated by

Burdick [46], the energy scale is in electronvolts.
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Figure 2.2: Photoemission signal from Cu(001) for p- and s-polarized excitation beam in

logarithmic scale. Multiphoton processes are clearly visible.
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initial states are mainly the sp-band states with A; symmetry. Only the enhancement of
the photoemission intensity at the low energy cutoff can be attributed to the excitation
from d-band states with a As symmetry. As the two-photon excitation by s-polarized
light from d-band can proceed only in the A5 — A; — Aj sequence, the enhancement is
only weekly observable in the s-polarized light. It is contributing by off-normal emission
only which is because of +2.5° angular acceptance of the electron analyzer also partly
detected in the normal emission configuration.

Another enhancement of the photoemission signal in the two-photon photoemission
region is observable at ~ 6.0eV, close to the two-photon replica of the Fermi edge. The
feature is again much more intense with the p-polarized excitation. It can be ascribed
to a tail of density of states diffusing from the n=0 surface resonance (see Sec.1.4.1).
The surface resonance has A; character [32] which implies possible excitation pathways
A — Ay — Ay and Ay — Ay — Ay for the p excitation. Only Ay — Ay — Ay
transition is allowed for s excitation, but it is unfavorable due to symmetry constrains
of the surface state in addition, as the surface state needs a component of the electric
field vector perpendicular to the surface to be excited. Only virtual states can act as
intermediate states within this energy region.

The above described features are a result of the two-photon excitation process. The
photoelectrons detected at energies above Er + 2hw are results of the multiple-photon

excitation and will be discussed in the following text.

2.1.2 Multiphoton processes

The figures 2.1 and 2.2 are showing that the highest photoelectron yield is observed
at energies around 7.1eV. To reach such an energy of a photoelectron, at least three
photons have to act in the excitation process. The occurrence of such a strong signal in
the three-photon photoemission region is quite surprising as the electron yield is normally
decreasing with increasing order of the nonlinearity. The reason why such a strong signal
is observed here is in the resonant character of the process which will be described below.

The most pronounced feature in the three-photon photoemission region in the p-
excited spectrum is the peak close to 7.1eV. Its magnitude is about four times as large
as the two-photon photoemission signal at 6.0 eV. The peak is having a shoulder at 7.0 eV.
Also the spectrum excited by the s-polarized beam is showing (although much less in-
tense) peak at 7.0eV. The band structure and the related excitation schematic is plotted
in Fig. 2.3. The first step of the excitation process is common for both s and p polariza-

tion. It involves excitation of an electron from an occupied d-band with Ay symmetry to
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an unoccupied sp-band with A; symmetry. It should be noticed
that the n=0 surface resonance can also play a role in the p-
excited process.

In the case of s-polarized light, the only path in which the
three-photon excitation can proceed is Ay — Ay — Ay —
Aj.

the exciting electric field vector perpendicular to the surface it

From this fact and from the lack of the component of

follows that the n=1 image potential state with A; symmetry
cannot play any role in the s-excited spectra. From the sp-band
a direct two-photon process (via a virtual intermediate state)
lifts the electron to a vacuum state. The peak at 7.0eV is an
indication of the transition from the top of a d-band with Aj
symmetry which is having higher density of initial states than
the sp-band. For higher final state energies, only the sp-band
states can contribute as initial states.

The p-excited spectrum is showing at 7.1eV much more
intense peak due to the fact that also the n=1 image potential
state can be resonantly populated (the excitation scheme Ay —
Ay — Ay — Ay is allowed for the p-polarized light). The
energy position of the n=1 image potential state E; calculated
from the energy of the observed peak is £} = 7.1eV — hw =
4.03eV. This is in a good agreement with previous experimental
observations [48-52]. The shoulder at 7.0eV is a sign of a
superposition of the excitation via the image potential state
and the excitation scheme described already for the s-polarized

light. This is because the in-plane component of the p-polarized
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light is having the same symmetry properties as the s-polarized light. It should be noted

that the surface-states-enhanced feature at 7.1eV is in recent observations much more

intense than in previous multi-photon photoemission studies by Ogawa and Petek [32].

In addition to the large peak at 7.1eV, a small peak corresponding to the excitation

via the n=2 image potential state can be observed at the final state energy of 7.5eV.

This feature is gaining less from the higher density of d-band states as its initial state is

at & —1.7eV, however is it still well resolved. The calculation of the n=2 image potential

state energy gives Fy = 7.5eV — hw = 4.43eV. This is again in a good agreement with

previous observations [49].

For energies larger than 7.5eV, the intensities of both s- and p-excited spectra are
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decreasing roughly exponentially up to the next Fermi edge imprint located at 3hw =~
9.2eV final state energy. As the initial states posses the A; sp-band symmetry, the s
excitation can proceed only in the A; — Ay — A; — Aj pathway whose final state is
not detectable in the normal emission experimental geometry. Therefore, only because
of the nonzero angular acceptance of the electron energy analyzer the photoelectrons are
detected also in the case of s-polarized excitation. The p-excitation is not limited so
strongly as its final state can posses the A; symmetry. The intensity of the p-excited

spectra is therefore about 5-times larger.

One interesting aspect of the spectrum generated by the p-polarized excitation is
that it is not reproducing the peak observed below the two-photon Fermi edge at 6.0eV
also in the three-photon photoemission region. The feature is very much reduced for the
three-photon excitation. This can be attributed to a fact that the final states at the
energy ~ 9.1eV are already lying within the projected bulk band structure (Fig.2.1). In
the 6.0 eV region, the final states of the excitation process in the bulk are only extremely
shortly living virtual states. The enhancement of the photoemission signal by the surface
resonance is therefore clearly observable at 6.0 eV, as it is influencing the electrons located
at the surface only. In the 9.1V region, the situation is different, as the final states are
within the projected bulk band structure and thus have longer lifetime. Not only surface
electrons are escaping into the vacuum in this case, therefore the effect of the surface

resonance is not so important.

Above the three-photon imprint of the Fermi edge (Er 4 3fiw) one well resolved peak
is observed at 10.2eV in the p-polarized light. Its energy is just fw above the huge peak
at 7.1eV, its intensity is about 2500x reduced. It can be concluded that the excitation
mechanism is the same as in the case of 7.1eV peak, the only difference is that a two-
photon process (via a virtual state) takes place in the last step of excitation from the
n=1 image potential state to the final vacuum state. With the s-polarized excitation this
feature is already not resolvable due to a very low signal level (~ 4 orders of magnitude

less than its maximum at the 5eV final state energy — see Fig. 2.2).

In this section, the photoemission spectra acquired by means of multiphoton pho-
toemission were presented and the observed spectroscopic features were discussed. The
high photon flux density was allowing to observe features which have not been observed

before by laser-excited photoemission spectroscopy.
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2.2 Off-normal emission

The normal emission spectra from Cu(001) surfaces described in the previous section
showed several features which could be interpreted with help of a fact that the selection
rules in the normal emission geometry are quite restrictive, at least in the case of s-
polarized excitation. However, it is also useful to perform measurements at different
emission angles. The angle-resolved photoemission can probe the dispersion of individual
electronic states involved in the excitation process and thus help in classifying the features
observed in the photoemission spectra. In the first part of this section, the results of an
angle-resolved experiment will be therefore presented and the observed phenomena will
be discussed.

Electronic states at surfaces are generally very sensitive to the surface quality. Ad-
sorbates at the surface can modify the spectra significantly. On the other hand, the be-
havior of the spectroscopic features while changing the surface properties by adsorption
of adatoms is also a good method which can be used for determination of the character
of the processes involved in the photoexcitation. Therefore, in the second part of this
section the results of the photoemission experiment on the Cu(001) surface exposed to

oxygen will be presented.

2.2.1 Off-normal photoemission — dispersion of surface states

The photoemission spectra at varying emission angles were acquired along both TX and
T'M directions of the surface Brillouin zone [9], i.e. the orientations of the incidence plane
are parallel to the [011] resp. [001] crystallographic axes of the surface. One set of data
acquired along the I'X direction is displayed in Fig. 2.4.

The spectra excited by p-polarized light are showing one strongly dispersing feature
which can be related to the n=1 surface state dispersion, starting from 7.1 eV at normal
emission. The 7.0 eV shoulder appearing at normal emission is almost not dispersing and
can be therefore attributed to the d-band contribution to the photoemission signal as
discussed already in the previous section. The dispersion of the small peak corresponding
to the n=2 surface state can be detected up to ~ 25° emission. The peak at 6.0eV,
close to the two-photon Fermi edge imprint is gradually disappearing for increasing
emission angles. This supports the idea that its origin is a consequence of the n=0
surface resonance.

The spectra excited by s-polarized light are not showing so interesting behavior. The

d-bands involved are not dispersing much in the observed region. The surface states
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Figure 2.4: The photoemission spectra of Cu(001) at room temperature measured as a func-
tion of the emission angle. The sample orientation was corresponding to the I'X direction. In
the left panel the spectra for p-polarization incident on the sample are displayed, in the right
panel the s-polarization is used for excitation. The obtained dispersion relations are displayed
in Fig. 2.5 and in Fig. 2.6.

cannot be populated by s-polarized light.

The positions of peaks observable in the angle-resolved measurements where the
exciting light was p-polarized are summarized in Fig.2.5. It is clearly seen that the
n=1 and n=2 image potential states show a free-electron-like quadratic dispersion, as
expected from the theory (Eq.1.9) and from the previous results obtained by the inverse
photoemission [50] and by the two-photon photoemission [29, 49] measurements. The
dispersion of the n=0 surface resonance measured by Hulbert et al. [50] is also indicated

in the figure.

In the vicinity of the T point, no dependence of the effective mass on the crystal
orientation was observed. However, for larger emission angles (>30°) the dispersion of

the surface state in the I'X direction slightly differs from the parabolic behavior. The
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Figure 2.5: Left panel: Sur-
face projected band structure of
Cu(001) with the results of the
angle-resolved photoemission ex-
periment. The open symbols in-
dicate the final states peaks. Cir-
cles represent the enhancement
of the signal due to the higher
density of d-band states. Cor-
responding initial d-band states
are indicated by solid circles.
Squares represent the n=1 IP
state resonant enhancement, di-
amonds the n=2 IP state reso-
nant enhancement. Solid squares
represent the n=0 surface reso-
nance [50]. Right panel: The
band structure of Cu(001) along
the A line with indication of the
excitation process leading to the
huge peak in the p-excited spec-
trum at normal emission geome-

try.

Figure 2.6: Calculation of the
effective masses of the n=1 and
n=2 image potential states. Da-
ta from multiple experiments in
the T'X direction are compiled
and the effective masses are ex-

tracted.
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reason for this is most probably the fact that the surface state energy position is already
almost outside the bulk projected band gap and can therefore mix with the bulk states.
The bulk projected band gap is in Fig. 2.5 indicated by white background color, the
surface state dispersion curve is leaving the gap at k) ~ 0.65A~". In the TM direction,
the gap is larger, so that the parabolic dispersion can be observed even for larger values
of k.

From the positions of the observed dispersing peaks the effective mass m*/m, of the
image potential states can be obtained. Firstly, the value of k| is calculated from the

energy position of the dispersing peak E and the emission angle v

2m,

hQ

k)| = sind (E—®). (2.1)

Then the corresponding k) and E values are coupled by a dispersion relation

E:%JFEW:O) (2.2)

2m* ’ '
where the effective mass m* stands as a parameter. It can be easily obtained by a
numerical fit. The theoretical value of m*/m, is equal 1 (see Sec. 1.4.1). The experimen-
tal dispersion curves in the I'X direction for n=1 and n=2 image potential states with
quadratic fits are plotted in Fig. 2.6, the resulting effective mass is m* = (0.96 +0.1) m,
for the n=1 image potential state and m* = (0.88 £ 0.2) m, for the n=2 image potential

state. This is within the experimental accuracy coherent with the theoretical values.

2.2.2 Effect of oxidation

It is well known that the oxygen coverage influences the work function of the Cu(001)
surface [53]. With increasing oxygen coverage the work function is increasing up to a 0.5
monolayer coverage. The maximum work function shift is about 0.3eV. At room tem-
perature the 0.5 ML coverage is reached at ~ 150 —200 L exposures. Here 1L (Langmuir)
= 1075 Torr-s.

It was experimentally observed [29, 54, 55] that the surface states are pinned to the
vacuum level. When the work function ® increases, the energy position of the surface
states with respect to the Fermi level is increasing as well. In addition, the oxygen
adsorption is quenching the surface states. Experimental observations of the behavior
of the gradually oxidized Cu(001) surfaces in the multiphoton photoemission regime can
therefore elucidate the origin of the observed spectroscopic features in the photoelectron

spectra and thereby support the explanations given already before in this chapter.
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Figure 2.7: Effect of oxidization on the photoelectron spectra of Cu(001). The exciting beam

was p-polarized.

The p-excited photoemission spectra acquired on the Cu(001) surface which was
exposed to oxygen are displayed in Fig.2.7. Both normal and off normal photoemission
spectra were recorded while the exposure was gradually increased up to 120 L. The off-
normal emission spectra are more easily interpreted because the d-band contribution
and the surface states contribution are well separated in energy in this case. It is clearly

observed that the d-band contribution to the photoemission signal is only slightly affected
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by the oxygen adsorption. The surface state feature is shifting to higher energies with
increasing O, coverage, as an expected manifestation of the surface states pinning to the
vacuum level, Fy,..

