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Introdu
tion
Investigations of properties of solid materials by opti
al methods are now 
onsidered asa 
lassi
al part of the experimental physi
s. The use of an opti
al beam as a probehas some signi�
ant advantages with respe
t to other methods. In most 
ases, it isabsolutely non-destru
tive. Its penetration depth (�10 nm in metals at visible radiationwavelengths) is allowing to probe bulk properties. But in parti
ular 
ases the surfa
eproperties 
an be studied as well.Magneti
 materials are very interesting from an industrial appli
ation point of view.In many rewritable data storage devi
es, as hard disks, the information bit is stored in aform of a magnetization dire
tion of a pie
e of material. The 
hallenge is to make the bitas small as possible and thus in
rease the density of the stored information. The histori
aloverview of the in
reasing 
apa
ity of hard drives is illustrated in Fig. 1. The importantmilestones of the data-re
ording industry are indi
ated there. Above all, the appli
ationof magneto-resistive read heads at the beginning of nineties was promoting very fastgrowth of the storage 
apa
ity. Re
ently, the storage of the information in elementsmagnetized perpendi
ularly to the media surfa
e (so 
alled perpendi
ular re
ording) ispromising further in
rease of the hard drives 
apa
ity [1℄. However, the magnetization-based ele
troni
 elements are re
ently spreading from the data-re
ording appli
ations toother bran
hes of the ele
troni
s industry. The spin-polarized �eld e�e
t transistor isone example of su
h ele
troni
 elements. In
orporating the spin degree of freedom intothe ele
troni
 devi
es is often 
alled spintroni
s or magnetoele
troni
s [2{4℄.For further progress in the industrial appli
ations and in the basi
 resear
h as well, itis ne
essary to have the time-resolved information about the ele
troni
 pro
esses takingpart in the respe
tive materials. Opti
al methods are proved to be very useful in this
ase. They 
an probe not only the dynami
s of the magnetization reversal pro
esso

urring at ��s time s
ale [5, 6℄, but the femtose
ond range 
an be a
hieved as well.This is possible, as the resolution of the opti
al methods is related to the parameters ofan opti
al pulse (i.e. its wavelength and width) used as a probe. The pro
esses a

essible
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Figure 1: The 
apa
ity of hard drives as a fun
tion of time, published by the Hita
hi 
ompany[7℄.by re
ent pulsed laser te
hnology are indi
ated in Fig. 2. It should be noted that alsoa spin-resolution 
an be a
hieved very 
onveniently by opti
al methods, be
ause theex
itation by 
ir
ularly polarized light is spin-sele
tive.In this thesis, an experimental setup whi
h employs the ultrashort light pulses for thesample ex
itation will be used. Two prin
ipal experimental methods will be 
oupled tothis ex
itation sour
e. One of them is the Surfa
e Se
ond Harmoni
 Generation methodwhile the other one is the Two-Photon Photoemission te
hnique. As the photoemissionand the se
ond-harmoni
 generation parts of the apparatus are partly independent, dif-ferent 
hapters of the thesis will be dedi
ated to these individual parts of the experimentto demonstrate their performan
e. Later, the 
ooperation of these two parts will beneeded to a
hieve the time-resolution on the femtose
ond s
ale.The thesis is organized as follows: In Chapter 1, the two-photon photoemission ex-perimental method will be explained from the theoreti
al point of view. Also the exper-imental setup will be des
ribed and possible obje
ts of studies will be summarized.In Chapter 2, the experimental higher-order photoemission results on Cu(001) sur-fa
es will be des
ribed. It will be shown that even more than two-photon pro
esses areobservable.Chapter 3 will be summarizing fundamentals of the Magnetization-Indu
ed Surfa
e
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Figure 2: The time s
ales for various dynami
al pro
esses at metal surfa
es after [8℄. Verti
allines indi
ate ben
hmark time s
ales for state-of-art laser measurements.Se
ond Harmoni
 Generation te
hnique. The experimental setup will be des
ribed andpossible appli
ations in experimental 
on�gurations with various symmetries will bedis
ussed.Experimental results obtained by the Magnetization-Indu
ed Surfa
e Se
ond Har-moni
 Generation te
hnique will be presented in Chapter 4. The obje
t of the study willbe the p(1�1)O/Fe/MgO(001) stru
ture whi
h is a model system for the adsorbate{metal intera
tion studies. Studies of surfa
e magneti
 properties during epitaxial layer-by-layer growth of the Fe layer with surfa
tant oxygen will be des
ribed.In time-resolved studies, it is ne
essary to measure at the same time the photoemis-sion and the se
ond-harmoni
 generation signals. The theoreti
al ba
kground for thesestudies will be given in Chapter 5. A basi
 model for interpreting the experimental datawill be introdu
ed there.A ne
essary pre
ondition for su

essful interpretation of the time-resolved experi-ments is the femtose
ond pulse shape determination. This issue will be addressed inChapter 6. It will be 
he
ked whether the obtained a

ura
y is suÆ
ient for 
orre
tanalysis of the data from a time-resolved experiment.





Chapter 1Two-photon photoemissionIn this 
hapter, the two-photon photoemission phenomenon will be dis
ussed. The pho-toemission te
hnique was one of the triggers of the quantum me
hani
s development inthe beginning of the 20th 
entury. This experimental te
hnique is used in a variety ofits modi�
ations for studies of the ele
troni
 stru
ture of numerous materials for morethan one 
entury. In intense ex
iting �elds, higher order e�e
ts 
an be dete
ted, thetwo-photon photoemission for instan
e. However, pra
ti
al observations of two-photonphotoemission pro
ess are possible only in the 
ase when the one-photon photoemissionsignal is not present. This 
an be a
hieved when the energy of ex
iting photons is insuf-�
ient for one-photon ex
itation. The two-photon photoemission brings new possibilitiesinto the photoemission studies. The uno

upied states and the hot ele
tron dynami
sare the major issues whi
h are 
onveniently studied by the photoemission 
aused byex
itation by two photons. In this 
hapter, the theoreti
al ba
kground of two-photonphotoemission will be summarized and possible experimental approa
hes will be dis-
ussed.1.1 Prin
iples of two-photon photoemissionIn this se
tion, we will �rst summarize the quantum me
hani
al prin
iples of the one-photon photoemission. The 
omplexity added by the two-photon ex
itation will bedis
ussed afterwards.The phenomenon of the photoemission was dis
overed by Hertz already in 1887. Thefollowing experiments allowed Einstein to explain this e�e
t and to dis
over the quantumnature of light.



6 Chapter 1: Two-photon photoemission1.1.1 Energy 
onservationThe me
hanism of the photoemission pro
ess is s
hemati
ally depi
ted in Fig. 1.1. Theminimum energy whi
h has to be supplied to an ele
tron 
oming from the Fermi levelEF to ex
ite it to the va
uum state is 
alled a work fun
tion. In Fig. 1.1, it is indi
atedas �. An ele
tron from the states below EF needs additional energy 
orresponding toits binding energy EB to es
ape from the solid. Any other ex
essive energy supplied tothe ele
tron be
omes its kineti
 energy Ekin. As the energy is supplied to the ele
tronby one photon, one 
an express the energy 
onservation law asEkin + EB + � = ~! : (1.1)The momentum of the dete
ted ele
tron of mass me 
an be dire
tly obtained asp =p2meEkin ; (1.2)the dire
tion of the p (and k) ve
tor is obtained from the geometri
al 
on�gurationof the experiment. The basi
 and the most attra
tive feature of the photoemissionpro
ess is that the energy distribution of the emitted ele
trons (photoele
tron spe
trum)is 
orresponding to the statisti
al distribution of ele
tron energies in the solid.

Evac

EF

sample

Ekin

hw

N(E)

N(E)

photoelectron

spectrum

F

vacuum

E

EB

Figure 1.1: The energeti
 s
hemati
 of the photoemission pro
ess. In the solid are the bindingenergies referen
ed to the Fermi level EF , in the va
uum serves Eva
 as a referen
e.



1.1. Prin
iples of two-photon photoemission 71.1.2 Three step modelFor the interpretation of a photoemission experiment, one 
an use quite su

essfully aso-
alled three-step model [9℄. In this model, the photoemission pro
ess is separated intothree independent steps, as shown in Fig. 1.2. In the �rst step, an absorbed photonex
ites an ele
tron. This o

urs over the whole penetration depth of the radiation usedfor the ex
itation. In the se
ond step, the ele
trons travel though the material towardsthe surfa
e. Se
ondary ele
trons are produ
ed due to nonelasti
 s
attering. Only theele
trons within the es
ape depth 
an rea
h the surfa
e with energy higher than �. Inthe third step, the ele
trons es
ape through the surfa
e into the va
uum where they 
anbe dete
ted.The separation of the photoemission pro
ess into three steps is in prin
iple arti�
ialand the whole pro
ess should be in fa
t treated as one step. The so 
alled one-step model
an handle this. In this model, the ele
tron is ex
ited dire
tly form the ground state of aBlo
h wave in the solid into the �nal state whi
h is a wave propagating freely in va
uum

Evac

EF

sample vacuum

hw

F

DEVB valence band

DEVB

1

secon-
daries

2 3

hw

surfaceFigure 1.2: The 3 step model: 1) photoex
itation of ele
trons, 2) transport of the ex
itedele
trons to the surfa
e, se
ondary ele
trons are produ
ed, 3) penetration through the surfa
eand es
ape into the va
uum.



8 Chapter 1: Two-photon photoemissionbut de
aying rapidly into the solid. However, in most 
ases the mu
h simpler three-stepmodel is giving results very similar to those of the one-step model [9℄.A very important aspe
t of the photoemission experiment is the small es
ape depth ofthe photoele
trons whi
h is of the order of a few latti
e 
onstants. The probed ele
troni
stru
ture is therefore in
uen
ed by the surfa
e. This brings diÆ
ulties when studying thebulk ele
tron properties. On the other hand, the photoemission method is very suitablefor studies of the surfa
e e�e
ts.1.1.3 Two-photon photoemission (2PP)The 
onventional photoemission pro
ess involves one photon only. With the invention ofthe laser in sixties [10℄ the �eld of multiphoton ex
itations of the bound ele
trons startedits development. The �rst observation of a two-photon photoemission (2PP) yield froma metal sample was done in 1964 by Tei
h et al. [11℄.The two-photon photoemission pro
ess is s
hemati
ally depi
ted in Fig. 1.3. Thekineti
 energy of the dete
ted ele
tron is related to twi
e the energy of ex
iting photonsby modi�ed Eq. 1.1 Ekin + EB + � = 2~! : (1.3)The e�e
t is observed when the energy of one photon is not suÆ
ient to ex
ite theele
tron to a va
uum state. In other 
ase, the one photon photoemission would be mu
hmore intense than 2PP whi
h would make the observation of 2PP impossible.The two-photon photoemission 
an be distinguished from the one-photon photoemis-sion by its dependen
e on the ex
iting beam intensity. In 
ontrary to the one-photon
Evac

EF

E

k

F

hw

hw Evac

EF

k

F

hw

hw

virtual real

E

Figure 1.3: The s
hemati
 of the two photon photoemission pro
ess. It 
an involve eithervirtual intermediate states only (the left panel) or a real uno

upied state (the right panel).