The normal emission spectra are showing similar behavior. The magnitude of the
huge peak at 7.1eV is decreasing with increasing O. coverage. Taking into account
the off-normal emission spectra, it can be stated that the main reason for the intensity
decrease is the loss of the resonance condition (see Fig. 2.3) when the work function (and
thereby the image potential state energy) is increasing. The same effect is also observable
in the four-photon photoemission region.

From the behavior of the off-normal emission spectra it can be concluded that the
quenching of the surface states by oxygen adsorption is not so strong. After 120 L cover-
age, the corresponding spectroscopic features are still well observable. This is coherent
with the fact that when populating the image potential states, the electrons are well
separated from the surface. The influence of the oxygen adsorption on the observed
spectra is quite complex (mainly in the two-photon photoemission part). Its complete
explanation goes beyond a scope of this thesis.

However, the behavior of the photoemission spectra under exposure of the Cu(001) to
oxygen is fully supporting the interpretations of the spectroscopic features in the multi-
photon photoemission spectra given in this chapter up to now. The resonance between
bulk electronic states and surface states is giving rise to the most spectacular effects.

In conclusion, in this chapter the photoemission experiments with high photon flux
densities were presented. One of the most interesting aspects is that the photoemission
signal is observed even for energies higher than E|,. + hw which implies that an inter-
mediate state above the vacuum level is involved in the excitation process. It can be
either a virtual state (then the last excitation step is a real two-photon process) or a
real state. As the last intermediate state is located in the gap of the surface projected
band structure (with exception of & > 0.5 A~! region in the TX direction), the only real
intermediate states available are the image potential states for larger values of k) (see
Fig.2.5). An electron excited into such an intermediate state has already enough energy
to escape into vacuum, but before it is completely separated from the sample, it is excit-
ed by another photon to even higher energy. Such a process is called an above-threshold
ionization (ATI). It has been already well established in experiments with atoms [56]
and molecules [57]. Several experiments were reported also in solids [58-60], some re-
sults were published recently [61]. However, the four-photon photoemission regime in
solids with clearly pronounced electronic features was obtained in this work for the first

time to our knowledge.
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In this chapter, the individual contributions to the photoemission spectra were identi-
fied and discussed with help of the angle-resolved measurements and oxygen adsorption.
It was proven that the experimental setup is capable of achieving photon flux densities
which are able to find new physical processes as the above-threshold ionization up to the

four-photon photoemission regime.






Chapter 3

Studies of surface magnetism by the

Second Harmonic Generation
(SHG) technique

In previous chapters, the photoemission technique was introduced as a method suitable
for studies of surface properties of solid materials. In this chapter, another surface-
sensitive technique will be described which is the Second Harmonic Generation (SHG).
It is a very versatile and sensitive tool allowing an in-situ and ex-situ characterization
of surface properties, including surface magnetism. In the beginning of this chapter, a
theory of the surface-generated SHG will be summarized. Then, the complexity added
by the surface magnetism will be addressed. At the end of this chapter, the experimental

apparatus used for the SHG experiments will be described.

3.1 Theory of the surface second harmonic genera-
tion

In this section, the theory of the optical second harmonic generation will be reviewed.
The focus will be put on the description of the SHG signals generated from surfaces.
This is the principle of the SHG-based methods for studying surface properties of solid
materials.

The discovery of maser by Maiman in 1960 [10] allowed to reach much higher photon
densities than before. Therefore, the threshold for observing a generation of higher

optical harmonics from various materials was overcome [62]. Already in early papers of
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Figure 3.1: A schematic view of the second harmonic generation from centrosymmetric ma-

terial.

Bloembergen [63], it was predicted that the surface should be contributing to the second
harmonic generation signal. Decades later in 1989, it was proposed to use SHG as a
surface sensitive probe of magnetism [64, 65] and in a short time the method was also
experimentally used by Reif et al. [66].

The SHG arises from a nonlinear polarization induced by an incident electromagnetic
field E(w) which writes

P(2w) = X E(w)E(w) + X9 E(w)VE(W) + ... (3.1)

The nonlinear susceptibility tensor x(?) is zero in centrosymmetric media because of
symmetry reasons. In these materials, the bulk nonlinear polarization is limited to the
quadrupole term x(? E(w)VE(w). However, the symmetry is broken at the surface or
at the interfaces and therefore the dipole contribution in Eq.3.1 can be observed even
in centrosymmetric media (see Fig.3.1), but it is limited to a small region of one or two
atomic planes at the surface or interface. The bulk quadrupole effect is not limited to the
small surface volume. However, there is still a limitation of the penetration depth of the
incident radiation. For a large number of materials, this contribution is still negligible
and therefore the SHG can be used as a useful tool for studies of surface properties in
such systems. In addition, one has to deal with the effects of light propagation in the
material.

For highly symmetric materials, most of the tensor elements of x? are zero for
symmetry reasons. If we take as an example the (001) surface of a cubic crystal, x?)

can be written in the form

0 0 0] 0 yu O
x?=1 0 0 0 |y 0 O0]. (3.2)
Xzzx Xzyy Xzzz 0 0 0
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Non-zero elements of x®

normal ||z | zxz = 2z = yyz = yzy
2T = 2YY
222

Table 3.1: Non-zero tensor elements of the nonlinear susceptibility tensor x(?) for the (001)

cubic surface. For simplicity, only indices are displayed.

The nonzero elements of tensor (3.2) are summarized in Table 3.1.

3.2 Surface magnetism and the SHG

The magnetization is influencing the nonlinear susceptibility tensor via the combination
of a spin-orbit coupling and an exchange interaction [65, 67]. The spin-orbit coupling
acts similarly to an external magnetic field. It changes the orbital momentum of the
electron and thus rotates the polarization plane of the generated light. In nonferomag-
netic materials, the effect cancels while both spin states are equally occupied. However,
in ferromagnetic materials the exchange interaction splits the electronic bands in energy
and the spin-up and spin-down states are not equally occupied. This implies that new
non-zero terms of the nonlinear susceptibility tensor can arise. The magnitude of the
original terms can be changed, as well.

The presence of magnetization vector M is not affecting the inversion symmetry of
the material (since M is an axial vector). Therefore, the dipolar term in Eq. 3.1 is zero in
bulk also for ferromagnetic materials. However, magnetization is lowering the symmetry
of the surface. Therefore, new non-zero elements in the surface-generated nonlinear
susceptibility tensor x(?) are arising. These magnetization-induced elements are in the
first approximation linearly dependent on the magnetization vector M and thus they
are changing their sign when the magnetization is reversed. One can then write the

nonlinear polarization in a dipolar approximation as
P(2w, £M) = (x> £ x209) E(w)E (w) , (3.3)

where x(2¢v*" is the part of the nonlinear susceptibility tensor even in magnetization

2,0dd) j5 the part of the tensor odd in magnetization.

and x{
The basic information about the nonlinear susceptibility tensor can be obtained from
symmetry considerations. By applying symmetry transformations on the chosen system,

one can easily determine which tensor elements of the susceptibility tensor should be
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zero, and which should be odd or even in magnetization for individual configurations of
M with respect to the sample surface and the incidence plane of the exciting light beam.
In the longitudinal optical configuration (for the definition of the Cartesian coordinate

system see Fig. 3.2) one gets

0 0 0 0 Xzzz TXazay
XD (EM) = | +xyer FXoww TXyzz | Xgye O 0 , (3.4)
Xzzx Xzyy Xzzz :I:Xzyz 0 0

in the transverse configuration the tensor has a form

and in the polar configuration the tensor writes

X2EM) = 0 0 0 | xpr EXger O : (3.6)
Xzze Xzyy Xzzz 0 0 j:szy

In Table 3.2, the non-zero elements from (3.4), (3.5) and (3.6) are summarized, according
to [68].

With help of Table 3.2 it is possible to suggest several methods for obtaining the
magnetic SHG signal in various optical configurations. Let us assume that the magne-
tization is longitudinal. The optical plane of incidence is defined by the x and z axes of
the Cartesian coordinate system in agreement with the notation in Table 3.2 (see also

the schematic in Fig.3.2). Then the basic experimental configurations are:!

s-in For the incident s-polarization (i.e. the electric field intensity vector E is in the y-
direction, perpendicular to the plane of incidence), there are photons generated at
the 2w frequency which are p-polarized and also those which are s-polarized. The
source component of the nonlinear susceptibility tensor giving the main p-polarized
output is the x,,, tensor element even in M. For the s-polarization there is also
the Xy, tensor element odd in M. The direct information about magnetization
can be therefore obtained by measuring the intensity of the s-polarized 2w light

(s-in/s-out geometry) which usually provides very low signal levels.

!The correct quantitative analysis should also include the Fresnel reflection and transmission coeffi-
cients of the interfaces, as specified in the surface sheet model [69]. In the following text we will include

these factors into the elements of the ¥ tensor.
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Figure 3.2: Definition of the coordinate system in the longitudinal geometry of the

Magnetization-Induced Surface Second Harmonic Generation (MSSHG) experiment, a p-

polarization is incident on the specimen surface.

normal ||z Even in M (x2even)) Odd in M (x30d9))
Longitudinal yzy = Yyz YT = TTY
M||x TZr = xTZ 2yz = 22y
222 yzz
2yy yyy
2x yr
Transverse rTrZ = T2T YTy = Yyyx
Mi|y yyz = yzy 202 = 221
2xT TIIT
2yy Ty
222 X2z
Polar TXZ = T2T = Yyz = Y2y | TYz = T2Y = —YTZ = —Y2IT
M||z 20T = 2YY 2Ty = ZYx
222

Table 3.2: Non-zero tensor elements of the nonlinear susceptibility tensor x(?) for the (001)

cubic surface in the presence of magnetization. The normal of the surface is parallel to the z

axis. For simplicity, only indices of the tensor elements are displayed.
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p-in For the incident p-polarization (the electric field intensity vector E is in the z — z

plane of incidence), there are generated photons at the 2w frequency which are
p-polarized and also s-polarized. The source components of the nonlinear sus-
ceptibility tensor responsible for the p-polarization output are the Yz, X,ze and
Xzz» tensor elements even in M, while for the s-polarization there are responsible
the xy,., and Xyq; tensor elements odd in M. Therefore, an information about
magnetization can be obtained also in this case by measuring the intensity of the

s-polarized 2w light (p-in/s-out geometry).

sp-in For the incident sp-polarization (the direction of E is by 45° shifted with respect

to the incidence plane), a more complicated mixture of polarizations is generated.
Either in the case of the detection of the p-polarized light or for the s-polarized light
detection, the resulting signal is generated by a sum of magnetic and nonmagnetic
tensor elements. In this case, it turns out to be useful to define the magnetic

asymmetry as
I(M) = I(—M)
IM)+1(—M) "’

where [ is the intensity of the 2w light detected for in the chosen experimental

A= (3.7)

configuration. For the intensity magnitude, one can write

(M) oc G £ XG0P (3.8)
where the effective nonmagnetic X%even and magnetic Xéé’Odd) tensor elements are

introduced as sums of respective non-zero tensor elements (including the Fresnel

factors). The asymmetry is then given as

| 2even || 20dd |

A = | 2even |2 + |X 20dd |2 OS(Speven - ondd) . (39)
eff

Because the absolute values of the magnetic elements of the susceptibility tensor

are usually much smaller than the nonmagnetic ones, one can simplify the equation

(3.9) and obtain the term proportional to the tensor element odd in M

2| 20dd |
./4 ~ W OS(SOeven — (POdd) . (310)

| eff |
In the above given equations, the coS(@even — Podd) term is arising due to the
complex nature of the susceptibility tensor elements, i.e. due to their, in general,

unequal phase.
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The magnetic information is then obtained by means of the asymmetry value. The
same approach as for the sp-in/p-out (or s-out) geometry can be applied to other
geometries with are leading to a mixture of magnetic and nonmagnetic components

in the output intensities, the p-in/sp-out geometry, for instance.

The above given review has shown several ways how to obtain the information about
the surface magnetism by means of the Surface Second Harmonic Generation technique.
Quantitative assumptions would be necessary to decide which configuration is giving for
an individual surface the best signal-to-noise ratio. In a real experiment, the trial and

failure approach gives usually the fastest answer to this issue.

3.3 Experimental approaches to the surface SHG

In this section, the Magnetization-Induced Surface Second Harmonic Generation
(MSSHG) technique will be discussed from the experimental point of view. The re-
cently used experimental approaches will be described with emphasis on the setup used
in this work. The description of the method is similar for MSSHG and the (nonmagnetic)
surface SHG, only the tool for magnetizing the sample is needed for MSSHG in addition.

Nonlinear optical effects are usually achieved by strong electromagnetic fields. The
need of a source of strong electromagnetic fields is common for all the surface SHG
methods described in following subsections. One of the most preferable excitation sources
is a laser. Therefore, the nonlinear optics development is directly related to the advances
of the laser technology. For the surface nonlinear optics, the intensities above 1 MW-cm 2
are necessary. A continuous laser radiation cannot be used because any material would be
immediately destroyed by such a high power. The technology of pulsed lasers is therefore
needed. The shorter is the pulse width, the higher is the peak power. Therefore, the
ultrashort femtosecond lasers are now preferable for experiments in nonlinear optics.
The recent developments in high-repetition-rate mode-locked lasers (Sec.1.3.1) improve

considerably the experimental capabilities of the MSSHG methods.

3.3.1 General description of a surface SHG experiment

The principal schematic of a surface SHG experiment is sketched in Fig.3.3. The laser
system producing ultrashort pulses serves usually for the exciting optical beam genera-
tion. As in some experimental geometries the resulting signal is extremely sensitive to

the proper polarization of the exciting beam, the setting of the polarization before the
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Figure 3.3: General schematic of the experimental setup used for surface SHG experiments.

beam impinges onto the sample has to be done with a high carefulness.

When the surface of the sample is not very reactive, it can be placed in air. How-
ever, if the sample surface is reactive or if the measurement during its growth is to be
performed, special conditions are mandatory. In such a case, the sample can be locat-
ed either in ultrahigh vacuum (UHV) conditions or in an electrochemical cell [70, 71].
The experiments in electrochemical cells allow to study the SHG response of the sample
during the electrolytic process. In this way, the changes of the surface properties (rough-
ness, chemical composition...) during the process can be observed. However, most of
the experiments are nowadays performed under UHV conditions which are offering more
versatile sample preparation and characterization procedures.

After the interaction with the sample the fundamental frequency has to be filtered
out and the light at the 2w frequency is detected. In most experimental configurations,
the polarization of the detected 2w light is selected by an analyzer and its intensity is

measured afterwards by a photon counting photomultiplier.

3.3.2 Experimental setup — MSSHG in UHV

The experiments which were the objective of this work were dealing mainly with reactive
metallic surfaces. The changes of magnetic properties during the layer-by layer growth
were studied. Therefore, the employment of a UHV apparatus was necessary. The
schematic description of the setup is displayed in Fig. 3.4.

The femtosecond laser system used for the production of ultrashort laser pulses was
already described in Sec.1.3.1. Tt is producing linearly polarized pulses at 800 nm. The
typical pulse length is below 10fs. The average power of the beam is about 1 W. The
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Figure 3.4: Schematic of the experimental setup used for Magnetization-Induced Surface Sec-

ond Harmonic Generation (MSSHG) experiments.

corresponding energy of one pulse is ~ 13 nlJ.

As the samples could be overheated by the full power from the laser, there was an
option of inserting a chopper in the laser beam. For most of the measurements discussed
in Chapter 4, about 10% of the power was used and the rest was rejected by the chopper
blades. A complementary method avoiding overheating of one spot on the sample is
consisting of a raster-scanning of the sample surface by the laser beam. One of the
mirrors outside the chamber is mounted on a piezo-element which is allowing to change
slightly the direction of the beam in two axes. By putting an AC signal on the piezo
elements it is possible to scan the sample surface. The area of the sample scanned in this
way is about 60 yumx60 um. The frequencies 10 Hz< f <100 Hz were used for the scan.

For the quantitative interpretation of the MSSHG experiments, it is necessary to
normalize the obtained SHG intensities. Unluckily, the SHG yield is not directly propor-
tional to the exciting beam intensity, as the pulse width (and the related peak power)

is not absolutely stable during the experiment. Broadening of the pulse is causing a de-
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crease of the SHG yield even when the 800 nm light intensity stays constant. Therefore,
a measurement of the exciting light intensity cannot be used as a reference. For the
correct normalization of the obtained results, a reference SHG channel has to be used.
A part of the beam is selected by a beam splitter and sent through a quartz crystal. The
intensity of the generated 400 nm light is measured by a photomultiplier operating in an
analogue mode. This signal gives a correct normalization to the SHG generated on the
sample in the UHV chamber.

Before entering the chamber, the beam is passing through the part of the setup which
is used to set its polarization. Using of a prism polarizer would cause broadening of the
pulse (and therefore also decrease of the peak power) due to the dispersion. Therefore,
one has to use phase plates for polarization manipulation. One \/2 achromatic phase
plate is used to rotate the polarization direction in this case. A filter is used as the
last optical element before the pulse enters the UHV chamber to reject the 400 nm light
which is created while passing through preceding optical elements. This 400 nm light
would otherwise create high background to the SHG signal generated from the surface
of the sample in the UHV chamber.

The UHV chamber itself, the sample holder, the coil used for magnetizing the sample
and the MBE evaporators were described already in Sec.1.3.3. The Medium-Energy
Electron Diffraction (MEED) is serving not only for an adjustment of the orientation
of the crystallographic axes of the sample, but also for monitoring of the growth of the
thin films on the sample surface [72]. The MEED pattern can be recorded by a 15-bit
water-cooled CCD camera (Hamamatsu Inc.) allowing also a quantitative analysis of the
intensity of the diffraction spots. However, for monitoring of the specular beam intensity
during the experiment a photomultiplier working in an analogue mode is used, as it is
providing the desired signal without additional data treatment (needed for the camera
data).

The choice of the angle of incidence is constrained by the chamber geometry — it
is 43° for most of the MSSHG experiments. After the beam leaves the chamber by the
output viewport, the 800 nm component of the beam is filtered out and only the SHG
signal at 400nm remains. By a Glan-Thompson analyzer it is possible to chose the
polarization of the SHG light desired for the detection. Photons which pass through
the analyzer are detected by a photomultiplier (from the Perkin-Elmer Optoelectronics
company) in the photon-counting mode.

The data acquisition and the controlling of the experiment is provided with a help of
a personal computer, for details see Sec. 1.3.4.

In this chapter, the theoretical background of the Magnetization-Induced Surface
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Second Harmonic Generation (MSSHG) technique was summarized. The experimental
approaches were described with emphasis on the arrangement used for the experiments

discussed in the following chapter.






Chapter 4

Experimental study of the
O/Fe/MgO system by MSSHG

In this chapter, typical experimental results obtained by the Magnetization-Induced Sur-
face Second Harmonic Generation (MSSHG) technique will be presented. The magnetic
properties of the surface in the p(1x1)O/Fe/MgO(001) system were studied. A complete
data treatment leading to a quantitative information about the surface magnetism will
be presented. The result will be compared with another method, i.e. the Spin Polarized
Metastable Deexcitation Spectroscopy (SPMDS), used for the analysis of the surface

magnetization.

4.1 Contradictory results of MSSHG and SPMDS

The previous experimental studies which have motivated the MSSHG investigations
described in this work are summarized in this section.

It is well established that atoms placed on the surface in some less coordinated
positions, for instance step edges of an uncompleted layer during the epitaxial growth,
have different magnetic properties from those in bulk or in a complete surface layer.
However, theoretical quantitative studies give somewhat contradictory results [73-75].

Up to now, there were two experimental works dealing with this phenomenon —
a study of layer-by-layer growth of fcc Co films on Cu(001) surface by Magnetization-
Induced Surface Second Harmonic Generation (MSSHG) [76, 77] and a study of surfactant-
aided growth of Fe on p(1x1)O/Fe(001) surface (for details about the structure see
Sec. 4.2) by Spin Polarized Metastable Deexcitation Spectroscopy (SPMDS) [78]. These

experiments are, however, not giving the same result. Both of them are showing oscil-
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Figure 4.1: Experimental results of Jin at al. [76]. (a) Measured total SH intensity as a func-
tion of the Co film thickness for s-polarized incident light in the transversal Kerr geometry for
the magnetization in opposite directions. (b) Magnetic asymmetry and (c) average SH intensity
calculated from the SH intensities in (a). In (d) the difference of the magnetic asymmetry and

its running average over 50 points is plotted. In (e) the similar difference as in (d) is plotted

for the average SH intensity I,

latory behavior of the magnetic signal with a period of one monolayer, but for Co on
Cu(001) minima of the magnetic signal were observed for completed Co layers (the panel
(d) in Fig.4.1) while for Fe on p(1x1)O/Fe(001) maxima were observed for completed
layers (the left panel of Fig.4.2). Then there arises a question whether this incoherence
is because of different nature of studied systems or because the experimental methods
were used in some oversimplified way.

The aim of this chapter is to identify the origin of the difference between the MSSHG
and the SPMDS results. Therefore, an experiment on the p(1x1)O/Fe(001) system was
performed with use of the MSSHG method to find the origin of this different behavior.
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Figure 4.2: Left panel: Experimental results of Bisio et al. [78] obtained for Fe growth on
p(1x1)O/Fe(001) at room temperature. He reflectivity (Rpe, continuous line) and SPMDS
asymmetry A(Ey) at Fy ~ 11.5eV (dots) as a function of deposition time are displayed. The
dashed line serves as a guide to the eye. Right panel: The geometry of p(1x1)O/Fe/MgO(001)
system predicted by Chubb and Pickett [79].

4.2 p(1x1)O/Fe/MgO(001) system studied
by MSSHG

In this section, the experimental results obtained by the MSSHG technique applied to the
p(1x1)O/Fe/MgO(001) system will be presented. Firstly, the p(1x1)O/Fe/MgO(001)
system and its preparation will be described. Then the experimental results in various
optical geometries will be presented. At the end, the findings will be compared with the
Spin Polarized Metastable Deexcitation Spectroscopy (SPMDS) results.

4.2.1 The p(1x1)O/Fe/MgO(001) system

The p(1x1)O/Fe/MgO(001) system is a model system for the adsorbate-metal interac-
tion studies. At the surface of Fe(001), strong covalent bonds between the Fe and O
atoms form a chemically stable FeO monolayer. The prediction of the bond lengths at
the relaxed surface was calculated by Chub and Pickett [79], as shown in the right panel
of Fig.4.2. While depositing additional Fe layers, the FeO monolayer is floating at the
top of the system and the oxygen monolayer is acting as a surfactant promoting epitax-

ial layer-by-layer growth [80]. After finishing an experiment, the sample surface can be
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easily renewed by annealing at 600°C. The oxygen atoms which were buried under the
Fe layer during the deposition are moved back to the location at the surface during the
annealing procedure.

The p(1x1)O/Fe/MgO(001) system is for the experiments prepared as follows. The
MgO(001) substrate is polished, annealed in O, and after loading to the UHV chamber
is it flashed at 950 K. The Fe/MgO(001) system is one of a few metal-insulator systems
which grow layer-by-layer under certain conditions [81, 82]. After in situ epitaxial growth
of a single crystal Fe film on a clean MgO(001) substrate at a pressure below 107'° mbar
and by subsequent annealing at 870K, a clean and ordered Fe(001) surface is obtained.
During the deposition, the temperature is risen from 300 K to 420K to promote the
epitaxial growth. The resulting Fe width is ~50 nm. The surface quality is checked by
Medium-Energy Electron Diffraction (MEED). Afterwards the Fe(001) surface is exposed
to ~20L Oy (1L = 107% Torr-s) and it is annealed at 870K for 30 min. This results in
a formation of the p(1x1) oxygen adlayer on the Fe(001) surface.

The MSSHG experiments motivated by the inconsistency of previous MSSHG and
SPMDS results described in Sec.4.1 are performed during in situ epitaxial growth of
additional Fe layers onto the p(1x1)O/Fe/MgO(001) specimen. The growth is monitored
by MEED. The comparison with the growth of iron layers on the clean Fe/MgO(001)
surface (without oxygen) can be seen in Fig.4.3. The surfactant effect of oxygen is
obvious, multiple layers can be grown on the sample without large dumping of the
MEED oscillations. This is in contrast with growth of Fe on the Fe/MgO(001) system,

where the three-dimensional growth is dominating.
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Figure 4.3: Oscillations of the intensity of the specular MEED spot during the Fe growth on
Fe/MgO(001) and p(1x1)O/Fe/MgO(001) systems at 310 K.
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4.2.2 Results of the MSSHG experiments

The MSSHG experiments on the p(1x1)O/Fe/MgO(001) system were performed with
the apparatus described in Sec. 3.3.2 (Fig.3.4). For the preparation of Fe layers, a MBE
evaporator was used. During the data acquisition, the evaporator was shut down, so

that no light emitted from the hot Fe source could influence the optical measurement.

First, an experiment for determination of the magnitude of the SHG signal was
performed. One monolayer of Fe was grown onto the p(1x1)O/Fe/MgO(001) system
and afterwards the MSSHG was measured for incident p-polarization. The orientation
of the analyzer was gradually changed in 12° steps so that the MSSHG signal and the
magnetic asymmetry could be observed for varying polarization of the detected light.
This helps in choosing the best experimental geometry for experiments performed during
the Fe layer growth.

The results of this experiment are shown in Fig. 4.4. Important experimental setting is
the p-in/s-out configuration, as mentioned in Sec. 3.2. The SHG signal is very low in this
case. However, it is of solely magnetic origin, therefore this configuration is preferable
for studies of the surface magnetism. It will be chosen as one of the experimental
configurations used for the MSSHG studies of the p(1x1)O/Fe/MgO(001) system during
the epitaxial growth of the Fe layer. This will be described in the following part of this

section.
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Figure 4.4: The SHG intensity (average of I(M) and I(—M)) and the MSSHG asymmetry
for the p-in excitation and rotating analyzer. Analyzer angles corresponding to p-out and s-out

settings are pointed up.
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p-in/s-out geometry

As stated above, the p-in/s-out experimental geometry gives the information about the
surface magnetization in a straightforward way. The intensity of the measured second
harmonic signal is directly proportional to the effective sum of the "magnetic” tensor
elements x,., and Xy, which are linearly dependent on the magnetization. The experi-
mentally obtained normalized SHG intensities during the epitaxial growth of the Fe layer
on the p(1x1)O/Fe/MgO(001) system are displayed in Fig.4.5. The measurement time
was 40 minutes per one point in this case. The SHG intensity in the beginning of the Fe
deposition was chosen as the reference.

The measured SHG intensity exhibits an initial drop to about 57% of its starting value
when depositing the first 0.5 monolayer of Fe. Later, it displays clear one-monolayer
periodic oscillations with maxima corresponding to full monolayer completion.