1.2. Experimental approa
hes 9pro
ess the two-photon photoemission intensity (i.e. the number of dete
ted photoele
-trons) is proportional to the square of the intensity of in
oming light.Another interesting aspe
t of 2PP is that the uno

upied bands above EF 
an playa role in the two-photon photoemission pro
ess. In Fig. 1.3, it is seen that the two-photon photoemission 
an involve either virtual intermediate states (a truly two-photonpro
ess) or real uno

upied intermediate states (a 
as
ade of two subsequent one-photonpro
esses). The fa
t that the ex
itation pathway 
an involve a real intermediate stateallows to study properties of uno

upied ele
troni
 states above the Fermi level by 2PP.This will be dis
ussed in detail in Se
. 1.4.In a 
ase of the real intermediate state, the two photons involved in the ex
itationpro
ess do not have to arrive ne
essarily at the same time. A non-zero lifetime of theintermediate state allows the se
ond step of the ex
itation even when the se
ond photon
omes with a non-zero delay after the �rst one. Changing the delay between the twophotons allows to perform experimental studies of lifetimes of the intermediate states.This will be dis
ussed in more detail in Chapter 5.1.2 Experimental approa
hesIn this se
tion, the experimental approa
hes used in photoemission experiments will bedis
ussed. The fo
us will be put on the two-photon photoemission and on the othermethods suitable for studies of uno

upied ele
troni
 states.Photoemission is a 
lassi
al experimental te
hnique and its prin
iples are the samefor more than 100 years. The basi
 setup is sket
hed in Fig. 1.4 [9℄. The photons areimpinging on the sample and the photoele
trons with kineti
 energy sele
ted by an energyanalyzer are 
ounted by a dete
tor. Important parameters allowing the re
onstru
tion ofthe sample ele
troni
 stru
ture are the kineti
 energy of the dete
ted ele
trons Ekin and
-

+

detector

photon source

sample

y J

Figure 1.4: S
hemati
 of the experimental setup used for photoemission experiments.



10 Chapter 1: Two-photon photoemissionthe angles of ex
itation  and emission # related to the geometry of the experimentalarrangement.As the ele
tron es
ape depth from a solid is of the order of a few atomi
 planes, thesurfa
e of the sample has to be atomi
ally 
lean. Therefore, it is ne
essary to performthe photoemission experiments under Ultra High Va
uum (UHV) 
onditions.As a photon sour
e it is possible to use a gas dis
harge lamp, an X-ray tube, a laseror syn
hrotron sour
e. Syn
hrotron radiation is re
ently very popular be
ause its photonenergy is easily tunable over a broad spe
tral range and it has a high intensity. However,the laser sour
es o�er 
oherent radiation suitable for studies of the opti
ally indu
ed
oheren
e between levels in the solid (see Se
. 5.3). In addition, pulsed lasers 
an o�er avery high peak photon 
uxes allowing to perform e�e
tively multiphoton ex
itations.For dete
tion of the photoele
trons, the ele
trostati
 analyzers are usually used. Thee�e
t of a 
hange on a traje
tory of an ele
tron in the ele
trostati
 �eld is employed.In prin
iple, also magneti
 analyzers 
ould be used. Their appli
ation is bringing manydiÆ
ulties, so that they are nowadays used only rarely. A

ording to the geometryof the ele
trodes of the ele
trostati
 analyzers, one distinguishes between Cylindri
alDe
e
tion Analyzer, Spheri
al De
e
tion Analyzer, Plane Mirror Analyzer, Cylindri
alMirror Analyzer et
.Inverse pro
esses to the photoemission experiments are employed in the inverse pho-toemission method. In this pro
ess, an impinging ele
tron is 
aptured by the sample.As the pro
ess is just an inverse to the photoemission e�e
t, one photon is emitted.The energy of the photon is 
orresponding to the energy level to whi
h the ele
tronwas 
aptured. The energy distribution of the uno

upied ele
troni
 states in the solid
an be determined by analyzing spe
tral properties of the emitted light. The inversephotoemission method was applied to studies of uno

upied states above EF whi
h arealso a subje
t of our interest [12, 13℄.For the two-photon photoemission experiment, a pulsed laser is used as a sour
e ofthe ex
iting photons. The present advan
es in the femtose
ond pulsed laser te
hnologyallow a
hieving very high peak powers (� 10GW/
m2 or even more). As the eÆ
ien
yof the two-photon pro
ess is proportional to the square of the power density, a highattention has to be paid to the optimization of the pulse length and the overall outputpower of the laser system.



1.3. Experimental setup for two-photon photoemission 111.3 Experimental setup for two-photon photoemis-sionIn this se
tion, we will des
ribe the experimental setup used for the two-photon pho-toemission experiments dis
ussed in this work. The s
hemati
 of the setup is displayedin Fig. 1.5. It has two prin
ipal parts: a femtose
ond laser and a UHV photoemission
hamber. It is easily possible to modify the setup to perform time-resolved experiments.These modi�
ations will be des
ribed later in Se
tion 5.2.The details of the experimental apparatus will be des
ribed in following subse
tions1.3.1 { 1.3.4. Here we only summarize with use of Fig. 1.5 the basi
s of the 
ooperationof individual parts of the setup: The femtose
ond laser pulses are generated in a home-built titanium-sapphire (Ti:S) os
illator. The 
entral photon energy (1.55 eV) is notsuÆ
ient to perform two-photon photoemission experiment on most metals. Therefore,the beam is passing through a frequen
y-doubling stage where photons with suÆ
ientenergy (3.1 eV) are produ
ed. The dispersion of the pulses has to be 
ompensatedafterwards to a
hieve the best performan
e (shortest pulse) at the sample lo
ation. Thepolarization of the in
ident beam is set before it is entering the UHV 
hamber. After
electr.
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Figure 1.5: S
hemati
 of the experimental setup used for two-photon photoemission experi-ments.



12 Chapter 1: Two-photon photoemissionthe ele
trons are liberated from the sample by the in
ident photons, their energy isanalyzed in an ele
trostati
 analyzer. The whole energeti
 spe
trum of the ele
trons 
anbe obtained and re
orded by a data a
quisition 
omputer system. The individual partsof the experiment will be des
ribed the detail in the following text.1.3.1 Femtose
ond laser systemThe s
hemati
 of the laser system used in the experiments is depi
ted in Fig. 1.6. Forgeneration of the ultrashort pulses, a mode-lo
king operation is used [14, 15℄. The laser
avity design is similar to that of Xu et al. [16℄. The laser resonator 
onsists of fourplanar and two 
onvex diele
tri
 mirrors and one output 
oupler. The planar mirrorsposses negative group velo
ity dispersion (� �60 fs2). The output 
oupler is formed bya glass wedge. Additional glass wedge is pla
ed in the outgoing beam. By moving ittowards the beam 
enter a �ne adjustment of the dispersion is possible.As an a
tive medium a 
onsiderably doped titanium-sapphire (Ti:S) 
rystal is used[17℄, generating the ultrashort pulses by Kerr-lens self-mode-lo
king [18℄. For pumpingof the 
rystal, a Millennia V laser (from Spe
tra Physi
s In
.) is used whi
h produ
es abeam at 532 nm wavelength by intra
avity doubling of 1064 nm beam from the Nd:YVO4gain medium. The Ti:S 
rystal is pla
ed in a spe
ial water-
ooled holder to avoid itsoverheating. The pump power is about 5W.The negative dispersion mirrors have a design similar to that of Szip}o
s et al. [19℄. The

532nm

5W Ti:Sapphire
=5 cma ×

-1

beam

Pump
Lens

Photodiode

Oscilloscope

Cavity length ~ 1.9m

beam
Output

Figure 1.6: S
hemati
 of a home-built laser setup used for the experiments des
ribed in thisthesis.
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tri
 sta
k of the mirrors is designed so that the resulting group velo
ity dispersionis a
hieving values whi
h are not 
riti
ally spoiling the ultrashort pulse properties.The length of the laser resonator is � 1:9m whi
h gives the repetition rate of thefemtose
ond pulses of � 80MHz. The output power is 
lose to 1W whi
h 
orrespondsto the energy of � 13 nJ per pulse.The spe
trum of the output beam was monitored always when the beam was not usedfor the experiment to 
he
k the quality of the mode-lo
king pro
ess. One su
h spe
trumis plotted in Fig. 1.7. The estimated minimum pulse width 
an be dedu
ed from thisspe
trum. It is well below 10 fs.A very small part of the laser beam whi
h is not re
e
ted by one of the mirrorsis pointed onto a photodiode (see Fig. 1.6) and the resulting signal is visualized on anos
illos
ope. This allows to 
he
k whether there is always only one pulse propagatingwithin the laser 
avity. Propagation of two pulses is leading to a smaller peak intensityand it is also 
ausing an instability of the system.The laser is lo
ated in a semi-sealed box to avoid spoiling of the surfa
es of the Ti:S
rystal (espe
ially in the beam fo
us) and mirrors by dust parti
les. In the box there isan overpressure of nitrogen gas maintained whi
h quite e�e
tively de
reases the amountof dust deposited on the important 
avity 
omponents.
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Figure 1.7: A typi
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trum of the 800 nm femtose
ond pulses produ
ed by the laser setup.



14 Chapter 1: Two-photon photoemission1.3.2 Frequen
y doubling and polarization preparationAfter the fs-pulse at the 800 nm wavelength is produ
ed in the laser system, it is ne
essaryto double its frequen
y, so that photons with an energy suÆ
ient for initiation of the two-photon photoemission pro
ess are obtained. For the frequen
y doubling, a �-BaB2O4(BBO) 
rystal of 80�m thi
kness (manufa
tured by Caste
h) is used. The 
onversioneÆ
ien
y is about 15%, the maximum output power at 400 nm is about 150mW.The spe
trum of the 400 nm pulses is mu
h smoother 
ompared to the 800 nm pulseswhi
h is 
aused by the e�e
t of phase-mat
hing 
onditions in the BBO 
rystal. Onetypi
al spe
trum of the 400 nm beam 
an be seen in Fig. 1.8. The width of the spe
trum
orresponds to �18 fs pulse duration.The knowledge of the 
hanges of the output power from the frequen
y doubling stageis essential for the treatment of the experimental data as they are related to the intensityof the 400 nm light. It is therefore ne
essary to monitor 
hanges of the intensity of theex
iting beam by measuring the intensity of some residual part of the beam passingthrough one of the mirrors in the opti
al path after the frequen
y doubling.Continuous nitrogen gas 
ow is used to avoid dust sti
king on the BBO 
rystal surfa
e
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Figure 1.8: A typi
al spe
trum of the 400 nm femtose
ond pulses produ
ed by the frequen
ydoubling stage with a BBO 
rystal.
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h would 
ause a de
rease of the eÆ
ien
y of the se
ond harmoni
 generation and
onsequently lower the intensity of the ex
iting beam.After the frequen
y doubling, the dispersion of the pulses is 
ompensated by multi-ple re
e
tions on negative-dispersion mirrors to a
hieve the shortest pulse. A set of twothin sili
a wedges is inserted into the 400 nm beam whi
h allows to adjust the disper-sion pre
isely by 
hanging the e�e
tive sili
a thi
kness through whi
h the beam has topropagate.The linear polarization generated by the laser system is preserved by keeping theheight of the beam 
onstant along the whole opti
al path. The polarization desired forthe photoemission experiment is set just before the beam is entering the UHV 
hamberby a set of �=2 and �=4 a
hromati
 phase plates mounted on motorized rotation stages.The beam is then entering the UHV 
hamber via a di�erentially pumped CaF2 fo
ussinglens (f = 10 
m) viewport.After the measurement is �nished, a shutter is 
losing the laser beam of the femtose
-ond laser before the BBO frequen
y doubling stage. By this a
tion, the BBO 
rystaland other experimental equipment is preserved as it is exposed to the laser pulses forthe ne
essary time only.1.3.3 UHV photoemission 
hamberThe UHV part of the experiment is s
hemati
ally plotted in Fig. 1.5. The 
hamberitself is manufa
tured from a nonmagneti
 stainless steel. Apart from the photoele
tronanalyzer, various tools for stru
tural and 
hemi
al 
hara
terization of the sample surfa
eare present in the 
hamber. Tools for 
hara
terization of the laser beam properties arepresent as well.Some types of two-photon photoemission experiments (measurements of the magneti