When we indicate the effective sum of the magnetic tensor elements involved as

X%’Odd), then for the intensity of the detected SHG signal one can write

Ip_ins—out OX |X${’Odd)|2 . (4.1)

From this equation it follows that the effective magnetic tensor element oscillates with
the same phase as the measured MSSHG intensity. This already gives an answer to the

issue addressed in Sec.4.1. However, the experiment in another geometric configuration
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Figure 4.5: SHG measurements during the Fe growth on the p(1x1)O/Fe/MgO(001) system.
The normalized SHG intensity (average of I(M) and I(—M)) for the p-in/s-out geometry is

displayed. The signal oscillates with the one monolayer period.
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was performed to justify the result.

sp-in/s-out geometry

In the sp-in/s-out geometry, a mixture of magnetic tensor elements (X2, Xyzz and Xyyy)
and one nonmagnetic element Y, is generating the SHG signal. For the determination
of magnetic properties of the sample, the magnetic asymmetry should be obtained during
the experiment and the SHG intensity as well (see Sec.3.2).

The experimental curves for the SHG intensity Isp_ins—ont = (Isp—ins—out(M) +
Isp_ins—out(—M))/2 and the asymmetry Asp_ins_out are plotted in Fig.4.6. Both the
intensity and the asymmetry show oscillations with one-monolayer periodicity. The
measurement time was also 40 minutes per one point in this case.

The asymmetry for this experimental configuration can be expressed by Eq. 3.10:

2,0dd
2|X£HO )|
(2,even)
| eff |

Asp_in s—out & c0S(Peven — Podd) - (4.2)

The intensity (see also Eq. 3.8) is proportional to the square of the nonmagnetic tensor el-

ement X((jf’even), the magnetic tensor elements are negligible compared to the nonmagnetic
ones:
Isp—in,s-om < P ™™ - (43)
— 1.00F —e— SHG intensity ]
> —8— SHG asymmetry
o 0.95¢ _in SP-in, S-out geometry 30.72
S, 3 )
2 0.90F =
7 30.70 ©
c ] m
L 0.85F E I
= Jo.68 3
Q 0.80f 13
n ] <
§ 0.75F 10.66
o E
2 3
0.70F el b, e, W 064

0 1 2 3 4 5
Deposited Fe thickness [ML]

Figure 4.6: SHG measurements during the Fe growth on the p(1x1)O/Fe/MgO(001) system.
The normalized SHG intensity (average of I(M) and I(—M)) and the asymmetry for the

sp-in/s-out geometry are displayed. The signal oscillates with the one monolayer period.
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The calculation of the effective magnetic tensor element from the experimental data

is then straightforward, as will be seen in the following.

Magnetic signal separation

For both experimental configurations mentioned above, the effective magnetic tensor
element ng’()dd) can be extracted from the experimental data. The effective magnetic
tensor element is proportional to the magnetization magnitude. Therefore, it gives a
direct measure of the surface magnetization during the epitaxial growth of the Fe layer.
As the extraction of absolute values of the tensor elements is not possible, all the results
are normalized to the value in the beginning of the Fe deposition.

In the case of p-in/s-out geometry, the calculation of ng’()dd) is straightforward.

From Eq. 4.1 one obtains immediately

|X£?T’Odd)| X V IP—in,S—out . (44)

For the sp-in/s-out geometry, the combination of Eq.4.2 and Eq. 4.3 leads to

|X${’Odd)| X V ISP—in,S—out : ASP—in,S—out . (45)

Here the assumption of a constant phase difference Yeven — ©oada Was applied.

Results provided by equations (4.4) and (4.5) are displayed in Fig.4.7. As the results
are matching very well, one can say that the assumption of constant phase difference
was correct in this case and possible error was below the experimental resolution. Also

the fact that in the case of the sp-in/s-out configuration is in X%’Odd)

the Xy, element
included in addition doesn’t seem to play an important role, this tensor element will be
negligible in comparison to X,.. and Xyz-

Similar oscillatory behavior of the effective magnetic tensor element ng")dd) was ob-
tained also in the p-in/sp-out and sp-in/p-out geometry. Another experiments were
carried out at 400 nm fundamental wavelength. They were providing almost identical

results as well.

From the results presented in this section, it can be concluded that the magnetic
contribution to the SHG for the p(1x1)O/Fe/MgO(001) system during the deposition

of additional Fe layers exhibit local maxima for completed monolayers.
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Figure 4.7: Calculated effective magnetic tensor element of the susceptibility tensor from
measurements in p-in/s-out geometry and sp-in/s-out geometry as well. The results were
normalized to their starting value for zero Fe-coverage. The source data are displayed in
Fig.4.5 and Fig. 4.6.

4.2.3 Conclusion and comparison of the O/Fe/MgO and Co/Cu

systems

The above described study gives an answer to the problem addressed in Sec.4.1. The
question was whether the surface magnetization of the p(1x1)O/Fe/MgO(001) and
Co/Cu(001) systems is behaving differently during the epitaxial growth of the top mag-
netic layer or whether the applied experimental techniques (SPMDS resp. MSSHG)
provide different physical quantities.

By comparing the results obtained on the p(1x1)O/Fe/MgO(001) system displayed
in Fig.4.7 and results obtained by Bisio et al. [78] (the left panel of Fig 4.2), one
can easily conclude that the results are fully compatible showing the maxima of the
magnetic signal for full monolayer coverage. Therefore, it can be concluded that both
Magnetization-Induced Surface Second Harmonic Generation (MSSHG) and the Spin
Polarized Metastable Deexcitation Spectroscopy (SPMDS), despite completely different
physical mechanisms, provide compatible results even in the sub-monolayer range. The
surface magnetic response of the p(1x1)O/Fe/MgO(001) and Co/Cu(001) systems is d-
ifferent probably due to surface relaxation and other effects caused by the oxygen adlayer
in the p(1x1)O/Fe/MgO(001) system and also by contributions of two interfaces in the
Co/Cu(001) system.
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Besides the initial drop, the relative magnitude of the magnetic signal oscillations
(as displayed in Fig.4.7) is of the order of 15% to 20%. This is much more than values
expected in the case when only magnetic moments of the edge atoms are involved.
The key-role in determining the observed oscillations must be therefore played by the
characteristics of the O-Fe bonds within the surface Fe layer. As a confirmation of this
hypothesis the same SHG experiments were performed during the Fe deposition on the
clean Fe(001) surface (without oxygen). No oscillations of the SHG signal were observed,
despite few damped, but still well resolved, oscillations of the MEED signal (see Fig. 4.3).

The ab-initio calculations [79] predict about 23% increase of the surface-to-subsurface
bond length and a large sensitivity of the surface Fe magnetic moment upon the O-Fe
geometry [83]. The enhancements of the top layer Fe magnetic moments from 10% to
15% with respect to clean Fe(001) surface were predicted. Recent studies show that
even for homoepitaxial growth a considerable strains are induced between the islands
and the layer underneath [84]. It is plausible to expect that a creation of islands is
resulting in decrease of the magnetic moments, as it is breaking the ideal surface structure
and thus decreasing the surface relaxation. This would agree with the observations
reported in this chapter. However, the exact mechanism of the oscillatory behavior of
the surface magnetization in the p(1x1)O/Fe/MgO(001) system is an open issue for
future theoretical studies.

In conclusion, in this chapter the study of the surface magnetism by the Magneti-
zation-Induced Surface Second Harmonic Generation method was reported. To our
knowledge, it was for the first time the thin film magnetism during its growth was
studied by using the p-in/s-out longitudinal geometry. This brings advantage of purely
magnetic origin of the observed SHG intensity. Also results in other experimental geome-
tries which are mixing the magnetic and nonmagnetic SHG response were coherent with
the p-in/s-out SHG experiment. All the experiments were showing clearly one-monolayer
periodic oscillations of surface magnetic response with local maxima for completed layers.

This is in agreement with the previous SPMDS observations [78].



Chapter 5
Ultrafast electron dynamics

In many physical phenomena the excitation and relaxation of electrons in solid state ma-
terials plays an important role. The electron dynamics has to be taken into account when
dealing with interactions of molecules with surfaces, surface ”femtochemistry”, optical
processing of surfaces, magneto-optical recording, surface phase transitions, electrical
charge and heat transport and with other phenomena.

Of high importance are also studies of spin-dependent lifetimes in ferromagnets, be-
cause there is a direct link to the applications in the data-recording industry. From the
relaxation of hot electrons in ferromagnets one can learn about the decay of transient
magnetization and about spin-selective transport and tunneling.

In this chapter, the issue of experimental methods feasible for studies of the ultrafast
electron dynamics will be therefore addressed. A simple theoretical model for explanation

of the experimental results will be shown as well.

5.1 Experimental methods for measurements of the

ultrafast electron dynamics

For understanding the fundamentals of the electron dynamics in metals, the knowledge of
the lifetimes and decay mechanisms for hot electrons is necessary. By "hot electrons” we
mean the bound electrons excited above the Fermi level. The theory of electron scattering
in metals was first formulated by Drude [85]. There exist several classical methods to
measure the lifetimes of these hot electrons: the optical conductivity measurements [86—
88], the transport measurements of thermal electrons at the Fermi surface [89, 90] and

ballistic transport studies of hot electrons injected into metal from the vacuum or from
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an interface with another material [91-93].

Basic information about the lifetimes of the hot electrons can be obtained also by
measuring the width of spectroscopic resonance features by means of the inverse pho-
toemission [12, 94], for instance. The width of the spectroscopic line T is given by the

sum of elastic and inelastic scattering processes through the uncertainty relation
['-7=660meV-fs | (5.1)

where the average time between the phase-breaking scattering events is denoted as 7.
Other spectroscopic techniques are using the high-resolution soft X-ray spectroscopy for
studies of Auger resonant Raman intensities [95, 96] which is also accessing the field of
femtosecond dynamics of adsorbate-substrate charge transfer processes.

Recently, a novel approach to measure the lifetimes of hot surface state and surface
resonance electrons with use of a 4 K scanning tunneling microscope (STM) was given
by Biirgi et al. [97].

In this work, we will focuss on the time resolved two-photon photoemission spec-
troscopy which is allowing in its pump-probe modification to perform highly resolved

investigations of the electron dynamics at surfaces [8, 38].

5.2 Experimental apparatus for time-resolved two-

photon photoemission

In this section, the experimental setup used by us for the time-resolved studies will be
described. Most of the parts of the setup were already mentioned in previous chapters.
Therefore, we will mainly focus on the improvements providing the time-resolution.

The principle of the time-resolved two-photon photoemission (TR-2PP) is sketched
in Fig.5.1. An ultrafast femtosecond laser pulse is exciting the electrons from the states
below the Fermi level Er to unoccupied states above the Er and below the vacuum level
Fyac (part 1 of Fig.5.1). The other (probe) pulse is coming with a delay 7. During the
delay between the pump and the probe pulses, the electron can either decay back from
the excited state or it can stay at the excited level (depending on its lifetime and on the
length of the delay 7). When the delay 7 is short enough with respect to the lifetime of
the hot electron, the photoelectrons can be detected (part 3a of Fig.5.1).

As both the pump and the probe pulses are consisting of many photons, it should be
pointed out that the two-photon photoemission signal can be generated also by excitation

by two photons from the pump pulse or by two photons from the probe pulse. This
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Figure 5.1: Principle of the time-resolved two-photon photoemission. 1: The electron from
below the Fermi level is lifted by the first photon to an unoccupied state below the vacuum
level. 2: During the delay between the pump and the probe pulse the electron can decay back
from the excited state or stay in this state, depending on its lifetime and on the delay length
7. 3a+ 3b: When the delay 7 is short enough, the probe pulse is exciting the hot electron to

the vacuum state and it can be detected.

contribution to the 2PP signal is, however, independent on the delay 7 and therefore it
can be easily identified when evaluating the results of the TR-2PP experiment.

The energy of the exciting fs-pulses should be well below the vacuum energy E.,.
(measured with respect to Er), so that the one photon photoemission is not possible
(i.e. hw < Eye — Er). Otherwise the 2PP signal would not be resolved, because the
1PP intensities are much higher. On the other hand, the energy of the photons should
be high enough to allow the excitation from the ground state to the vacuum level by two
photons. It means that the 2Aw > E,,. — Er condition should be fulfilled.

The experimental arrangement used for the time-resolved 2PP experiments is dis-
played in Fig.5.2. Most of its parts have been already described in Section 1.3 dealing
with the two-photon photoemission, therefore only the differences necessary for the time-
resolved measurements will be given here in detail.

The home-built fs-laser system and the frequency doubling stage attached are pro-
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Figure 5.2: Schematic of the experimental setup used for time-resolved photoemission exper-

iments.

ducing femtosecond laser pulses at 400 nm with a length well below 20 fs (see Sec. 1.3.2).
After the frequency doubling stage, the beam is entering the Mach-Zehnder interferom-
eter which is splitting the pulse into two parts and which allows to introduce a delay
7 of one part of the beam by moving the appropriate arm of the interferometer. The
use of the Mach-Zehnder interferometer allows to keep the pump and the probe pulses
collinear, so that they can interfere. This is important for obtaining the information

about the coherence decay of the hot electrons (see Sec. 5.3).

As 1fs delay is corresponding to a shift of the arm of the interferometer by 0.3 pum,
the high-stability piezoelectrically actuated stage (Piezosystem Jena GmbH) has to be
used to position the arm of the interferometer if the sub-fs resolution is desired. The
Mach-Zehnder interferometer was machined from stainless steel and the moving stage
of titanium to achieve high thermal stability of the system. The laboratory was air-
conditioned in addition, because also other parts of the experiment are temperature-
sensitive. The stability of the interferometer was further improved by the fact that the
interferometric optical table (by Newport Inc.), the laser was mounted on, was chosen

to effectively damp the vibrations. Its thickness is 45 cm and it is placed on pneumatic
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isolators 12000 with automatic leveling in addition. The interferometer is located in a
semi-sealed box to avoid spoiling of the surfaces of the beam splitters and mirrors by
dust particles.

As can be seen in Fig.5.2, there are two outputting beams from the Mach-Zehnder
interferometer. One is used for the excitation of the sample surface (the signal output).
The other one is monochromatized (at 400 nm) and its intensity is measured as a reference
signal to monitor the delay (the reference output). Key property of the Mach-Zehnder
interferometer is that one of the two interfering beams is having the phase shifted by
A/2 in the case of the reference output compared to the case of signal output. Therefore,
when a constructive interference in the signal output is observed, in the reference output
there is a destructive interference occurring.

The experiment can be usually conducted in two ways. One way is to detect the
complete photoelectron spectra at discrete values of the delay 7. The other way is to
choose discrete values of the energy for the detected photoelectrons and scan the whole
available range of the delay 7 for each of these values.

When the constant-delay mode of operation is chosen, the interferometer should be
set so that there is a constructive interference in the signal beam. This setting can be
achieved by minimizing the signal from the reference measurement diode. To be able to
measure over extended time periods (hours), the piezo positioning of the interferometer
arm is controlled through a lock-in feedback by the signal from the diode measuring
the reference beam intensity. To enable the lock-in detection, a small AC voltage (at
~2kHz) has to be added to the voltage controlling the piezo position.

However, in this chapter, we will deal with the other mode of operation of the in-
terferometer only. It serves for acquiring photoemission and SHG data at continuously
varying delays 7, so that the complete interferogram can be constructed. The energy
of detected photoelectrons is kept constant during this experiment. In this case, the
feedback control of the piezo position is switched off and a voltage ramp from an Agilent
33120A function generator is applied instead. The voltage ramp is displayed in Fig. 5.3.
It is applied periodically with a & 2 Hz frequency. The data acquisition was synchronized
by a trigger signal at the start of the ramp. The range in which the data were recorded
is indicated in the figure. By changing the amplitude of the ramp the range of the delays
between the pulses can be modified, the maximum range allowed by the piezo actuator
was +130fs. Prior to applying it on the piezo, the voltage ramp is passed through a
low-pass filter to have a smoother time behavior. As the response of the piezo element
is not linear with the applied voltage, an additional measurement is needed to obtain

the time-scale for the recorded interferograms. The signal measured by the diode in the
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Figure 5.3: The voltage applied on the piezo moving one arm of the Mach-Zehnder interfer-
ometer during the TR-2PP experiment. The voltage is applied periodically, only one period is
displayed.

reference beam is used for this purpose. While the arm of the interferometer is moving,
the interferometric fringes are passing across the diode. From a known wavelength of
the detected monochromatized light, one can easily calculate the delay between the two

interfering beams.

The signal beam is after the Mach-Zehnder interferometer passing through dispersion-
compensating and polarization-setting optics which was described in detail in Section
1.3.2.

In the UHV-photoemission chamber (see Sec.1.3.3), the laser beam is impinging on
the sample. Both photoemission and the surface SHG signals are detected at the same
time. The SHG response of the surface is instantaneous. Therefore, the recorded SHG
signal is providing the interferometric autocorrelation of the femtosecond pulse directly.
By contrast, the photoemission signal is influenced by lifetimes of the intermediate states,
as indicated in Fig.5.1. Roughly said, the lifetimes of the hot electrons can be deduced
from the difference between the SHG and 2PP traces. A broadening of the 2PP trace
compared to the SHG trace is an indication of the non-zero lifetimes of the intermediate

states. More detailed analysis will be provided in the next Section 5.3.

The geometry of the experiment is constrained by the fact that the intention is to
measure the 2PP and SHG signals simultaneously. From the design of the UHV chamber
used in the experiment, the 35° incidence angle of the 400nm beam and normal (0°)
emission geometry for the photoelectron detection is resulting. When the laser pulse
properties are stable in time, however, it is possible to perform the experiment also with

an oblique angle of emission of the photoelectrons. Then the SHG autocorrelation and
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the 2PP signal have to be measured separately with the varying angle of incidence. The
electrostatic photoelectron energy analyzer with a channeltron used for the detection of

photoelectrons was described already in Section 1.3.3.

The SHG detection is complicated by a fact that the second harmonic of the 400 nm
light is already in the UV region. Therefore, the filter-off of the fundamental (400 nm)
light after the chamber cannot be done by a glass filter. The beam is sent through a
prism instead and a spatial filtration is performed. For the detection of the 200 nm light,
a photomultiplier working in a photon-counting regime is used. No polarization analysis
of the SHG light is done. A background SHG signal is caused by the SHG generated
in optical elements before the UHV-chamber. For suppressing this background, a blue

filter is placed just before the beam is entering the vacuum apparatus.

Both SHG and 2PP signals are recorded by the pulse counting techniques (the FAST
ComTec 7882 Multiscaler data acquisition system). The number of boxes in which
the multiscaler is storing the data was chosen as 4096, the measurement time for one
box was 125 us which is at =2 Hz scan frequency covering the whole interferogram.
The resolution of the interferogram is therefore ~50as. As the signal from the diode
measuring the intensity of the reference beam is providing the time scale for the SHG and
2PP interferometric traces, correct timing over the whole acquisition window (500 ms for
~2 Hz scans) with precision of one box of the multiscaler (125 us) is absolutely necessary.
The synchronization of the multiscaler and the A/D converter KPCI-3108 (used for
measurements of the reference diode voltage) was not sufficiently precise. Replacing the
diode by another photomultiplier (with a thick grey filter in front of it) helped to avoid
any timing problems. The signal from the photomultiplier could be acquired also by the
FAST ComTec 7882 Multiscaler and the correct timing was justified.

The number of scans needed for obtaining data of sufficient quality was determined
by the intensity of both SHG and 2PP signals. In Fig. 5.4, results of a test measurement
performed on the Au(111) surface can be seen. The SHG interferogram has clearly better
quality than the 2PP interferometric trace. However, the improvement of the statistics
can be easily done by measuring over an extended time interval or by averaging multiple

interferograms.

The photoelectron analyzer is ready for attaching the spin analyzer, in this way
the spin resolution can be achieved. The other way to obtain the spin resolution is
an excitation by a circularly polarized light. The experimental setup described in this
section is therefore a versatile tool allowing to conduct various experiments in the field

of hot electron dynamics.
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Figure 5.4: Left panel: The interferometric autocorrelation measured as the surface SHG on

the Au(111) surface. Right panel: Simultaneously measured two-photon photoemission trace.

5.3 Processing of the experimental data — theory

of ultrafast electron dynamics

From the experiment described in the previous section a data set consisting of two
interferometric traces is obtained: the interferometric autocorrelation of the optical pulse
(IfAC) measured by the surface SHG technique and the 2PP interferometric signal (in
further text denoted as I2PP). In this section, it will be described how the lifetimes of
the hot electrons can be obtained from these data.

The IfAC data are containing the information needed for the description of the fem-
tosecond pulse. Important part of this work was focussed on obtaining the ultrashort
pulse properties (the amplitude and the phase of the electric field) from the IfAC data.
This is in detail described in Chapter 6. For the rest of this section, we will assume that
the femtosecond pulse properties are known.

The complete theoretical description of the two-photon photoemission experiment
should include the interaction of the electrons with the radiation, lattice and other
electrons. Such a description would be rather complex, but it turns out that also sim-
plified model can provide valuable results. Such model, feasible for the time-resolved
two-photon photoemission experiment description, involves the optical Bloch equations
(OBE) formalism. The OBE model is described in detail elsewhere [14, 98], however, for
the two-level system only.

The OBE model is based on a density matrix description of the time evolution of an
atomic system in response to an external time-dependent perturbation. It serves well as
a heuristic model for analyzing the data from the TR-2PP experiments [8, 99, 100]. The
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[2PP measurements are simulated by calculating the final state population of electrons

(vacuum state) excited by a two-pulse sequence
E(t) = E(t)e" + E(t — r)eloT) (5.2)

where € (t) is the slowly varying complex envelope of the pulse (which has to be deter-

mined from the IfAC data), wy is a carrier frequency and 7 is the delay between the two

pulses. The response of the system to a perturbation is described by a linear combination

of the basis functions of the undisturbed system ¢;, ¥(t) = > a;(t)p;, 7 =0,1,2. It is
j

useful to transform the coefficients into a rotating set of coordinates: ¢;(t) = e7“'a;(t).

The differential equations for motion of ¢; then write

~ 1 ~
pjj-1 B (t)cj—1 + 2—pj,j+1E(t)Cj+1 , (5.3)

de;
dt

i

where p,,,,, are transition dipole moments and A; = w;—jwy is describing the nonresonant
energy of the level 7 with respect to the ground state and j-multiple of the central laser
energy wy. The equation (5.3) is used to derive nine coupled differential equations (the
optical Bloch equations) describing the time evolution of populations and polarizations

associated with the levels indicated in Fig.5.5. The populations and polarizations can

E/\

vac

v

K

Figure 5.5: Schematic energy diagram of the two-photon photoemission. Initial |0), interme-

diate |1) and final |2) state are coupled by pump and probe pulses.
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be represented by the density matrix:

CoCo o€l CoCa
p=1| ¢y ccy ccs |- (5.4)
oy Calp ol
The diagonal elements provide the time-dependent populations p, = cc,, (n = 0,1, 2),
while the off-diagonal elements represent the polarizations — optically induced coherence
between the levels p,, = cic,, (n,m = 0,1,2). The complete set of optical Bloch
equations for a three-level system can be found in Ref.[100]: for the complex electric
field that excites the system

E(t) = &(t)e™" (5.5)

the optical Bloch equations write

8p11 i . - i . - 1
—— = —do (€"cye] — €cycpy) + —=di2 (Ecyc] — €7¢(Cy) — —p11 (5.6)
ot on 0C1 1% on 2C1 162 7
0pa2 1 ~k ok o~ ox 1
o ﬁdn (€%cre5 — €cyey) — T_12p22 (5.7)
poo dp11 Op22
e ZRee 5.8
ot ot ot (58)
d(c,ch) i, i, , 1 1 .
81t 0 — ﬁdmﬁ (pgo — pu) — 2_hd126 CyCy — <1A1 + 2—7_,,11 + @) C1Cy (59)
d(c,ct i . 1 .
(82t 1) = ﬁduﬁ (Pn - P22) - 2—hd016 CaoCp
. 1 1 1 .
— (1 (AQ - Al) + 2—T12 + Q—Tf + @) CyCy (510)
9(cyc) 1 X 1 1
—== = —¢&*(diacicy — dpicyey) — 1A+ — + = | ¢y¢5 - (5.11)
ot 2h 1o 2 oT?  TH2 ) 20

The decay of p,, and p,,, is caused by scattering and it is included in the optical Bloch
equations through 77" — the energy relaxation time due to inelastic collisions and 75"
— the phase relaxation time due to elastic collisions. The optical Bloch equations are
solved numerically for the given population of the final state po(7) = [ ¢je,dt measured

in the experiment (I2PP) as a function of the pump-probe delay .
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From the numerical solution of the optical Bloch equations the relaxation times are
obtained. T}, T9', T4? and Ty? contribute to the 7 dependence of the I2PP, while 77
and T? influence only the magnitude of the measured photoemission signal. T} is the
inelastic scattering time of the intermediate state |1) which in causing an incoherent
(nonoscillating) decay of the correlation traces, 79" and T,? describe the decoherence of
the polarizations that couple |0) and |1) states (respectively |1) and |2)). The Ty? decay
time is describing the two-photon induced polarization between |0) and |2).

For the relaxation parameters, much longer than the pulse width a simplified pro-
cessing of the experimental data is possible [99]. It is based on a decomposition of the
I2PP data into Ow, 1w and 2w envelopes. However, for relaxation times comparable to
the pulse width a complete numerical fitting of the optical Bloch equations is necessary
[100].

The optical Bloch equation analysis is providing a scheme for processing the exper-
imental data. However, no information about the physical nature of the processes that
are influencing the electron dynamics can be obtained. Generally, the decoherence is
caused by the scattering of the electron-hole pairs with the deformation potential, im-
purities, Fermi sea, or the surface. For the decay of the population of the intermediate
state, there is responsible mainly the electron-electron scattering. However, the detailed
study of these processes is not an aim of this work.

In this section, the optical Bloch equations formalism for describing the decay times
of the hot electrons was introduced. The experimental input for the analysis is the 2PP
interferometric signal. However, the first step in the calculation has to be the determina-
tion of the properties of the optical pulse used in the experiment. The objective of this
work was therefore focussed more on the femtosecond pulse shape and phase analysis
than on the application of the OBE formalism. The next chapter will be therefore fully

concerned about the determination of the ultrashort pulse properties.






Chapter 6

Characterization of ultrashort laser

pulses

In the experimental arrangement for the time-resolved two-photon photoemission the
sub-10fs pulses are produced by the titanium-sapphire laser system (see Section 1.3.1).
As the resolution of the time-resolved experiments is directly related to the laser pulse
width, it is necessary to work with the pulses as short as possible. For the adjustment of
the whole setup, it is very important to be able to measure the detailed pulse properties
(i.e. the amplitude and the phase of the electric field), so that a setting producing the
shortest pulses can be achieved. For the analysis of the results of the time-resolved
experiments by means of the optical Bloch equations, it is also necessary to know the
exact amplitude and a phase of the electric field in the femtosecond pulse. In this chapter,
we will therefore deal with a problem of determination of the laser pulse length and its
shape in a sub-10fs scale. Also a novel method which is quite easily applicable in the

experimental arrangement used for the TR-2PP will be described.