ir
ular di
hroism for instan
e) need very pre
ise adjustment of the polarization at thesample lo
ation. However, the polarization of the beam at the sample lo
ation 
annotbe measured with suÆ
ient pre
ision outside the UHV 
hamber be
ause the viewportsof the 
hamber are in
uen
ing the beam polarization by their birefringen
e. Therefore,a devi
e for 
hara
terizing the polarization in
ident on the surfa
e was mounted in the
hamber. It is lo
ated just opposite the entran
e viewport so that the 400 nm beam isentering dire
tly the devi
e when the sample is removed from the opti
al path. The tool
onsists of a rotating analyzer and a photodiode. The signal from the diode is re
ordedwhile the analyzer is rotating and the polarization ellipse is 
al
ulated from these data.By optimizing the orientations of the �=2 and �=4 plates before the 
hamber, a setting
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orresponding to the desired polarization is a
hieved.The sample is �xed in a holder whi
h 
an be 
ooled down to -180ÆC. Its position 
anbe adjusted in three dire
tions (x,y,z) and in two angles. The angle between the in
identbeam and the dete
tion axis of the ele
trostati
 
ylindri
al se
tor ele
tron energy analyzeris �xed by the 
hamber design at 35Æ.The ele
trostati
 
ylindri
al se
tor analyzer was manufa
tured by the Fo
us GmbH
ompany. The ele
trons passing the analyzer 
an be dete
ted by a 
hanneltron. Thisdete
tor 
an be also repla
ed by a spin analyzer for spin-resolved studies of photoemissionfrom magneti
 surfa
es. The sample 
an be biased by a small (a few Volts) potential toa
hieve better 
olle
tion eÆ
ien
y of the photoele
trons by the energy analyzer.The tools for the sample preparation and 
hara
terization in
lude the ion-beam sput-tering gun for 
leaning the surfa
e of the 
rystal. When working with atomi
ally 
atmetal surfa
es, the 
leaning by ion-beam is ne
essary every day.One of 
hara
terization te
hniques available in the 
hamber for 
he
king of theprogress of the sample surfa
e 
leaning is the Auger Ele
tron Spe
tros
opy. It is pro-viding an important information about the 
ontamination of the sample, parti
ularlywhen 
leaning surfa
es of 
rystals whi
h were not kept in the UHV 
onditions. Other(mu
h more sensitive) option for 
he
king the 
leanliness of the surfa
e is based on theobservation of saturation of the photoemission signal at energies where is it sensitive tothe surfa
e 
ontamination. This will be dis
ussed in Chapter 2, parti
ularly in Se
. 2.2.2.The orientation of the 
rystallographi
 axes of the sample with respe
t to the ex
itingbeam 
an be determined by the Medium-Energy Ele
tron Di�ra
tion (MEED). Thedi�ra
tion pattern is proje
ted onto a phosphor s
reen and from its symmetry propertiesthe 
orre
t setting of the sample 
an be determined.There is also a possibility of growing thin metalli
 layers on the substrate by aMole
ular Beam Epitaxy (MBE) te
hnique. The ele
tron beam evaporators used forthis purpose were designed by Kirs
hner et al., further development of the evaporatordesign is des
ribed in [20℄.In the 
hamber there is also a 
oil 
onsisting of a few turns of a thi
k 
opper wire. Itallows to swit
h magnetization of thin magneti
 �lms by pulses of magneti
 �eld. Theele
tri
 
urrent pulses for this 
oil are provided by a spe
ial pulsed sour
e designed inthe ele
troni
 workshop of the MPI-Halle.The external magneti
 �elds generated outside the laboratory, whi
h would a�e
t thetraje
tories of low energy ele
trons, are automati
ally 
ompensated in all three (x,y,z)dire
tions by a system of large 
oils mounted on the walls of the laboratory.
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ontrol of the experimentThe experiment is almost fully 
ontrolled by a personal 
omputer. Writing a programfor 
ontrolling all ne
essary devi
es and a
quiring data was also a part of this thesis. Theprogram is 
ommuni
ating with experimental devi
es via a GPIB bus (PCI-
ard fromAgilent Te
hnologies In
.) and it is able to measure and to set analogue signals anddigital levels by a Keithley KPCI-3108 PCI-
ard (A/D and D/A 
onverters). Anotherdevi
es for data a
quisition are two multi
hannel s
alers (ISA 7882 Multis
alers by FASTComTe
) whi
h are used for 
ounting TTL pulses.As the signal from the 
hanneltron dete
tor is in a form of TTL pulses (to ea
hphotoele
tron is 
orresponding one pulse), it is a
quired by the multis
alers. The mul-tis
aler is storing the data in so-
alled boxes, whereas the length (in time units) of onebox and the number of boxes is spe
i�ed at the beginning of the measurement. Duringthe data a
quisition, some of the parameters of the experiment is usually being 
hanged.For instan
e, a gradual 
hange of the energy of the dete
ted ele
trons during the dataa
quisition results in photoele
tron spe
trum data stored in the multis
aler boxes. Themain advantage of the multis
aler use is that the data 
an be added into the boxes inmultiple runs, syn
hronized by a trigger signal. In this way, any in
uen
e of a possibledrift in the a
quired signal is minimized.The measurements of the multi
hannel s
alers and also of the Keithley A/D 
ard
an be started by an external trigger signal whi
h allows to measure all the signals syn-
hronously. As the Keithley 
ard has digital and analogue outputs available, one 
an setalso 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 forpre
ise setting of motorized stages holding polarizers, phase plates and other opti
al el-ements) and the settings of lo
k-in ampli�ers are 
ontrolled during the experiment. Thedigital outputs 
an 
ontrol the sour
e of 
urrent pulses for the 
oil used for magnetizingthe sample and shutters for 
losing the beam.The settings of a parti
ular measurement pro
ess are spe
i�ed in two 
on�guration�les. The �rst 
on�guration �le is spe
ifying whi
h 
hannels of the multis
aler and ofthe A/D 
ard will be used for the data a
quisition. The ne
essary settings for the boxesof the multis
aler (their length and amount) are also spe
i�ed in this �le.The program is suitable for performing sets of measurements with 
hanging param-eters of the experiment. The se
ond 
on�guration �le is used for 
ontrol of these typesof measurements. Commands whi
h are to be performed after ea
h individual set ofmeasurements is �nished are spe
i�ed in the �le. In this way, the experimental 
on�gu-
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hanged between a
quisitions of individual data sets. These 
ommands
an be 
ommands for the GPIB bus, 
ommands setting voltages on the analog input ofthe D/A 
ard, 
ommands 
ontrolling via the settings of digital levels the pulsed 
urrentsour
e or the shutters used to 
lose the beam, for instan
e. The 
on�guration �le iswritten in a simple ad-ho
 programming language and 
an be easily modi�ed to designnew types of measurements. Without need of manual 
ontrol of the experiment by theexperimentalist, measurements 
onsisting of many sets of data 
an be performed in thisway. This is bringing better data quality and reprodu
ibility. Experiments running aslong as 24-hours (see Chapter 4) are also performed more 
onveniently.1.4 Systems studied by two-photon photoemissionAs it has been pointed out already in the Se
. 1.1, the two-photon photoemission is apowerful method for studying uno

upied ele
troni
 states above the Fermi level. Herewe summarize the most important phenomena whi
h 
an be studied by two-photonphotoemission. A main attention will be paid to the surfa
e states.1.4.1 Surfa
e statesThe presen
e of ele
troni
 states lo
alized at a surfa
e of a single 
rystal was predi
tedalready 70 years ago by Tamm [21℄ and Sho
kely [22℄. One of the most elegant approa
hesto the Sho
kley's surfa
e states phenomenon was presented in 70's by E
henique andPendry [23℄. Their model is assuming that surfa
e states are 
orresponding to ele
tronswith an energy smaller than the va
uum energy Eva
 whi
h are trapped between thesurfa
e of the 
rystal (via bandgap) and the surfa
e barrier potential.Lets 
onsider a wave  + 
arrying a unit 
ux towards the 
rystal (Fig. 1.9). A portionof  � = rCei�C + (1.4)will be Bragg re
e
ted, where  � 
arries the 
ux towards the surfa
e barrier and rCei�Cis the 
orresponding ele
tron re
e
tivity. This amount of 
ux will be then re
e
ted onthe surfa
e barrier and  + = rBei�B � = rBei�BrCei�C + (1.5)will travel ba
k towards the 
rystal. The respe
tive ele
tron re
e
tivity is rBei�B. It isobvious that for a bound state at the surfa
e the 
onditions
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Figure 1.9: S
hemati
 of a potential at the 
rystal surfa
e showing atomi
 potentials and thesurfa
e barrier (after [23℄). rBrC = 1 ; (1.6)�B + �C = 2�n (n = 0; 1; :::) (1.7)have to be satis�ed.Considering a 
ux 
onservation, equation (1.6) implies rB = rC = 1. The phase
ondition will not be satis�ed for any arbitrary energy E and momentum parallel to thesurfa
e kjj (the perpendi
ular and parallel motion of the ele
tron is fully separable inthis model). The phases are fun
tions of energy, so a detailed 
al
ulation is needed fordetermination of the position of the surfa
e states on the energy s
ale [23, 24℄.The solution of equation (1.7) for n = 0; 1; ::: gives a series of surfa
e states. The"ground" state n = 0 is usually 
alled Sho
kley state (or surfa
e resonan
e) be
ause itis 
orresponding to Sho
kley's 
al
ulation in 30's [22, 25℄. States for n > 0 are usually
alled image potential states, 
ontrary to the Sho
kley state they are less lo
alized andare extending more into the va
uum. They are forming a Rydberg-like series on theenergeti
 s
ale. In the most simple view [26℄ one 
an write for their energiesEva
 � En = 0:85 eVn2 n = 1; 2; :: (1.8)The total energy of individual states is then given asEn(k) = En + ~2k2jj2me ; (1.9)where kjj is a 
omponent of the waveve
tor parallel to the sample surfa
e. In this ap-proximation, the ele
trons are treated as free in the surfa
e plane, so their e�e
tive mass(for the e�e
tive mass de�nition see [27℄, for instan
e) is equal 1. When intera
ting with
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tromagneti
 waves, the surfa
e states are for symmetry reasons sensitive only toex
itation having a non-zero 
omponent of the E ve
tor perpendi
ular to the samplesurfa
e. This means that the light linearly polarized perpendi
ularly to the plane ofin
iden
e doesn't intera
t with the surfa
e states.The surfa
e states were already observed by the inverse photoemission [28, 29℄ andby the two-photon photoemission [30, 31℄ for various metalli
 surfa
es. However, in theexperiment presented in Chapter 2 the relation of the ex
iting photon energy and thesample Fermi energy is 
ausing that the surfa
e states will a�e
t the observed photoe-mission spe
tra mainly due to the three- and four-photon pro
esses.1.4.2 Other appli
ations of two-photon photoemissionOther appli
ations of two-photon photoemission 
an be found in surfa
e 
hemistry. Thetwo-photon photoemission signal is emerging from the topmost layers, so it is extremelyin
uen
ed by the 
leanliness of the surfa
e. Therefore, an in
uen
e of adsorbates 
anbe studied with high sensitivity [32℄. The main power of the two-photon photoemissionexperiment is the possible a
hievement of time resolution. This allows experimentalstudies of ultrafast pro
esses at the surfa
e of the investigated sample to be performed.Overview of studies of the desorption of alkali atoms from noble metals 
an be found in[33℄ or [34℄.Two-photon photoemission 
an be used also for more general and fundamental studiesof the hot ele
tron population dynami
s [8, 35{41℄. Transport e�e
ts 
an be also dete
ted[42℄. In the photoele
tron dete
tion part of the experiment, a spin-analyzer 
an bein
orporated and the spin-resolved information about the hot-ele
tron dynami
s 
an beobtained as well [43℄.While 
ombining Photoemission Ele
tron Mi
ros
opy (PEEM) setup with the two-photon ex
itation one 
an a
hieve a spatial resolution for investigating surfa
e inhomo-geneities [44, 45℄.In 
on
lusion, in this 
hapter we have summarized the theoreti
al and experimentalba
kground of the two-photon photoemission te
hnique. The experimental apparatus forthis method was des
ribed and the most important phenomena whi
h 
an be investigatedby this te
hnique were summarized.