6.1 Overview of pulse-characterization methods

In this section, the principles which are used for obtaining the amplitude and the phase
of the electric field in ultrashort optical pulses will be briefly reviewed. The limits of use

and basic advantages and disadvantages will be addressed.
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6.1.1 Intensity autocorrelation

The temporal intensity profile I;(¢) of an optical pulse can be easily determined when
a shorter reference pulse of known shape I,(¢) is available. If we define the Fourier

transforms of the intensity profiles as

I;(w) = / I;(t)e “tdt where j=rors, (6.1)

— 00

then the pulse shape can be determined by measuring the intensity cross-correlation

o0

A (r) = / LI, (t — 7)dt . (6.2)

— 00

This can be done by detecting a second-harmonic response in a nonlinear medium to
the simultaneous excitation by the signal and the reference beams delayed by 7 with
respect to each other. Thanks to the fact that in the Fourier domain the equation (6.2)

transforms into

A(w) = L(w)I5(w) (6.3)

the Fourier transform of the pulse shape I;(w) can be easily extracted and after applying
the inverse Fourier transform the pulse shape I4(t) can be obtained. Since now on we
denote the Fourier transform of a function by replacing its time argument by a frequency
argument (for instance I(w) is the Fourier transform of I(t)).

This operation can be used with any reference pulse, in principle, but only for refer-
ence pulses which are shorter than the signal pulse (i.e. they have a broader spectrum)
this procedure can lead to a reasonable signal-to-noise ratio. Unfortunately, for the ex-
periments described in this thesis, no reference pulse shorter than the signal pulse was
available. This is because the aim was to to make the signal pulse as short as possible (a
few femtoseconds). In such a case, the signal pulse itself can be used also as a reference
pulse I;(t) = I.(t) = I(t) and the definition (6.2) transforms into a definition of the

intensity autocorrelation (IAC)

oo

TAC(7) = / I(I(t — r)dt . (6.4)

—00

In the Fourier domain, one gets then

TAC(w) = |I(w)]*. (6.5)
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One has to keep in mind that the signal and the reference pulse should not interfere which
is guaranteed by a noncollinear adjustment of the first beam and the beam delayed by 7.
However, from the autocorrelation IAC(7) it is not possible to obtain an unambiguous
pulse shape I(t) as the autocorrelation contains too little information. Usually, one has
to assume a certain pulse shape and then the pulse length is adjusted to satisfy the
equation (6.4).

For a laser setup producing ultrashort pulses, it is expectable that such an apriori
pulse shape assumption would not lead to a result describing the pulses satisfactorily
well. Moreover, it is not possible to obtain a phase information (which is necessary for

a complete pulse description) from the TAC without any further measurements.

6.1.2 Interferometric autocorrelation

When the beam of the pulsed laser system is split into two parts in an interferometer
(Michelson, Mach-Zehnder...) and the collinear arrangement of the two beams is main-
tained, the beams can interfere prior to exciting the nonlinear medium. Then, instead

of the intensity autocorrelation, one obtains the interferometric autocorrelation (IfAC)
IFAC(r) = / ([B(t) + E(t — )2t . (6.6)
For three basic pulse shapes (see Table 6.1), the IfAC is plotted in Fig. 6.1 for illustration.

The interferometric autocorrelation contains much more information about the pulse

than the intensity autocorrelation. Even the phase information can be extracted. Howev-

Pulse shape Intensity profile

—2($\/21n2)2

Gaussian e

Lorentzian

2
. 2
Secant hyperbolic (e$(2ln(\/§+1))+e—$(21n(\/§+1)))

Table 6.1: The basic pulse shapes, 7 denotes the intensity-FWHM.
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Figure 6.1: The interferometric autocorrelation calculated for three basic pulse shapes. The

pulse intensity FWHM is 15 fs, the wavelength used for the calculation is 400 nm.

er, most of the methods for obtaining a pulse shape and a phase from the interferometric
autocorrelation need an additional information about the pulse (i.e. the spectral inten-

sity for instance). In Section 6.2, some of these approaches will be discussed.

6.1.3 Frequency-resolved optical gating

One of commonly used methods for characterization of femtosecond laser pulses is a
Frequency-Resolved Optical Gating (FROG). This method operates in so called time-
frequency domain which means that the complete set of experimental data required for
the pulse reconstruction has to be both temporally and spectrally resolved. For the

most sensitive type of FROG, which is involving the second harmonic generation process
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Figure 6.2: Basic experimental setup of the SHG FROG.

(SHG FROG), the required data are forming a time-resolved spectrogram [101]

00 2

89S (4 ) = / BE()E(t — r)e—ldt | (6.7)

— 00

The experimental setup is displayed in Fig. 6.2. In principle, this is a spectrally resolved
autocorrelator. For varying delays 7 between the two parts of the beam, the spectrum
of the SHG signal is recorded and thereby the T8HS (w, 7) function acquired.

An iterative algorithm has to be applied to extract the pulse shape and the phase from
the experimental data [102-105]. A general property of the pulse retrieval algorithms is
that for experimental data consisting of NV spectra, each spectrum having N points, it is
necessary to perform N Fourier transforms (and additional N inverse Fourier transforms)

in each step of the iterative algorithm.

6.2 Determination of the fs-pulse properties

The FROG method described in the previous section seems to be a robust tool for de-
termination of the pulse shape. However, in the two-photon photoemission experimental
setup there appear some difficulties when applying this method. It is important to know
the pulse shape and its phase directly at a position of the sample which is located in
a UHV chamber. In this case, it is not very simple to build a FROG apparatus inside
the UHV chamber. Such a setup needs precise alignment of very tiny optical compo-
nents (the nonlinear crystal, for instance). Other complication arises from a fact that

the SHG signal of the pulses (with a wavelength ~400nm) is already in the UV region
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(/200 nm) which is even more complicating the manipulation with the beams. Also the
noncollinearity of the FROG setup (see Fig.6.2) is complicating its use in UHV. How-
ever, the noncollinearity issue can be solved [106] for the price of more complex data
processing.

As the FROG methods are quite unfavorable in the case of the experimental setup
described in Chapter 5, it is feasible to rely on methods which are using the interfero-
metric autocorrelation (IfAC) as a basic data set for obtaining the pulse shape and the
phase. Very convenient approach is to use a surface of the sample as a nonlinear medi-
um and generate the IFAC by the surface SHG from the sample itself. Details about the
surface SHG can be found in Chapter 3. The major advantage of this method is that the
IfAC is generated directly on the surface of the sample and therefore it describes pulse
properties directly at the specimen location. Because the efficiency of the surface SHG
is very low, it doesn’t allow to analyze spectrally the signal. Therefore, an application
of the FROG approach is not possible and one has to rely on other methods.

The first use of the interferometric autocorrelation for the pulse characterization
was reported by Diels et al. [107] in 1985. The method was improved and rigorous
mathematical theory was developed by Naganuma et al. [108] a few years later. However,
there was always a need of some additional experimental data to complement the IfAC
information. Usually, the intensity spectrum was used. A robust algorithm for the pulse
shape and phase retrieval with the use of an intensity autocorrelation and an intensity
spectrum was developed by Peatross and Rundquist [109]. The method developed here
is also based on this algorithm. However, it will be shown that solely the IfAC can be
used instead of a combination of TAC and intensity spectrum measurements, as proposed
by Weida et al. [110].

6.2.1 The pulse shape — TIVI algorithm

The present algorithm for the pulse shape retrieval is based on the work of Peatross and
Rundquist [109]. Their TIVI (temporal information via intensity) method is schemati-
cally illustrated in Fig.6.3.

The calculation is based on a so called error-reduction algorithm developed by Fienup
[111]. The fitting cycle is formed by a forward and inverse Fourier transforms applied
on the pulse intensity profile I(t). For the Fourier transform calculation, the FEFTW
C-subroutine library [112] was used in this work. An input for the algorithm consists of
the intensity autocorrelation IAC(t) and the initial guess of the pulse shape I(t). The

convergence is achieved by applying constrains which arise from physical nature of the
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Figure 6.3: Schematic of the TIVI method for recovering of the pulse shape, as proposed by
Peatross and Rundquist [109].

data set. In the time-domain, the constrain is that the I(¢) should be nonnegative. In
the frequency domain, the measured intensity autocorrelation gives directly the absolute
value of the Fourier-transformed intensity profile I(w), as can be seen from the equation
(6.5). When these constrains are applied in a fitting cycle, as indicated in Fig. 6.3, the
procedure is converging to the correct pulse shape I(¢) (and also to the correct phase
t(w) in the frequency domain). It has been shown that the error reduction algorithm
never increases the error. In the worst case it is stagnating. However, modifications of
the fitting cycle can be made in order to achieve better convergence [109].

Our modification of the approach of Peatross and Rundquist is based on replacing
the intensity autocorrelation (IAC) by the interferometric autocorrelation (IfAC). The
interferometric autocorrelation is in this case favorable because it contains a phase infor-
mation as well. It can be therefore used also in the next part of the pulse characterization
procedure. Moreover, the experimental setup which is normally used for time-resolved
measurements (see Chapter 5, Fig. 5.2) is providing the interferometric autocorrelation
conveniently. Here it will be shown that one can obtain the information contained in
the intensity autocorrelation by simple treatment of the interferometric autocorrelation.
The IfAC was defined already in the equation (6.6) as

TFAC(r) = / {[E(t) + B(t — )2}t . (6.8)

The electric field of the pulse can be written

E(t) = E(t)el“t | (6.9)
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where wy is a carrier frequency and £(t) = £(t)e*® is slowly varying complex envelope.
By substituting this expression of E(t) into the equation (6.8) it can be seen that it is

possible to split the expression into three terms well separated in the Fourier space [14]

IFAC(r) = G(7) + Re {4B(T)eiwo7} + Re {2(7(7)(9%07} , (6.10)
where
G(r) = / (EXt— 1)+ EXt) +4E2(t — 7)E (1)) dt (6.11)
B(r) = / E(t — T)E() [E2(t — 7) + E2(1)] ellelt=n)=] q | (6.12)
Olr) = / E2(t — 7)E2(1)ePU=D=2(0)] 4y (6.13)

It is obvious that the zero-frequency term G(7) is corresponding to the intensity
autocorrelation (plus background term). In the Fourier-image, the G(7) term can be
separated from B(7) and C(7) and used instead of the IAC in the TIVI algorithm (the
background term vanishes). Schematic of the procedure using the G(7) term from the
interferometric autocorrelation is displayed in Fig.6.4. In each iteration step, only one

forward and one inverse Fourier transform has to be calculated, in contrast to the FROG

Glo TIVI

Replace [l(o)]
P with /G) — > I(t)

f '

f [ w)| | FT [for (<0
FT vl T I0=0

AN

Figure 6.4: Schematic of the modified TIVI method used for the recovering of the pulse shape.
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algorithm, where during every iteration cycle 2N transforms have to be performed (N
being the dimension of the FROG data set).

6.2.2 The pulse phase — Gerchberg-Saxton algorithm

In Fig.6.5, a schematic of the Gerchberg-Saxton algorithm which is used for recovering
of the phase of the electric field in the femtosecond pulse can be seen. The algorithm was
originally developed for reconstruction of a two-dimensional spatial phase information of
images from known amplitudes of the field at the near- and far-field planes [113]. As an
input uses this calculation the electric field amplitude (obtained in the previous step by
the TIVI algorithm) and the intensity spectrum S(w) which can be expressed in terms

of the electric field Fourier transform as
S(w) = |EW)|*. (6.14)

The algorithm is based on the fact that the modulus of a complex field in the time
domain |E(t)| = \/I(t) and a modulus of its Fourier transform |E(w)| = 1/S(w) define
the electric field E(¢) (and also the E(w)) completely in most situations [114]. The
calculation consists of a sequence of forward and inverse Fourier transformations with
the spectral and temporal amplitudes being replaced by \/m and m in each
iteration step. It is useful to shift the S(w) on the frequency axis so that its maximum
is at zero, the frequency shift then corresponds directly to the central frequency wqy of
the recovered pulse.

The procedure for obtaining the phase information described above has one principal

disadvantage — one needs to know the intensity spectrum of the pulse. To obtain

FT
I(t) ei® > |E(w)]ev®

Replace |E(t)| Replace |E(w)|

with /T(t) with 1/S(w)
\%

|E(t)| ei‘p(t) < IFT S(w) ei‘p(“))

Figure 6.5: Schematic of the Gerchberg - Saxton method [113], as proposed by Peatross and
Rundquist [109] for recovering of the phase of the electric field.
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the spectrum directly at the sample position in the UHV chamber brings experimental
difficulties, the intensity spectrum is therefore usually measured outside the chamber.
However, such spectrum can slightly differ from the real spectrum in the chamber and
the result of the fitting procedure can be thereby influenced. In this work, it will be
demonstrated that the determination of the phase of the electric field can be done with
a knowledge of the IfAC only. No additional data have to be measured for the phase
determination because the IfAC was measured already as the input for the TTVI method
for the pulse shape determination.

It can be seen directly from the equations (6.10) and (6.13) that the feature located
in the Fourier transform at two times the laser fundamental is the Fourier transform of

the autocorrelation of the square of the electric field @(t) = £(t)?:
C(w) = law)?, (6.15)

as was pointed out already by Naganuma et al. [108]. The Gerchberg - Saxton algorithm
is then modified so that it recovers the phase of £(t)? as can be seen in Fig.6.6. The
phase of the electric field is then obtained by simply dividing the resulting phase from
the iterative cycle by two. When separating the C (w) part of the Fourier transform, the
feature has to be shifted on the frequency axis so that its maximum is at zero. The shift
has to be recorded while it is then corresponding to twice the central frequency wy of
the recovered pulse.