Chapter 2Multiphoton photoemission fromCu(001) surfa
esIn this 
hapter, the results obtained on Cu(001) surfa
es by means of the two- and morethan two-photon photoemission will be dis
ussed. The advantage of this 
hoi
e is that
opper has a well known ele
troni
 stru
ture and it was studied also quite re
ently evenwith the two-photon photoemission method [8, 32℄. Be
ause the experimental setup hasseveral parameters (espe
ially the peak photon 
ux density) better than those used inprevious experiments, a better observation of known e�e
ts and dete
tion of new phe-nomena is expe
ted. The most important experimental result presented in this 
hapterwill be the observation of multiphoton (up to four-photon) ex
itation of photoele
tron-s with an eÆ
ien
y whi
h is enhan
ed by a presen
e of surfa
e states and bulk Blo
hstates.2.1 Normal emission geometryIn this se
tion, the experimental data obtained in a photoemission experiment on aCu(001) surfa
e in normal emission geometry will be presented. Quite intense femtose
-ond pulses were used for the ex
itation. The observation of higher-order e�e
ts will bedis
ussed.The photoemission experiments with the Cu(001) surfa
e were performed in a UHVapparatus (p < 10�10mbar). The surfa
e was opti
ally ex
ited by frequen
y-doubledpulses from a Ti:sapphire os
illator. A 
entral energy of the frequen
y-doubled pulseswas E0 = 3.07 eV, the 
orresponding ex
itation spe
trum linewidth was � 0.17 eV, thepulse duration (i.e. the intensity FWHM) was < 18 fs, the pulse energy was � 1 nJ. The



22 Chapter 2: Multiphoton photoemission from Cu(001) surfa
esbeam was fo
used on a small area (� 20�m in diameter) of the spe
imen surfa
e whi
hresulted in the peak power of the order of 1010W�
m�2. The apparatus was des
ribedin detail in Se
. 1.3.A 
lean and ordered Cu(001) surfa
e was obtained by repeated sputtering and an-nealing 
y
les. For the sputtering, the Ar+ ions a

elerated by 1 keV voltage were used,the annealing temperature was 870K. The surfa
e quality during the sample 
leaning
y
les was 
he
ked by the Auger Ele
tron Spe
tros
opy, the Medium-Energy Ele
tronDi�ra
tion (MEED) and above all by rea
hing the saturation of the photoemission signalrelated to the ex
itation via surfa
e states (7.1 eV �nal state energy). The orientation ofthe s
attering plane was parallel either to the Cu[100℄ or Cu[110℄ axis and it was 
he
kedby the Medium-Energy Ele
tron Di�ra
tion (MEED).The Cu 
rystal was biased at -1V to a
hieve a better eÆ
ien
y of the photoele
trondete
tion. It was possible to vary the angle of in
iden
e from -15Æ to 85Æ (i.e. -50Æ to50Æ emission angle).2.1.1 The s and p ex
itation at normal emission geometryThe data reported in this se
tion were a
quired at normal emission geometry whi
h
orresponds to a 35Æ angle of in
iden
e of the ex
iting beam. Two linear polarizationswere used for the ex
itation | the p polarization with the ele
tri
 �eld ve
tor in thein
iden
e plane and the s polarization with the ele
tri
 �eld ve
tor perpendi
ular tothe in
iden
e plane. The respe
tive photoemission intensities are reported in Fig. 2.1(linear s
ale) and in Fig. 2.2 (logarithmi
 s
ale). The energy of the dete
ted ele
tronsis denoted with respe
t to the Fermi level, EF . In the �gures, there are also indi
atedenergies 
orresponding to the ele
trons ex
ited from the Fermi level by two and threephotons. The EF + 2~! energy 
an be understood as a border between the two- andthree-photon ex
itation, whereas the EF + 3~! energy is a border between the three-and four-photon ex
itation.In the right panel of Fig. 2.1, the band stru
ture of Cu(001) along the � line 
al
ulatedby Burdi
k [46℄ is plotted. The symmetry of the bands involved in the photoemissionpro
ess is also indi
ated in the �gure. The sele
tion rules (in dipolar approximation)appli
able to the normal emission geometry allow �1 ! �5 and �5 ! �1 transitionsfor both s and p ex
itation, whereas the �1 ! �1 transition is allowed for the p ex
itationonly [47℄. There is also a restri
tion on the �nal state symmetry | in the normal emission
on�guration it should posses the �1 symmetry.In the two-photon photoemission region (the �nal state energies up to 6.2 eV), the
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esinitial states are mainly the sp-band states with �1 symmetry. Only the enhan
ement ofthe photoemission intensity at the low energy 
uto� 
an be attributed to the ex
itationfrom d-band states with a �5 symmetry. As the two-photon ex
itation by s-polarizedlight from d-band 
an pro
eed only in the �5 ! �1 ! �5 sequen
e, the enhan
ement isonly weekly observable in the s-polarized light. It is 
ontributing by o�-normal emissiononly whi
h is be
ause of �2:5Æ angular a

eptan
e of the ele
tron analyzer also partlydete
ted in the normal emission 
on�guration.Another enhan
ement of the photoemission signal in the two-photon photoemissionregion is observable at � 6:0 eV, 
lose to the two-photon repli
a of the Fermi edge. Thefeature is again mu
h more intense with the p-polarized ex
itation. It 
an be as
ribedto a tail of density of states di�using from the n=0 surfa
e resonan
e (see Se
. 1.4.1).The surfa
e resonan
e has �1 
hara
ter [32℄ whi
h implies possible ex
itation pathways�1 ! �1 ! �1 and �1 ! �5 ! �1 for the p ex
itation. Only �1 ! �5 ! �1transition is allowed for s ex
itation, but it is unfavorable due to symmetry 
onstrainsof the surfa
e state in addition, as the surfa
e state needs a 
omponent of the ele
tri
�eld ve
tor perpendi
ular to the surfa
e to be ex
ited. Only virtual states 
an a
t asintermediate states within this energy region.The above des
ribed features are a result of the two-photon ex
itation pro
ess. Thephotoele
trons dete
ted at energies above EF + 2~! are results of the multiple-photonex
itation and will be dis
ussed in the following text.2.1.2 Multiphoton pro
essesThe �gures 2.1 and 2.2 are showing that the highest photoele
tron yield is observedat energies around 7.1 eV. To rea
h su
h an energy of a photoele
tron, at least threephotons have to a
t in the ex
itation pro
ess. The o

urren
e of su
h a strong signal inthe three-photon photoemission region is quite surprising as the ele
tron yield is normallyde
reasing with in
reasing order of the nonlinearity. The reason why su
h a strong signalis observed here is in the resonant 
hara
ter of the pro
ess whi
h will be des
ribed below.The most pronoun
ed feature in the three-photon photoemission region in the p-ex
ited spe
trum is the peak 
lose to 7.1 eV. Its magnitude is about four times as largeas the two-photon photoemission signal at 6.0 eV. The peak is having a shoulder at 7.0 eV.Also the spe
trum ex
ited by the s-polarized beam is showing (although mu
h less in-tense) peak at 7.0 eV. The band stru
ture and the related ex
itation s
hemati
 is plottedin Fig. 2.3. The �rst step of the ex
itation pro
ess is 
ommon for both s and p polariza-tion. It involves ex
itation of an ele
tron from an o

upied d-band with �5 symmetry to
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Figure 2.3: The bandstru
ture of Cu(001)along the � line withindi
ation of the pro
essleading to the hugepeak in the p-ex
itedphotoemission spe
trum.

an uno

upied sp-band with �1 symmetry. It should be noti
edthat the n=0 surfa
e resonan
e 
an also play a role in the p-ex
ited pro
ess.In the 
ase of s-polarized light, the only path in whi
h thethree-photon ex
itation 
an pro
eed is �5 ! �1 ! �5 !�1. From this fa
t and from the la
k of the 
omponent ofthe ex
iting ele
tri
 �eld ve
tor perpendi
ular to the surfa
e itfollows that the n=1 image potential state with �1 symmetry
annot play any role in the s-ex
ited spe
tra. From the sp-banda dire
t two-photon pro
ess (via a virtual intermediate state)lifts the ele
tron to a va
uum state. The peak at 7.0 eV is anindi
ation of the transition from the top of a d-band with �5symmetry whi
h is having higher density of initial states thanthe sp-band. For higher �nal state energies, only the sp-bandstates 
an 
ontribute as initial states.The p-ex
ited spe
trum is showing at 7.1 eV mu
h moreintense peak due to the fa
t that also the n=1 image potentialstate 
an be resonantly populated (the ex
itation s
heme �5 !�1 ! �1 ! �1 is allowed for the p-polarized light). Theenergy position of the n=1 image potential state E1 
al
ulatedfrom the energy of the observed peak is E1 = 7:1 eV � ~! =4:03 eV. This is in a good agreement with previous experimentalobservations [48{52℄. The shoulder at 7.0 eV is a sign of asuperposition of the ex
itation via the image potential stateand the ex
itation s
heme des
ribed already for the s-polarizedlight. This is be
ause the in-plane 
omponent of the p-polarizedlight is having the same symmetry properties as the s-polarized light. It should be notedthat the surfa
e-states-enhan
ed feature at 7.1 eV is in re
ent observations mu
h moreintense than in previous multi-photon photoemission studies by Ogawa and Petek [32℄.In addition to the large peak at 7.1 eV, a small peak 
orresponding to the ex
itationvia the n=2 image potential state 
an be observed at the �nal state energy of 7.5 eV.This feature is gaining less from the higher density of d-band states as its initial state isat � �1:7 eV, however is it still well resolved. The 
al
ulation of the n=2 image potentialstate energy gives E2 = 7:5 eV � ~! = 4:43 eV. This is again in a good agreement withprevious observations [49℄.For energies larger than 7.5 eV, the intensities of both s- and p-ex
ited spe
tra are
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esde
reasing roughly exponentially up to the next Fermi edge imprint lo
ated at 3~! �9:2 eV �nal state energy. As the initial states posses the �1 sp-band symmetry, the sex
itation 
an pro
eed only in the �1 ! �5 ! �1 ! �5 pathway whose �nal state isnot dete
table in the normal emission experimental geometry. Therefore, only be
auseof the nonzero angular a