In this section, a summarized view on the algorithms which are used for the pulse
shape and phase determination in this work was sketched. The whole procedure, as used
in our calculations, is plotted in Fig.6.7. However, more subtle approach is needed for

FT
I(t) 20 > |i(w)] el

Replace |E(t)|? Replace |a(w)]

with I(1) with /C/(w)

\%
BP e <— C ) o)

Figure 6.6: Schematic of the modified Gerchberg - Saxton method for the recovering of the
phase of the electric field from the IfAC data.
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Figure 6.7: The algorithm used for the pulse and phase determination in this work. Both
intensity spectrum S(w) and the C(w) part of the IfAC can be used in the procedure when

calculating the phase.

optimization of the convergence of this calculation and methods have to be developed to

judge the quality of the resulting pulse. This will be discussed in next sections.

6.3 Starting data selection for the algorithm

As mentioned already in the previous section, the error reduction algorithm in the TTVI
method is never increasing the error, in the worst case it can stagnate at a given value.
The stagnation of the error is unfortunately quite common case when fitting femtosecond
pulses. Several methods have been developed for improvement of the convergence. In the
papers by Fienup [111] and Peatross and Rundquist [109] some of the improvements of
the algorithm which enhance the convergence are mentioned. They used a so called input-
output algorithm consists in replacing the negative portions of I(t) by their differences

from their values in the previous iteration. Another option is to overcorrect the I(w)
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value by several tens of % when it is being adjusted to its known value. It is also possible
to combine these approaches in a hybrid algorithm.

The above mentioned improvements of the algorithm are influencing mainly the speed
of the convergence during the first iterations which is, however, not so important for us.
The recent computers (Pentium IV, 1.8 GHz) can handle about 3000 iterations within one
second (the pulse is being sampled in 400 points). Therefore, the asymptotic behavior
of the algorithm is more interesting than the progress in first few iterations. It turns
out that the above mentioned improvements of the algorithm are playing minor role in
influencing the result to which the procedure is converging and at which is it stagnating.
More important seems to be a choice of the starting trial pulse data used as an input for

the algorithm. This issue will be addressed in this section.

6.3.1 Test data description

For testing purposes, a sample data sets were prepared. The intention was to make the
test pulses quite complex, similar to the real experiment. Theoretical predictions [115],
and also experimental measurements [116-118], show that the output from a Ti:sapphire
oscillator is in the general case asymmetric and should posses subpeaks. The electric
field amplitude of the test pulse was therefore chosen of the hyperbolic secant shape,
15fs FWHM (of the intensity) and two subpeaks at +30fs having 20% of the maximum
amplitude of the main peak and also the 15fs FWHM (of the intensity). The main peak
was asymmetric in addition. This means that for negative values on the time scale the

peak was calculated with an intensity-FWHM

2
— - 15f; 1
T+ A ofs (6.16)

for chosen value of asymmetry A. The definition of the asymmetry A is indicated in the
right panel of Fig. 6.8. The values of the electric field amplitude on the positive part of
the time scale were calculated with

2A

FWHM. Such choice justifies the FWHM value of 15 fs for the test pulse. For the test data
set, the asymmetry of 2 was chosen. The subpeaks at +£30fs were chosen as symmetric.
The test pulse is displayed in the left panel of Fig.6.8. The phase of the electric field
was chosen to have a quadratic phase chirp (linear frequency chirp). From Eq.6.14 the
intensity spectrum can be directly calculated, it is displayed in the left panel of Fig.6.9.
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Figure 6.8: Left panel: The test pulse used for the testing of algorithms for the determination
of the pulse shape and phase. The intensity shape |E(t)|? = I(t) and the phase of the electric
field E(t) are displayed. Only a part of the full range (-600fs to 600 fs) is displayed. Right
panel: The definition of the asymmetry A of the pulse.

The test data have to be supplied to the algorithm in the form of an interferometric
autocorrelation which is measured in the experiment. The IfAC calculated from the test
pulse is displayed in the right panel of Fig.6.9.

The IfAC is then used in the fitting algorithm in the way indicated in Fig.6.4. As we
are using an ideal data set without any noise, no background subtraction is needed in the
Fourier domain. Care has to be taken when extracting the G(w) term from the Fourier
transform of the IfAC. This is because there is the B(w) peak already appearing at the
lw = 3.1eV frequency, only limited part of the Fourier data can be therefore used. The
data in the interval +1eV were safely taken for the calculation. However, this interval
is defining the resolution of the reconstructed pulse. It corresponds to &2 fs resolution
in the time space which can be considered to be quite rough. Therefore, the G(w)
function was extrapolated to the interval +2eV by an exponentially decaying function.
Such an expanded function we denote Gexp(w). By comparing results obtained with the
use of Geyp(w) function and with the use of the Fourier transform of the correct pulse
shape it was checked that this expansion doesn’t influence the resulting pulse shape.
Similar expansion of the G(w) function has to be performed also in the case of the real
experimental data. However, the background in the Fourier image, caused by the noise
in the IfAC, has to be subtracted prior to the calculation of Gexp(w). The interval in
which the G(w) remains above the background level is determined by the accuracy of
the IfAC measurement. In the case of the experimental setup described in Chapter 5, it

was about £0.2eV for a 40 minutes long measurement.
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Figure 6.9: Left panel: The intensity spectrum S(w) of the test pulse (displayed in Fig. 6.8).
Right panel: The interferometric autocorrelation calculated from the test pulse. Only inset is
displayed, the full range was -200 fs to 200 fs.

6.3.2 Starting data for the pulse shape recovery

Pulses with various shapes, widths and asymmetries were chosen as the trial input for
the evaluation of the best choice of the starting (or trial) pulse for the algorithm. No sub-
pulses were superimposed onto the test starting pulses. Resulting pulse shapes obtained
with various starting pulses are displayed in Fig.6.10. For each data set, 10* iterations
were carried out. From the figure one can clearly see that the Lorentzian starting pulse
is leading generally to the best results. This is probably due to the more pronounced
wings of the Lorentzian shape which can improve the convergence in the regions where
the pulse intensity is relatively low.

The asymmetry of the starting pulse is essential in the algorithm. As pointed out
already by Peatross and Rundquist [109] there is nothing (except for numerical noise)
in the algorithm that breaks the symmetry. Therefore, from an even trial pulse only
even results can be obtained. To be able to recover both odd (asymmetric) and even
(symmetric) pulse shapes an asymmetric starting pulse is needed.

By comparing results in individual panels in Fig. 6.10 the best choice for the asymme-
try and width (intensity-FWHM) of the starting Lorentzian pulse were evaluated. The
most satisfactory result is displayed in the top left panel — the asymmetry is chosen
here to be larger (A = 3) than for the test pulse and the pulse width is chosen smaller
than that of the test pulse (13fs). Similar results were obtained also for another types
of the original pulse used for preparation of the test data (for example the asymmetric

sech without subpeaks). Also in this case the choice of the Lorentzian starting pulse
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Figure 6.10: Results of the fit of the pulse shape for algorithm starting with various pulse

shapes. The parameters of the trial pulses are denoted in the legend of each graph.

possessing a larger asymmetry and a smaller width than the original was a best choice
for the starting pulse of the algorithm.

A more detailed view on the dependence of the starting pulse asymmetry on the
result of the iterative algorithm is displayed in Fig.6.11. Starting sech-shaped pulses
with a 13fs width and with a varying asymmetry were used in the algorithm and the
resulting error was compared to find the best choice. The error of the resulting pulse was
monitored in two ways. First way was to compare the I(w) and 1/G(w) in the Fourier
domain and to calculate the error as a difference between them. As already mentioned
in Section 6.2.1, this error is decreasing in every step of the algorithm. As the input
data set used in this calculation is artificially produced, the exact information about the
correct pulse shape is available. Comparing directly the pulse shape of the recovered

pulse with the correct one is the second way how to monitor the error of the result of
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Figure 6.11: Results of the fit of the pulse shape for algorithm starting with Lorentzian pulse
shapes having various asymmetries. The parameters of the trial pulses are denoted in the

legend. In the right panel particular part of the graph is magnified.

Trial pulse asymmetry | Error in Four. domain | Error in time domain
A=3 3.4 8.3
-- A=5 3.0 5.8
A=T7 2.9 7.5
- A=10 2.8 9.6
- A=15 2.7 11.7

Table 6.2: Errors of the resulting pulse shapes from Fig. 6.11. The error in the Fourier domain

is calculated as the difference of I(w) and \/G(w). In the time domain directly the difference
from the correct pulse shape is calculated. Relative units.

the iterative algorithm.

In Table 6.2, the results from Fig.6.11 are summarized. An apparent inconsistency
between the two ways of the error evaluation can be seen. While the error in the Fourier
domain is showing minimum for the largest asymmetry A = 15, in the time domain is one
arriving by comparing the result with the original pulse to the minimum at A = 5. The
origin of this discrepancy has to be ascribed to the fact the error reduction algorithm
is minimizing in the Fourier domain the error which is described by the difference of
I(w) and y/G(w), but in the time domain the amount of negative portions of I() is
minimized. Unfortunately, this doesn’t guarantee that also the difference between I(t)
and the correct pulse shape will be minimized. In the calculation with real experimental

data, the convergence in the Fourier domain has to be therefore treated as an approximate
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indicator only. Therefore, the actual quality of the result of the fit has to be judged by
comparing the experimental IfAC with the IfAC calculated from the recovered pulse
shape.

However, from Table 6.2 the best choice of the asymmetry of the starting pulse for
the iterative procedure can be determined. It is A = 5, for larger asymmetries the result
is getting worse. Further checks have shown that the starting pulse with smaller width
and larger asymmetry than expected result can be regarded as an optimum choice.

Similar calculations were performed also for another data sets with a symmetric o-
riginal pulse. The convergence of the pulse shape for wide range of symmetric starting
pulses was much better than in the case when the asymmetric pulse shape is fitted. How-
ever, in a real experiment with ultrashort laser pulses the assumption of the symmetric

pulse cannot be made in general.

6.3.3 Starting data for the phase of the electric field recovery

A next step in the pulse recovering procedure is the determination of the phase of the
electric field. Similarly to the pulse shape recovering, several approaches were tested
with the test data to find the most favorable method. Normally, one would use the pulse
shape resulting from the TIVI algorithm as the magnitude of the electric field, but for
the testing purposes the correct pulse shape was chosen, so that the behavior of the
phase-fitting algorithm could be monitored independently on the TIVI procedure.

For the starting (trial) phase of the electric field, polynomial functions of the form

o(t) = 3.14 <A (ﬁ) +B <ﬁ>2 e <ﬁ)3> (6.18)

were used with various coefficients A, B and C. This data set serves as one of the inputs
of the algorithm. One should mention that in this notation the phase of the test pulse
(displayed in Fig.6.8) would correspond to A =0, B~ 0.3 and C' = 0.

Both approaches indicated in Fig. 6.5 (i.e. an additional use of the intensity spectrum)
and Fig.6.6 (i.e. a use of the IfAC data only) were tested. Selected resulting phases of
the electric field are displayed in Fig.6.12. One of the results is of high quality, one looks
reasonably and one result is quite poor. For the comparison, the correct pulse phase is
also plotted. The shift of the minimum of the resulting phase with respect to the zero
delay on the time axis is explained by the fact that the the value of the central frequency
obtained from the input data (which has to be recorded during the data treatment) is

for asymmetric pulses not equal to the frequency used for the test-IfAC calculation.
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Figure 6.12: Results of the fit of the pulse phase, the pulse intensity shape data were fixed at
the correct values. The phase data were obtained by the procedure according to Fig. 6.5 (with
a use of the intensity spectrum) and also for the fitting procedure described in Fig. 6.6 (which
uses of the IfAC data only). The full range of the recovered data was from -200fs to 200 fs.
Here only part of the interval is shown. Various starting values for the phase were used. For

the meaning of the A and B variables, see Eq. 6.18.

A complete set of results of the phase fitting with the correct pulse shape is displayed
in Fig.6.13 and in Table 6.3. From the resulting descriptions of the electric field the
IfACs are calculated back to see the difference from the original IfAC. All the results
calculated with use of the intensity spectrum (the left panel of Fig. 6.13) are showing very
good agreement with the original data. The results obtained from the IfAC only (the
right panel of Fig. 6.13) are more sensitive to the choice of the starting phase. However,
a very good matching with the correct IfAC is obtained also here for a wide range of
stating phase choices. It shows that solely the IfAC can be used as the experimental

input, however higher care has to be taken to the starting data selection.

In this section, it was described, how the starting pulse shape and phase for the
iterative algorithm should be chosen. The asymmetric pulse shape having shorter width
and larger asymmetry than the expected result is a good choice for the starting pulse
shape for the algorithm. In the case described here, the optimum choice of the asymmetry
was 2.5 larger than original value and the optimal width was by ~ 15% smaller than
original pulse width. However, the optimum setting has to be found for every pulse by
comparing the original and recovered interferometric autocorrelation. This procedure of
finding optimum starting values will have to be carried out for each femtosecond laser

setup only once, until substantial modifications influencing the pulse shape are made.
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Figure 6.13: The IfAC calculated by using the correct pulse shape and the phase of electric
field obtained from the fit with various starting values of the phase (indicated in the legend).
Left panel: The fitting procedure as in Fig. 6.5 (use of the intensity spectrum). Right panel:
The fitting procedure as in Fig. 6.6 (use of the IfAC data only). Only inset is displayed, the
full range of the recovered IfAC was -200 fs to 200 fs.