eptan
e of the ele
tron energy analyzer the photoele
trons aredete
ted also in the 
ase of s-polarized ex
itation. The p-ex
itation is not limited sostrongly as its �nal state 
an posses the �1 symmetry. The intensity of the p-ex
itedspe
tra is therefore about 5-times larger.One interesting aspe
t of the spe
trum generated by the p-polarized ex
itation isthat it is not reprodu
ing the peak observed below the two-photon Fermi edge at 6.0 eValso in the three-photon photoemission region. The feature is very mu
h redu
ed for thethree-photon ex
itation. This 
an be attributed to a fa
t that the �nal states at theenergy � 9:1 eV are already lying within the proje
ted bulk band stru
ture (Fig. 2.1). Inthe 6.0 eV region, the �nal states of the ex
itation pro
ess in the bulk are only extremelyshortly living virtual states. The enhan
ement of the photoemission signal by the surfa
eresonan
e is therefore 
learly observable at 6.0 eV, as it is in
uen
ing the ele
trons lo
atedat the surfa
e only. In the 9.1 eV region, the situation is di�erent, as the �nal states arewithin the proje
ted bulk band stru
ture and thus have longer lifetime. Not only surfa
eele
trons are es
aping into the va
uum in this 
ase, therefore the e�e
t of the surfa
eresonan
e is not so important.Above the three-photon imprint of the Fermi edge (EF +3~!) one well resolved peakis observed at 10.2 eV in the p-polarized light. Its energy is just ~! above the huge peakat 7.1 eV, its intensity is about 2500� redu
ed. It 
an be 
on
luded that the ex
itationme
hanism is the same as in the 
ase of 7.1 eV peak, the only di�eren
e is that a two-photon pro
ess (via a virtual state) takes pla
e in the last step of ex
itation from then=1 image potential state to the �nal va
uum state. With the s-polarized ex
itation thisfeature is already not resolvable due to a very low signal level (� 4 orders of magnitudeless than its maximum at the 5 eV �nal state energy | see Fig. 2.2).In this se
tion, the photoemission spe
tra a
quired by means of multiphoton pho-toemission were presented and the observed spe
tros
opi
 features were dis
ussed. Thehigh photon 
ux density was allowing to observe features whi
h have not been observedbefore by laser-ex
ited photoemission spe
tros
opy.



2.2. O�-normal emission 272.2 O�-normal emissionThe normal emission spe
tra from Cu(001) surfa
es des
ribed in the previous se
tionshowed several features whi
h 
ould be interpreted with help of a fa
t that the sele
tionrules in the normal emission geometry are quite restri
tive, at least in the 
ase of s-polarized ex
itation. However, it is also useful to perform measurements at di�erentemission angles. The angle-resolved photoemission 
an probe the dispersion of individualele
troni
 states involved in the ex
itation pro
ess and thus help in 
lassifying the featuresobserved in the photoemission spe
tra. In the �rst part of this se
tion, the results of anangle-resolved experiment will be therefore presented and the observed phenomena willbe dis
ussed.Ele
troni
 states at surfa
es are generally very sensitive to the surfa
e quality. Ad-sorbates at the surfa
e 
an modify the spe
tra signi�
antly. On the other hand, the be-havior of the spe
tros
opi
 features while 
hanging the surfa
e properties by adsorptionof adatoms is also a good method whi
h 
an be used for determination of the 
hara
terof the pro
esses involved in the photoex
itation. Therefore, in the se
ond part of thisse
tion the results of the photoemission experiment on the Cu(001) surfa
e exposed tooxygen will be presented.2.2.1 O�-normal photoemission | dispersion of surfa
e statesThe photoemission spe
tra at varying emission angles were a
quired along both �X and�M dire
tions of the surfa
e Brillouin zone [9℄, i.e. the orientations of the in
iden
e planeare parallel to the [011℄ resp. [001℄ 
rystallographi
 axes of the surfa
e. One set of dataa
quired along the �X dire
tion is displayed in Fig. 2.4.The spe
tra ex
ited by p-polarized light are showing one strongly dispersing featurewhi
h 
an be related to the n=1 surfa
e state dispersion, starting from 7.1 eV at normalemission. The 7.0 eV shoulder appearing at normal emission is almost not dispersing and
an be therefore attributed to the d-band 
ontribution to the photoemission signal asdis
ussed already in the previous se
tion. The dispersion of the small peak 
orrespondingto the n=2 surfa
e state 
an be dete
ted up to � 25Æ emission. The peak at 6.0 eV,
lose to the two-photon Fermi edge imprint is gradually disappearing for in
reasingemission angles. This supports the idea that its origin is a 
onsequen
e of the n=0surfa
e resonan
e.The spe
tra ex
ited by s-polarized light are not showing so interesting behavior. Thed-bands involved are not dispersing mu
h in the observed region. The surfa
e states
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Figure 2.4: The photoemission spe
tra of Cu(001) at room temperature measured as a fun
-tion of the emission angle. The sample orientation was 
orresponding to the �X dire
tion. Inthe left panel the spe
tra for p-polarization in
ident on the sample are displayed, in the rightpanel the s-polarization is used for ex
itation. The obtained dispersion relations are displayedin Fig. 2.5 and in Fig. 2.6.
annot be populated by s-polarized light.The positions of peaks observable in the angle-resolved measurements where theex
iting light was p-polarized are summarized in Fig. 2.5. It is 
learly seen that then=1 and n=2 image potential states show a free-ele
tron-like quadrati
 dispersion, asexpe
ted from the theory (Eq. 1.9) and from the previous results obtained by the inversephotoemission [50℄ and by the two-photon photoemission [29, 49℄ measurements. Thedispersion of the n=0 surfa
e resonan
e measured by Hulbert et al. [50℄ is also indi
atedin the �gure.In the vi
inity of the � point, no dependen
e of the e�e
tive mass on the 
rystalorientation was observed. However, for larger emission angles (>30Æ) the dispersion ofthe surfa
e state in the �X dire
tion slightly di�ers from the paraboli
 behavior. The
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Figure 2.5: Left panel: Sur-fa
e proje
ted band stru
ture ofCu(001) with the results of theangle-resolved photoemission ex-periment. The open symbols in-di
ate the �nal states peaks. Cir-
les represent the enhan
ementof the signal due to the higherdensity of d-band states. Cor-responding initial d-band statesare indi
ated by solid 
ir
les.Squares represent the n=1 IPstate resonant enhan
ement, di-amonds the n=2 IP state reso-nant enhan
ement. Solid squaresrepresent the n=0 surfa
e reso-nan
e [50℄. Right panel: Theband stru
ture of Cu(001) alongthe � line with indi
ation of theex
itation pro
ess leading to thehuge peak in the p-ex
ited spe
-trum at normal emission geome-try.
8.5

8.0

7.5

F
in

al
 s

ta
te

 e
ne

rg
y 

[e
V

]

0.60.50.40.30.20.10.0

kII [Å
-1

]

m*/me=0.96    0.1–+

m*/me=0.88    0.2+–

n=2 n=1

Figure 2.6: Cal
ulation of thee�e
tive masses of the n=1 andn=2 image potential states. Da-ta from multiple experiments inthe �X dire
tion are 
ompiledand the e�e
tive masses are ex-tra
ted.
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esreason for this is most probably the fa
t that the surfa
e state energy position is alreadyalmost outside the bulk proje
ted band gap and 
an therefore mix with the bulk states.The bulk proje
ted band gap is in Fig. 2.5 indi
ated by white ba
kground 
olor, thesurfa
e state dispersion 
urve is leaving the gap at kjj � 0:65�A�1. In the �M dire
tion,the gap is larger, so that the paraboli
 dispersion 
an be observed even for larger valuesof kjj.From the positions of the observed dispersing peaks the e�e
tive mass m�=me of theimage potential states 
an be obtained. Firstly, the value of kjj is 
al
ulated from theenergy position of the dispersing peak E and the emission angle #kjj = sin#r2me~2 (E � �) : (2.1)Then the 
orresponding kjj and E values are 
oupled by a dispersion relationE = ~2k2jj2m� + E(# = 0) ; (2.2)where the e�e
tive mass m� stands as a parameter. It 
an be easily obtained by anumeri
al �t. The theoreti
al value of m�=me is equal 1 (see Se
. 1.4.1). The experimen-tal dispersion 
urves in the �X dire
tion for n=1 and n=2 image potential states withquadrati
 �ts are plotted in Fig. 2.6, the resulting e�e
tive mass is m� = (0:96� 0:1)mefor the n=1 image potential state and m� = (0:88� 0:2)me for the n=2 image potentialstate. This is within the experimental a

ura
y 
oherent with the theoreti
al values.2.2.2 E�e
t of oxidationIt is well known that the oxygen 
overage in
uen
es the work fun
tion of the Cu(001)surfa
e [53℄. With in
reasing oxygen 
overage the work fun
tion is in
reasing up to a 0.5monolayer 
overage. The maximum work fun
tion shift is about 0.3 eV. At room tem-perature the 0.5ML 
overage is rea
hed at � 150�200L exposures. Here 1L (Langmuir)= 10�6Torr�s.It was experimentally observed [29, 54, 55℄ that the surfa
e states are pinned to theva
uum level. When the work fun
tion � in
reases, the energy position of the surfa
estates with respe
t to the Fermi level is in
reasing as well. In addition, the oxygenadsorption is quen
hing the surfa
e states. Experimental observations of the behaviorof the gradually oxidized Cu(001) surfa
es in the multiphoton photoemission regime 
antherefore elu
idate the origin of the observed spe
tros
opi
 features in the photoele
tronspe
tra and thereby support the explanations given already before in this 
hapter.
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Figure 2.7: E�e
t of oxidization on the photoele
tron spe
tra of Cu(001). The ex
iting beamwas p-polarized.The p-ex
ited photoemission spe
tra a
quired on the Cu(001) surfa
e whi
h wasexposed to oxygen are displayed in Fig. 2.7. Both normal and o� normal photoemissionspe
tra were re
orded while the exposure was gradually in
reased up to 120L. The o�-normal emission spe
tra are more easily interpreted be
ause the d-band 
ontributionand the surfa
e states 
ontribution are well separated in energy in this 
ase. It is 
learlyobserved that the d-band 
ontribution to the photoemission signal is only slightly a�e
ted
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esby the oxygen adsorption. The surfa
e state feature is shifting to higher energies within
reasing O2 
overage, as an expe
ted manifestation of the surfa
e states pinning to theva
uum level, Eva
.The normal emission spe
tra are showing similar behavior. The magnitude of thehuge peak at 7.1 eV is de
reasing with in
reasing O2 
overage. Taking into a