Trial phase Error in Four. domain | Error in Four. domain
A | B | C | fit with int. spectrum | fit with C'(w) from TfAC
1 0 1 0 0.23 0.016
010 | 0 0.23 0.005
—-—| 0 [100| O 0.23 6.0
10] 1 0 4.0 6.9
- |10 1 |10 4.0 6.9

Table 6.3: Errors of the pulses resulting from the fit calculated in the Fourier domain. Cor-
responding interferometric autocorrelations are displayed in Fig.6.13. As the functions which
are used for the calculation in the Fourier space are different for the two methods used, the
errors calculated cannot be directly compared. For the calculation of the starting phase for the

iterative algorithm from variables A, B and C, see Eq.6.18.
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The starting phase is not so crucial, however for optimal results it should not principally
differ from the assumed phase. Quadratic starting phase was a good choice in a wide

range of parameters of the quadratic function.

6.4 Relation to the experimental errors

The aim of this section is to show how the result of the shape and phase retrieval al-
gorithms is influenced by the experimental inaccuracies. The quality of the measured
IfAC is directly related to the acquisition time spent for the measurement of the inter-
ferogram. The noise in IfAC is resulting in a background in its Fourier transform. Then
the spectral range in which the functions G(w) and C(w) (which are used as the input
for the pulse retrieval algorithm) are above the noise level is getting narrower. However,
this noise can be easily suppressed by obtaining the IfAC as an average over increased
number of acquisitions. As mentioned already in Section 6.3, the interval in which the
G(w) remains above the background level is in our case corresponding to £0.2eV for a
40 minutes long measurement. This is enough for the basic pulse description.

As the 2w peak in the Fourier transform of the IfAC is usually smaller than the Ow
peak, the interval in which the C(w) function is above the noise level is narrower than
in the case of the G(w) function. For the available experimental data, the corresponding
energy interval was £0.13 eV, the phase recovery was, however, reproducible also in this
case.

For the algorithm which is using the intensity spectrum as the input for the phase fit-
ting procedure (Fig.6.5), the necessary accuracy of the spectrum data should be checked.
For this test, the correct spectrum (calculated from the electric field with use of Eq. 6.14)
was intentionally modified to simulate the possible inaccuracy of the spectrometer. One
modified spectrum was obtained by multiplying the correct one by a linear function
which was causing a 5% increase of the spectrum magnitude at 1eV distance from the
central energy. Another spectra were modified by 10%/1eV resp. by 20%/1eV.

Results of this test are displayed in Fig.6.14. As the correct pulse shape was used,
the phase fitting results were influenced by the spectrum inaccuracy only. The phase
of the electric field was obtained for the correct spectrum (as a reference data set) and
for the three modified spectra by the procedure indicated in Fig.6.5. Then the IfACs
were calculated from the obtained electric field descriptions. As can be seen from the
left panel of Fig. 6.14, the reconstructed IfACs are matching the original one so well that

the difference cannot be seen by eye. Therefore, the differences are displayed separately
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Figure 6.14: Test of necessary accuracy of the intensity spectrum needed for the determination
of the phase of electric field. Correct spectrum (red), spectra changed by 5%/1eV (blue, for
further explanation see the text), 10%/1eV (light blue) and 20%/1 eV were used. Left panel:
The IfACs calculated from resulting electric fields, no difference is observable by eye. Right
panel: Differences calculated between individual IfACs and the correct IfAC. The IfACs were

normalized to 1.

in the right panel. The difference of the 5%/1eV-curve is at the level of the intrinsic
numerical noise defined by the IfAC calculated with the correct spectrum, the difference
of the 20%/1 eV-curve is almost twice larger, but still of the 10~3 order which is still far
enough for good IfAC description.

The tests performed in this section are showing that the accuracy of the spectrum
measurements provided by usual laboratory equipment is sufficient for the determina-
tion of the phase of the electric field of the femtosecond pulse. However, only linear
modifications of the spectrum were tested. The distortions caused by the viewports
of the vacuum chamber can be more complex, therefore the replacing of the intensity
spectrum in the UHV chamber by the one measured outside of the apparatus is not
generally justified. However, the expected differences are very small. The procedure
used for the determination of the phase of the electric field in the femtosecond pulse was
giving slightly better results when the intensity spectrum of the pulse was used than in
the case of the use of the IfAC only. We can therefore conclude that also in the case
of spectrum measured outside the chamber the procedure will give reliable results. For
particular experimental setup, the best approach would be to conduct both procedures
and evaluate the quality of the recovered IfAC and then the method giving better result

should be chosen.
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6.5 Application of the recovered pulse in the optical

Bloch equations

The determination of the amplitude and the phase of the electric field in the femtosecond
pulse used in our 2PP experiment is not only necessary for the adjustment of the exper-
imental setup, so that it is producing pulses as short as possible. As mentioned before,
the main necessity of a proper laser pulse characterization is in experiments studying
the ultrafast electron dynamics. As pointed out already in Section 5.3, the optical Bloch
equations are a feasible tool for describing the interaction of optical femtosecond pulses
with duration comparable to the phase relaxation time of the excited states [14, 98].
In this section, it will be checked whether the accuracy of the pulse shape and phase
retrieval procedures described in the previous sections is sufficient for the determination

of the relaxation times in a treatment based on the optical Bloch equations.

The procedure of derivation of the optical Bloch equations for the three-level system
was already described in Section 5.3. Of interest are for us the lifetimes of incoherent
population decay of the intermediate level T' and coherent phase decay lifetimes 73"
and T,? as they are describing the dynamics of the intermediate level which is under
investigation. Important is also the coherent phase decay lifetime T2 as it is influencing
the 2PP interferogram shape too. With use of the test pulse displayed in Fig.6.8 a test
2PP interferogram with parameters T}' = 25fs, Ty' = 12.5fs, T,* = 25fs and T3? = 25fs

was calculated.

As in the real experiment, it was tried to recover these relaxation times while the
only knowledge available was the pulse shape and the phase obtained by the procedures
described in the previous sections. A pulse obtained with use of the Lorentzian starting
pulse with width of 10fs and the asymmetry of 20 was used. For the phase fitting, the
staring phase was A = 0, B = 1 and C' = 0 (see Eq.6.18 for explanation) and the

procedure using the intensity spectrum was applied.

The nonlinear least-squares procedure was applied to recover the relaxation times.
The STARPAC library of the of the National Institute of Standards and Technology [119]
was used for this purpose. However, difficulties can be, as usual, expected for fitting of
all the four parameters simultaneously. This is because some of the parameters are
influencing the 2PP interferogram in a very similar way. Therefore, the procedure was,
as a first check, started as a fit of one parameter only, while the other three parameters
were fixed at their correct values. However, in the real experiment there will not be

the possibility to fix all of the relaxation times to the correct values, because these
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are in the most general case unknown. Therefore, the procedure for the 2-, 3- and
finally 4-parameters fit was also tested. As the dependence of the 2PP-interferogram
on the relaxation times is very complex, also the starting values of the lifetimes will be
. = 10fs, T9' . = 6fs, )2, = 10fs and T3?

2, star 2. star . = 10fs values
were used. They are of the correct order, but anyway not very close to the accurate

important. The Tll’

star star

result.

The results of the nonlinear least-squares procedure are displayed in Table 6.4. First,
all the parameters were fixed to their correct values and only one of them was numerically
fitted. The resulting relaxation times were as follows (differences with respect to the
correct values are given in brackets): T! = 25.1fs (0.5%), T9' = 11.9fs (5%), Ty? =
28.6fs (14%) and Ty? = 25.5fs (2%). One can say that the correspondence to the
correct values is good in the case of fitting just one of the parameters.

The results of the procedure for the 2-, 3- and 4-parameters fit are also displayed in
Table 6.4. The 4-free-parameters procedure was giving similarly good results as the one

parameter fit for the T} and T3? values. The parameters Ty' and T32 are influencing the

T [fs] | TV [fs] | T2 [fs] | T2 [fs]
correct values 25 12.5 25 25
1-parameter 25.1
fit 11.9
28.6
25.5
2-parameters | 25.7 11.3
fit 23.5 31.3
25.1 25.6
7.3 40.9
11.7 26.2
28.8 24.3
3-parameters | 24.7 7.5 41.1
fit 26.0 10.9 27.0
23.3 324 23.1
7.2 40.9 26.4
complete fit 25.0 7.2 41.0 26.4

Table 6.4: Recovered values of the relaxation times by least-squares method. Not-fitted pa-

rameters were fixed at their correct values.
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photoemission signal in a similar way, so that their simultaneous fit was not providing
very good results (up to 50% difference from the correct values). This problem has to
be solved either by including some additional theoretical considerations for the relations
between relaxation times or by improving the fitting algorithm. However, this problem
was partly occurring even in situations when the correct pulse shape was supplied to this
least-squares procedure.

It can be therefore concluded that the precision of the pulse characterization tech-
niques described in this chapter is sufficient for providing the input for the optical Bloch
equations model.

In conclusion, in this chapter, methods for the characterization of the femtosecond
pulses in the amplitude and phase of the electric field were developed. The methods
which are prospective for application in time-resolved photoemission experiments were

stressed and it was justified that these methods are accurate enough for this purpose.



Conclusion

This work was mainly concerned about the problem of the optical excitation of metal-
lic surfaces. The home-built femtosecond pulsed laser system which was setup as the
excitation source was offering very high photon flux densities. This was the key to the

observation of new physical phenomena.

In the first part of the thesis (Chapter 1), the description of the apparatus for two-
and more-photon photoemission was given. This apparatus was setup to perform the
study discussed in Chapter 2. It was dealing with the photoemission from the Cu(001)
surface. An intense photoemission signal at the energy corresponding to the excitation
by three photons was observed. The high exciting photon flux density was allowing
to observe photoelectrons even at energies accessible by at least four photons. This
excitation process was already in the above threshold ionization range. It is one of few
observations of the above threshold ionization in the solid material ever. Moreover,
the four-photon photoemission energy range with clearly pronounced electronic features
was never reached before to our knowledge. The observed spectroscopic features were

explained in terms of the electronic structure of the Cu(001) surface.

Another method for studies of the metallic surfaces discussed in the thesis was the
Magnetization-Induced Surface Second Harmonic Generation (MSSHG). The theoreti-
cal description of obtaining the information about the surface magnetism by means of
the Surface Second Harmonic Generation was given in Chapter 3. In Chapter 4, the
p(1x1)O/Fe/MgO(001) system was studied, the main result of the work was the justifi-
cation that the MSSHG method and the Spin Polarized Metastable Deexcitation Spec-
troscopy are providing compatible information about the surface magnetism. It was the
first time that some of the measurements were performed in the p-in/s-out longitudinal
geometry which is providing the information about the surface magnetism directly.

A very large potential of optical methods used for the investigations of the surface
properties of metals is in the possibility of achieving the time resolution. The complete

data treatment has to rely on the exact description of the laser pulse used for the ex-
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citation. Theoretical description of the problem was given in Chapter 5. In Chapter
6, the methods for determination of the pulse shape and phase were discussed and fur-
ther developed. The accuracy of the results was discussed with respect to needs of a
time-resolved two-photon photoemission experiment.

Perspectives of further application of the topics developed in this thesis are mainly
in the time-resolved two-photon photoemission experiments. It was justified that the
performance of the experimental apparatus is allowing to perform experiments in areas
not accessible before both in the photoemission and in the second harmonic research field.
In the combination with a careful laser pulse characterization, this is a very promising

fundament for future time-resolved studies.



List of abbreviations and symbols

Abbreviations and symbols used in the thesis are listed here for convenience.

Abbreviations

IPP | (one-photon) photoemission
2PP two-photon photoemission
ATI above-threshold ionization
BBO | 3-BaB,Oy4
FROG | Frequency-Resolved Optical Gating
FWHM | full width at half maximum
[2PP | 2PP interferometric signal
IAC intensity autocorrelation
IfAC | interferometric autocorrelation
IP image potential
MBE | Molecular Beam Epitaxy
ML monolayer
MEED | Medium-Energy Electron Diffraction
MSSHG | Magnetization-Induced Surface Second Harmonic Generation
OBE | optical Bloch equations
PEEM | Photoemission Electron Microscopy
SHG | Second Harmonic Generation
SPMDS | Spin Polarized Metastable Deexcitation Spectroscopy
STM | scanning tunneling microscope
SR surface resonance

Ti:S titanium-sapphire
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List of abbreviations and symbols

TIVI temporal information via intensity
TR-2PP | time-resolved two-photon photoemission
UHV | ultra high vacuum

Symbols and constants

Symbols appearing in the thesis on particular places only are not listed in the table.

3*
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S(w)
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asymmetry

susceptibility tensor

electric field intensity vector

complex envelope of the electric field intensity
real part of £

binding energy

Fermi energy (Fermi level)

vacuum energy (vacuum level) Fyac — Ep = @
frequency

work function

Planck’s constant, i = 1.0545587 - 10734 Js
(optical) intensity

intensity autocorrelation

interferometric autocorrelation

wavevector

wavelength

electron mass, m, = 9.109534 - 103! kg
effective mass of an electron

magnetization vector

momentum vector

electric polarization vector

intensity spectrum

relaxation times in the optical Bloch equations formalism
delay (in time-resolved experiments)

(angular) frequency
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