ountthe o�-normal emission spe
tra, it 
an be stated that the main reason for the intensityde
rease is the loss of the resonan
e 
ondition (see Fig. 2.3) when the work fun
tion (andthereby the image potential state energy) is in
reasing. The same e�e
t is also observablein the four-photon photoemission region.From the behavior of the o�-normal emission spe
tra it 
an be 
on
luded that thequen
hing of the surfa
e states by oxygen adsorption is not so strong. After 120L 
over-age, the 
orresponding spe
tros
opi
 features are still well observable. This is 
oherentwith the fa
t that when populating the image potential states, the ele
trons are wellseparated from the surfa
e. The in
uen
e of the oxygen adsorption on the observedspe
tra is quite 
omplex (mainly in the two-photon photoemission part). Its 
ompleteexplanation goes beyond a s
ope of this thesis.However, the behavior of the photoemission spe
tra under exposure of the Cu(001) tooxygen is fully supporting the interpretations of the spe
tros
opi
 features in the multi-photon photoemission spe
tra given in this 
hapter up to now. The resonan
e betweenbulk ele
troni
 states and surfa
e states is giving rise to the most spe
ta
ular e�e
ts.In 
on
lusion, in this 
hapter the photoemission experiments with high photon 
uxdensities were presented. One of the most interesting aspe
ts is that the photoemissionsignal is observed even for energies higher than Eva
 + ~! whi
h implies that an inter-mediate state above the va
uum level is involved in the ex
itation pro
ess. It 
an beeither a virtual state (then the last ex
itation step is a real two-photon pro
ess) or areal state. As the last intermediate state is lo
ated in the gap of the surfa
e proje
tedband stru
ture (with ex
eption of kjj > 0:5�A�1 region in the �X dire
tion), the only realintermediate states available are the image potential states for larger values of kjj (seeFig. 2.5). An ele
tron ex
ited into su
h an intermediate state has already enough energyto es
ape into va
uum, but before it is 
ompletely separated from the sample, it is ex
it-ed by another photon to even higher energy. Su
h a pro
ess is 
alled an above-thresholdionization (ATI). It has been already well established in experiments with atoms [56℄and mole
ules [57℄. Several experiments were reported also in solids [58{60℄, some re-sults were published re
ently [61℄. However, the four-photon photoemission regime insolids with 
learly pronoun
ed ele
troni
 features was obtained in this work for the �rsttime to our knowledge.



2.2. O�-normal emission 33In this 
hapter, the individual 
ontributions to the photoemission spe
tra were identi-�ed and dis
ussed with help of the angle-resolved measurements and oxygen adsorption.It was proven that the experimental setup is 
apable of a
hieving photon 
ux densitieswhi
h are able to �nd new physi
al pro
esses as the above-threshold ionization up to thefour-photon photoemission regime.





Chapter 3Studies of surfa
e magnetism by theSe
ond Harmoni
 Generation(SHG) te
hniqueIn previous 
hapters, the photoemission te
hnique was introdu
ed as a method suitablefor studies of surfa
e properties of solid materials. In this 
hapter, another surfa
e-sensitive te
hnique will be des
ribed whi
h is the Se
ond Harmoni
 Generation (SHG).It is a very versatile and sensitive tool allowing an in-situ and ex-situ 
hara
terizationof surfa
e properties, in
luding surfa
e magnetism. In the beginning of this 
hapter, atheory of the surfa
e-generated SHG will be summarized. Then, the 
omplexity addedby the surfa
e magnetism will be addressed. At the end of this 
hapter, the experimentalapparatus used for the SHG experiments will be des
ribed.3.1 Theory of the surfa
e se
ond harmoni
 genera-tionIn this se
tion, the theory of the opti
al se
ond harmoni
 generation will be reviewed.The fo
us will be put on the des
ription of the SHG signals generated from surfa
es.This is the prin
iple of the SHG-based methods for studying surfa
e properties of solidmaterials.The dis
overy of maser by Maiman in 1960 [10℄ allowed to rea
h mu
h higher photondensities than before. Therefore, the threshold for observing a generation of higheropti
al harmoni
s from various materials was over
ome [62℄. Already in early papers of
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hnique
w 2w

c
(2)

surface

c
(2)

bulk =0Figure 3.1: A s
hemati
 view of the se
ond harmoni
 generation from 
entrosymmetri
 ma-terial.Bloembergen [63℄, it was predi
ted that the surfa
e should be 
ontributing to the se
ondharmoni
 generation signal. De
ades later in 1989, it was proposed to use SHG as asurfa
e sensitive probe of magnetism [64, 65℄ and in a short time the method was alsoexperimentally used by Reif et al. [66℄.The SHG arises from a nonlinear polarization indu
ed by an in
ident ele
tromagneti
�eld E (!) whi
h writesP(2!) = �(2)E (!)E (!) + �(Q)E (!)rE (!) + ::: (3.1)The nonlinear sus
eptibility tensor �(2) is zero in 
entrosymmetri
 media be
ause ofsymmetry reasons. In these materials, the bulk nonlinear polarization is limited to thequadrupole term �(Q)E (!)rE (!). However, the symmetry is broken at the surfa
e orat the interfa
es and therefore the dipole 
ontribution in Eq. 3.1 
an be observed evenin 
entrosymmetri
 media (see Fig. 3.1), but it is limited to a small region of one or twoatomi
 planes at the surfa
e or interfa
e. The bulk quadrupole e�e
t is not limited to thesmall surfa
e volume. However, there is still a limitation of the penetration depth of thein
ident radiation. For a large number of materials, this 
ontribution is still negligibleand therefore the SHG 
an be used as a useful tool for studies of surfa
e properties insu
h systems. In addition, one has to deal with the e�e
ts of light propagation in thematerial.For highly symmetri
 materials, most of the tensor elements of �(2) are zero forsymmetry reasons. If we take as an example the (001) surfa
e of a 
ubi
 
rystal, �(2)
an be written in the form�(2) = 0B� 0 0 0 0 �xxz 00 0 0 �yyz 0 0�zxx �zyy �zzz 0 0 0 1CA : (3.2)



3.2. Surfa
e magnetism and the SHG 37Non-zero elements of �(2)normal jjz xxz = xzx = yyz = yzyzxx = zyyzzzTable 3.1: Non-zero tensor elements of the nonlinear sus
eptibility tensor �(2) for the (001)
ubi
 surfa
e. For simpli
ity, only indi
es are displayed.The nonzero elements of tensor (3.2) are summarized in Table 3.1.3.2 Surfa
e magnetism and the SHGThe magnetization is in
uen
ing the nonlinear sus
eptibility tensor via the 
ombinationof a spin-orbit 
oupling and an ex
hange intera
tion [65, 67℄. The spin-orbit 
ouplinga
ts similarly to an external magneti
 �eld. It 
hanges the orbital momentum of theele
tron and thus rotates the polarization plane of the generated light. In nonferomag-neti
 materials, the e�e
t 
an
els while both spin states are equally o

upied. However,in ferromagneti
 materials the ex
hange intera
tion splits the ele
troni
 bands in energyand the spin-up and spin-down states are not equally o

upied. This implies that newnon-zero terms of the nonlinear sus
eptibility tensor 
an arise. The magnitude of theoriginal terms 
an be 
hanged, as well.The presen
e of magnetization ve
tor M is not a�e
ting the inversion symmetry ofthe material (sin
eM is an axial ve
tor). Therefore, the dipolar term in Eq. 3.1 is zero inbulk also for ferromagneti
 materials. However, magnetization is lowering the symmetryof the surfa
e. Therefore, new non-zero elements in the surfa
e-generated nonlinearsus
eptibility tensor �(2) are arising. These magnetization-indu
ed elements are in the�rst approximation linearly dependent on the magnetization ve
tor M and thus theyare 
hanging their sign when the magnetization is reversed. One 
an then write thenonlinear polarization in a dipolar approximation asP(2!;�M) = ��(2;even) � �(2;odd)�E (!)E (!) ; (3.3)where �(2;even) is the part of the nonlinear sus
eptibility tensor even in magnetizationand �(2;odd) is the part of the tensor odd in magnetization.The basi
 information about the nonlinear sus
eptibility tensor 
an be obtained fromsymmetry 
onsiderations. By applying symmetry transformations on the 
hosen system,one 
an easily determine whi
h tensor elements of the sus
eptibility tensor should be
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e magnetism by the SHG te
hniquezero, and whi
h should be odd or even in magnetization for individual 
on�gurations ofM with respe
t to the sample surfa
e and the in
iden
e plane of the ex
iting light beam.In the longitudinal opti
al 
on�guration (for the de�nition of the Cartesian 
oordinatesystem see Fig. 3.2) one gets�(2)(�M) = 0B� 0 0 0 0 �xxz ��xxy��yxx ��yyy ��yzz �yyz 0 0�zxx �zyy �zzz ��zyz 0 0 1CA ; (3.4)in the transverse 
on�guration the tensor has a form�(2)(�M) = 0B� ��xxx ��xyy ��xzz 0 �xxz 00 0 0 �yyz 0 ��yxy�zxx �zyy �zzz 0 ��zxz 0 1CA ; (3.5)and in the polar 
on�guration the tensor writes�(2)(�M) = 0B� 0 0 0 ��xyz �xxz 00 0 0 �yyz ��yxz 0�zxx �zyy �zzz 0 0 ��zxy 1CA : (3.6)In Table 3.2, the non-zero elements from (3.4), (3.5) and (3.6) are summarized, a

ordingto [68℄.With help of Table 3.2 it is possible to suggest several methods for obtaining themagneti
 SHG signal in various opti
al 
on�gurations. Let us assume that the magne-tization is longitudinal. The opti
al plane of in
iden
e is de�ned by the x and z axes ofthe Cartesian 
oordinate system in agreement with the notation in Table 3.2 (see alsothe s
hemati
 in Fig. 3.2). Then the basi
 experimental 
on�gurations are:1s-in For the in
ident s-polarization (i.e. the ele
tri
 �eld intensity ve
tor E is in the y-dire
tion, perpendi
ular to the plane of in
iden
e), there are photons generated atthe 2! frequen
y whi
h are p-polarized and also those whi
h are s-polarized. Thesour
e 
omponent of the nonlinear sus
eptibility tensor giving the main p-polarizedoutput is the �zyy tensor element even in M . For the s-polarization there is alsothe �yyy tensor element odd in M . The dire
t information about magnetization
an be therefore obtained by measuring the intensity of the s-polarized 2! light(s-in/s-out geometry) whi
h usually provides very low signal levels.1The 
orre
t quantitative analysis should also in
lude the Fresnel re
e
tion and transmission 
oeÆ-
ients of the interfa
es, as spe
i�ed in the surfa
e sheet model [69℄. In the following text we will in
ludethese fa
tors into the elements of the � tensor.
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P-in
configurationFigure 3.2: De�nition of the 
oordinate system in the longitudinal geometry of theMagnetization-Indu
ed Surfa
e Se
ond Harmoni
 Generation (MSSHG) experiment, a p-polarization is in
ident on the spe
imen surfa
e.normal jjz Even in M (�(2;even)) Odd in M (�(2;odd))Longitudinal yzy = yyz xyx = xxyM jjx xzx = xxz zyz = zzyzzz yzzzyy yyyzxx yxxTransverse xxz = xzx yxy = yyxM jjy yyz = yzy zxz = zzxzxx xxxzyy xyyzzz xzzPolar xxz = xzx = yyz = yzy xyz = xzy = �yxz = �yzxM jjz zxx = zyy zxy = zyxzzzTable 3.2: Non-zero tensor elements of the nonlinear sus
eptibility tensor �(2) for the (001)
ubi
 surfa
e in the presen
e of magnetization. The normal of the surfa
e is parallel to the zaxis. For simpli
ity, only indi
es of the tensor elements are displayed.
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e magnetism by the SHG te
hniquep-in For the in
ident p-polarization (the ele
tri
 �eld intensity ve
tor E is in the x� zplane of in
iden
e), there are generated photons at the 2! frequen
y whi
h arep-polarized and also s-polarized. The sour
e 
omponents of the nonlinear sus-
eptibility tensor responsible for the p-polarization output are the �xxz, �zxx and�zzz tensor elements even in M , while for the s-polarization there are responsiblethe �yzz and �yxx tensor elements odd in M . Therefore, an information aboutmagnetization 
an be obtained also in this 
ase by measuring the intensity of thes-polarized 2! light (p-in/s-out geometry).sp-in For the in
ident sp-polarization (the dire
tion of E is by 45Æ shifted with respe
tto the in
iden
e plane), a more 
ompli
ated mixture of polarizations is generated.Either in the 
ase of the dete
tion of the p-polarized light or for the s-polarized lightdete
tion, the resulting signal is generated by a sum of magneti
 and nonmagneti
tensor elements. In this 
ase, it turns out to be useful to de�ne the magneti
asymmetry as A = I(M)� I(�M)I(M) + I(�M) ; (3.7)where I is the intensity of the 2! light dete
ted for in the 
hosen experimental
on�guration. For the intensity magnitude, one 
an writeI(�M) / j�(2;even)e� � �(2;odd)e� j2 (3.8)where the e�e
tive nonmagneti
 �(2;even)e� and magneti
 �(2;odd)e� tensor elements areintrodu
ed as sums of respe
tive non-zero tensor elements (in
luding the Fresnelfa
tors). The asymmetry is then given asA = 2j�(2;even)e� jj�(2;odd)e� jj�(2;even)e� j2 + j�(2;odd)e� j2 
os('even � 'odd) : (3.9)Be
ause the absolute values of the magneti
 elements of the sus
eptibility tensorare usually mu
h smaller than the nonmagneti
 ones, one 
an simplify the equation(3.9) and obtain the term proportional to the tensor element odd in MA � 2j�(2;odd)e� jj�(2;even)e� j 
os('even � 'odd) : (3.10)In the above given equations, the 
os('even � 'odd) term is arising due to the
omplex nature of the sus
eptibility tensor elements, i.e. due to their, in general,unequal phase.
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e SHG 41The magneti
 information is then obtained by means of the asymmetry value. Thesame approa
h as for the sp-in/p-out (or s-out) geometry 
an be applied to othergeometries with are leading to a mixture of magneti
 and nonmagneti
 
omponentsin the output intensities, the p-in/sp-out geometry, for instan
e.The above given review has shown several ways how to obtain the information aboutthe surfa
e magnetism by means of the Surfa
e Se
ond Harmoni
 Generation te
hnique.Quantitative assumptions would be ne
essary to de
ide whi
h 
on�guration is giving foran individual surfa
e the best signal-to-noise ratio. In a real experiment, the trial andfailure approa
h gives usually the fastest answer to this issue.3.3 Experimental approa
hes to the surfa
e SHGIn this se
tion, the Magnetization-Indu
ed Surfa
e Se
ond Harmoni
 Generation(MSSHG) te
hnique will be dis
ussed from the experimental point of view. The re-
ently used experimental approa
hes will be des
ribed with emphasis on the setup usedin this work. The des
ription of the method is similar for MSSHG and the (nonmagneti
)surfa
e SHG, only the tool for magnetizing the sample is needed for MSSHG in addition.Nonlinear opti
al e�e
ts are usually a
hieved by strong ele
tromagneti
 �elds. Theneed of a sour
e of strong ele
tromagneti
 �elds is 
ommon for all the surfa
e SHGmethods des
ribed in following subse
tions. One of the most preferable ex
itation sour
esis a laser. Therefore, the nonlinear opti
s development is dire
tly related to the advan
esof the laser te
hnology. For the surfa
e nonlinear opti
s, the intensities above 1MW�
m�2are ne
essary. A 
ontinuous laser radiation 
annot be used be
ause any material would beimmediately destroyed by su
h a high power. The te
hnology of pulsed lasers is thereforeneeded. The shorter is the pulse width, the higher is the peak power. Therefore, theultrashort femtose
ond lasers are now preferable for experiments in nonlinear opti
s.The re
ent developments in high-repetition-rate mode-lo
ked lasers (Se
. 1.3.1) improve
onsiderably the experimental 
apabilities of the MSSHG methods.3.3.1 General des
ription of a surfa
e SHG experimentThe prin
ipal s
hemati
 of a surfa
e SHG experiment is sket
hed in Fig. 3.3. The lasersystem produ
ing ultrashort pulses serves usually for the ex
iting opti
al beam genera-tion. As in some experimental geometries the resulting signal is extremely sensitive tothe proper polarization of the ex
iting beam, the setting of the polarization before the
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polarization
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filter

polarization
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filterFigure 3.3: General s
hemati
 of the experimental setup used for surfa
e SHG experiments.beam impinges onto the sample has to be done with a high 
arefulness.When the surfa
e of the sample is not very rea
tive, it 
an be pla
ed in air. How-ever, if the sample surfa
e is rea
tive or if the measurement during its growth is to beperformed, spe
ial 
onditions are mandatory. In su
h a 
ase, the sample 
an be lo
at-ed either in ultrahigh va
uum (UHV) 
onditions or in an ele
tro
hemi
al 
ell [70, 71℄.The experiments in ele
tro
hemi
al 
ells allow to study the SHG response of the sampleduring the ele
trolyti
 pro
ess. In this way, the 
hanges of the surfa
e properties (rough-ness, 
hemi
al 
omposition...) during the pro
ess 
an be observed. However, most ofthe experiments are nowadays performed under UHV 
onditions whi
h are o�ering moreversatile sample preparation and 
hara
terization pro
edures.After the intera
tion with the sample the fundamental frequen
y has to be �lteredout and the light at the 2! frequen
y is dete
ted. In most experimental 
on�gurations,the polarization of the dete
ted 2! light is sele
ted by an analyzer and its intensity ismeasured afterwards by a photon 
ounting photomultiplier.3.3.2 Experimental setup | MSSHG in UHVThe experiments whi
h were the obje
tive of this work were dealing mainly with rea
tivemetalli
 surfa
es. The 
hanges of magneti
 properties during the layer-by layer growthwere studied. Therefore, the employment of a UHV apparatus was ne
essary. Thes
hemati
 des
ription of the setup is displayed in Fig. 3.4.The femtose
ond laser system used for the produ
tion of ultrashort laser pulses wasalready des
ribed in Se
. 1.3.1. It is produ
ing linearly polarized pulses at 800 nm. Thetypi
al pulse length is below 10 fs. The average power of the beam is about 1W. The
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Figure 3.4: S
hemati
 of the experimental setup used for Magnetization-Indu
ed Surfa
e Se
-ond Harmoni
 Generation (MSSHG) experiments.
orresponding energy of one pulse is � 13 nJ.As the samples 
ould be overheated by the full power from the laser, there was anoption of inserting a 
hopper in the laser beam. For most of the measurements dis
ussedin Chapter 4, about 10% of the power was used and the rest was reje
ted by the 
hopperblades. A 
omplementary method avoiding overheating of one spot on the sample is
onsisting of a raster-s
anning of the sample surfa
e by the laser beam. One of themirrors outside the 
hamber is mounted on a piezo-element whi
h is allowing to 
hangeslightly the dire
tion of the beam in two axes. By putting an AC signal on the piezoelements it is possible to s
an the sample surfa
e. The area of the sample s
anned in thisway is about 60�m�60�m. The frequen
ies 10Hz<f<100Hz were used for the s
an.For the quantitative interpretation of the MSSHG experiments, it is ne
essary tonormalize the obtained SHG intensities. Unlu
kily, the SHG yield is not dire
tly propor-tional to the ex
iting beam intensity, as the pulse width (and the related peak power)is not absolutely stable during the experiment. Broadening of the pulse is 
ausing a de-
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hnique
rease of the SHG yield even when the 800 nm light intensity stays 
onstant. Therefore,a measurement of the ex
iting light intensity 
annot be used as a referen
e. For the
orre
t normalization of the obtained results, a referen
e SHG 
hannel has to be used.A part of the beam is sele
ted by a beam splitter and sent through a quartz 
rystal. Theintensity of the generated 400 nm light is measured by a photomultiplier operating in ananalogue mode. This signal gives a 
orre
t normalization to the SHG generated on thesample in the UHV 
hamber.Before entering the 
hamber, the beam is passing through the part of the setup whi
his used to set its polarization. Using of a prism polarizer would 
ause broadening of thepulse (and therefore also de
rease of the peak power) due to the dispersion. Therefore,one has to use phase plates for polarization manipulation. One �=2 a
hromati
 phaseplate is used to rotate the polarization dire
tion in this 
ase. A �lter is used as thelast opti
al element before the pulse enters the UHV 
hamber to reje
t the 400 nm lightwhi
h is 
reated while passing through pre
eding opti
al elements. This 400 nm lightwould otherwise 
reate high ba
kground to the SHG signal generated from the surfa
eof the sample in the UHV 
hamber.The UHV 
hamber itself, the sample holder, the 
oil used for magnetizing the sampleand the MBE evaporators were des
ribed already in Se
. 1.3.3. The Medium-EnergyEle
tron Di�ra
tion (MEED) is serving not only for an adjustment of the orientationof the 
rystallographi
 axes of the sample, but also for monitoring of the growth of thethin �lms on the sample surfa
e [72℄. The MEED pattern 
an be re
orded by a 15-bitwater-
ooled CCD 
amera (Hamamatsu In
.) allowing also a quantitative analysis of theintensity of the di�ra
tion spots. However, for monitoring of the spe
ular beam intensityduring the experiment a photomultiplier working in an analogue mode is used, as it isproviding the desired signal without additional data treatment (needed for the 
ameradata).The 
hoi
e of the angle of in
iden
e is 
onstrained by the 
hamber geometry | itis 43Æ for most of the MSSHG experiments. After the beam leaves the 
hamber by theoutput viewport, the 800 nm 
omponent of the beam is �ltered out and only the SHGsignal at 400 nm remains. By a Glan-Thompson analyzer it is possible to 
hose thepolarization of the SHG light desired for the dete
tion. Photons whi
h pass throughthe analyzer are dete
ted by a photomultiplier (from the Perkin-Elmer Optoele
troni
s
ompany) in the photon-
ounting mode.The data a
quisition and the 
ontrolling of the experiment is provided with a help ofa personal 
omputer, for details see Se
. 1.3.4.In this 
hapter, the theoreti
al ba
kground of the Magnetization-Indu
ed Surfa
e
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e SHG 45Se
ond Harmoni
 Generation (MSSHG) te
hnique was summarized. The experimentalapproa
hes were des
ribed with emphasis on the arrangement used for the experimentsdis
ussed in the following 
hapter.





Chapter 4Experimental study of theO/Fe/MgO system by MSSHGIn this 
hapter, typi
al experimental results obtained by the Magnetization-Indu
ed Sur-fa
e Se
ond Harmoni
 Generation (MSSHG) te
hnique will be presented. The magneti
properties of the surfa
e in the p(1�1)O/Fe/MgO(001) system were studied. A 
ompletedata treatment leading to a quantitative information about the surfa
e magnetism willbe presented. The result will be 
ompared with another method, i.e. the Spin PolarizedMetastable Deex
itation Spe
tros
opy (SPMDS), used for the analysis of the surfa
emagnetization.4.1 Contradi
tory results of MSSHG and SPMDSThe previous experimental studies whi
h have motivated the MSSHG investigationsdes
ribed in this work are summarized in this se
tion.It is well established that atoms pla
ed on the surfa
e in some less 
oordinatedpositions, for instan
e step edges of an un
ompleted layer during the epitaxial growth,have di�erent magneti
 properties from those in bulk or in a 
omplete surfa
e layer.However, theoreti
al quantitative studies give somewhat 
ontradi
tory results [73{75℄.Up to now, there were two experimental works dealing with this phenomenon |a study of layer-by-layer growth of f

 Co �lms on Cu(001) surfa
e by Magnetization-Indu
ed Surfa
e Se
ond Harmoni
 Generation (MSSHG) [76, 77℄ and a study of surfa
tant-aided growth of Fe on p(1�1)O/Fe(001) surfa
e (for details about the stru
ture seeSe
. 4.2) by Spin Polarized Metastable Deex
itation Spe
tros
opy (SPMDS) [78℄. Theseexperiments are, however, not giving the same result. Both of them are showing os
il-



48 Chapter 4: Experimental study of the O/Fe/MgO system by MSSHG

Figure 4.1: Experimental results of Jin at al. [76℄. (a) Measured total SH intensity as a fun
-tion of the Co �lm thi
kness for s-polarized in
ident light in the transversal Kerr geometry forthe magnetization in opposite dire
tions. (b) Magneti
 asymmetry and (
) average SH intensity
al
ulated from the SH intensities in (a). In (d) the di�eren
e of the magneti
 asymmetry andits running average over 50 points is plotted. In (e) the similar di�eren
e as in (d) is plottedfor the average SH intensity Iavlatory behavior of the magneti
 signal with a period of one monolayer, but for Co onCu(001) minima of the magneti
 signal were observed for 
ompleted Co layers (the panel(d) in Fig. 4.1) while for Fe on p(1�1)O/Fe(001) maxima were observed for 
ompletedlayers (the left panel of Fig. 4.2). Then there arises a question whether this in
oheren
eis be
ause of di�erent nature of studied systems or be
ause the experimental methodswere used in some oversimpli�ed way.The aim of this 
hapter is to identify the origin of the di�eren
e between the MSSHGand the SPMDS results. Therefore, an experiment on the p(1�1)O/Fe(001) system wasperformed with use of the MSSHG method to �nd the origin of this di�erent behavior.
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Oxygen

Figure 4.2: Left panel: Experimental results of Bisio et al. [78℄ obtained for Fe growth onp(1�1)O/Fe(001) at room temperature. He re
e
tivity (RHe, 
ontinuous line) and SPMDSasymmetry A(E0) at E0 ' 11:5 eV (dots) as a fun
tion of deposition time are displayed. Thedashed line serves as a guide to the eye. Right panel: The geometry of p(1�1)O/Fe/MgO(001)system predi
ted by Chubb and Pi
kett [79℄.4.2 p(1�1)O/Fe/MgO(001) system studiedby MSSHGIn this se
tion, the experimental results obtained by the MSSHG te
hnique applied to thep(1�1)O/Fe/MgO(001) system will be presented. Firstly, the p(1�1)O/Fe/MgO(001)system and its preparation will be des
ribed. Then the experimental results in variousopti
al geometries will be presented. At the end, the �ndings will be 
ompared with theSpin Polarized Metastable Deex
itation Spe
tros
opy (SPMDS) results.4.2.1 The p(1�1)O/Fe/MgO(001) systemThe p(1�1)O/Fe/MgO(001) system is a model system for the adsorbate{metal intera
-tion studies. At the surfa
e of Fe(001), strong 
ovalent bonds between the Fe and Oatoms form a 
hemi
ally stable FeO monolayer. The predi
tion of the bond lengths atthe relaxed surfa
e was 
al
ulated by Chub and Pi
kett [79℄, as shown in the right panelof Fig. 4.2. While depositing additional Fe layers, the FeO monolayer is 
oating at thetop of the system and the oxygen monolayer is a
ting as a surfa
tant promoting epitax-ial layer-by-layer growth [80℄. After �nishing an experiment, the sample surfa
e 
an be



50 Chapter 4: Experimental study of the O/Fe/MgO system by MSSHGeasily renewed by annealing at 600ÆC. The oxygen atoms whi
h were buried under theFe layer during the deposition are moved ba
k to the lo
ation at the surfa
e during theannealing pro
edure.The p(1�1)O/Fe/MgO(001) system is for the experiments prepared as follows. TheMgO(001) substrate is polished, annealed in O2 and after loading to the UHV 
hamberis it 
ashed at 950K. The Fe/MgO(001) system is one of a few metal-insulator systemswhi
h grow layer-by-layer under 
ertain 
onditions [81, 82℄. After in situ epitaxial growthof a single 
rystal Fe �lm on a 
lean MgO(001) substrate at a pressure below 10�10mbarand by subsequent annealing at 870K, a 
lean and ordered Fe(001) surfa
e is obtained.During the deposition, the temperature is risen from 300K to 420K to promote theepitaxial growth. The resulting Fe width is �50 nm. The surfa
e quality is 
he
ked byMedium-Energy Ele
tron Di�ra
tion (MEED). Afterwards the Fe(001) surfa
e is exposedto � 20L O2 (1 L = 10�6Torr�s) and it is annealed at 870K for 30min. This results ina formation of the p(1�1) oxygen adlayer on the Fe(001) surfa
e.The MSSHG experiments motivated by the in
onsisten
y of previous MSSHG andSPMDS results des
ribed in Se
. 4.1 are performed during in situ epitaxial growth ofadditional Fe layers onto the p(1�1)O/Fe/MgO(001) spe
imen. The growth is monitoredby MEED. The 
omparison with the growth of iron layers on the 
lean Fe/MgO(001)surfa
e (without oxygen) 
an be seen in Fig. 4.3. The surfa
tant e�e
t of oxygen isobvious, multiple layers 
an be grown on the sample without large dumping of theMEED os
illations. This is in 
ontrast with growth of Fe on the Fe/MgO(001) system,where the three-dimensional growth is dominating.
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Figure 4.3: Os
illations of the intensity of the spe
ular MEED spot during the Fe growth onFe/MgO(001) and p(1�1)O/Fe/MgO(001) systems at 310K.



4.2. p(1�1)O/Fe/MgO(001) system studied by MSSHG 514.2.2 Results of the MSSHG experimentsThe MSSHG experiments on the p(1�1)O/Fe/MgO(001) system were performed withthe apparatus des
ribed in Se
. 3.3.2 (Fig. 3.4). For the preparation of Fe layers, a MBEevaporator was used. During the data a
quisition, the evaporator was shut down, sothat no light emitted from the hot Fe sour
e 
ould in
uen
e the opti
al measurement.First, an experiment for determination of the magnitude of the SHG signal wasperformed. One monolayer of Fe was grown onto the p(1�1)O/Fe/MgO(001) systemand afterwards the MSSHG was measured for in
ident p-polarization. The orientationof the analyzer was gradually 
hanged in 12Æ steps so that the MSSHG signal and themagneti
 asymmetry 
ould be observed for varying polarization of the dete
ted light.This helps in 
hoosing the best experimental geometry for experiments performed duringthe Fe layer growth.The results of this experiment are shown in Fig. 4.4. Important experimental setting isthe p-in/s-out 
on�guration, as mentioned in Se
. 3.2. The SHG signal is very low in this
ase. However, it is of solely magneti
 origin, therefore this 
on�guration is preferablefor studies of the surfa
e magnetism. It will be 
hosen as one of the experimental
on�gurations used for the MSSHG studies of the p(1�1)O/Fe/MgO(001) system duringthe epitaxial growth of the Fe layer. This will be des
ribed in the following part of thisse
tion.
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52 Chapter 4: Experimental study of the O/Fe/MgO system by MSSHGp-in/s-out geometryAs stated above, the p-in/s-out experimental geometry gives the information about thesurfa
e magnetization in a straightforward way. The intensity of the measured se
ondharmoni
 signal is dire
tly proportional to the e�e
tive sum of the "magneti
" tensorelements �yzz and �yxx whi
h are linearly dependent on the magnetization. The experi-mentally obtained normalized SHG intensities during the epitaxial growth of the Fe layeron the p(1�1)O/Fe/MgO(001) system are displayed in Fig. 4.5. The measurement timewas 40 minutes per one point in this 
ase. The SHG intensity in the beginning of the Fedeposition was 
hosen as the referen
e.The measured SHG intensity exhibits an initial drop to about 57% of its starting valuewhen depositing the �rst 0.5 monolayer of Fe. Later, it displays 
lear one-monolayerperiodi
 os
illations with maxima 
orresponding to full monolayer 
ompletion.When we indi
ate the e�e
tive sum of the magneti
 tensor elements involved as�(2;odd)e� , then for the intensity of the dete
ted SHG signal one 
an writeIP�in;S�out / j�(2;odd)e� j2 : (4.1)From this equation it follows that the e�e
tive magneti
 tensor element os
illates withthe same phase as the measured MSSHG intensity. This already gives an answer to theissue addressed in Se
. 4.1. However, the experiment in another geometri
 
on�guration
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4.2. p(1�1)O/Fe/MgO(001) system studied by MSSHG 53was performed to justify the result.sp-in/s-out geometryIn the sp-in/s-out geometry, a mixture of magneti
 tensor elements (�yzz, �yxx and �yyy)and one nonmagneti
 element �yyz is generating the SHG signal. For the determinationof magneti
 properties of the sample, the magneti
 asymmetry should be obtained duringthe experiment and the SHG intensity as well (see Se
. 3.2).The experimental 
urves for the SHG intensity ISP�in;S�out = (ISP�in;S�out(M) +ISP�in;S�out(�M))=2 and the asymmetry ASP�in;S�out are plotted in Fig. 4.6. Both theintensity and the asymmetry show os
illations with one-monolayer periodi
ity. Themeasurement time was also 40 minutes per one point in this 
ase.The asymmetry for this experimental 
on�guration 
an be expressed by Eq. 3.10:ASP�in;S�out � 2j�(2;odd)e� jj�(2;even)e� j 
os('even � 'odd) : (4.2)The intensity (see also Eq. 3.8) is proportional to the square of the nonmagneti
 tensor el-ement �(2;even)e� , the magneti
 tensor elements are negligible 
ompared to the nonmagneti
ones: ISP�in;S�out / j�(2;even)e� j2 : (4.3)
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Figure 4.6: SHG measurements during the Fe growth on the p(1�1)O/Fe/MgO(001) system.The normalized SHG intensity (average of I(M ) and I(�M )) and the asymmetry for thesp-in/s-out geometry are displayed. The signal os
illates with the one monolayer period.



54 Chapter 4: Experimental study of the O/Fe/MgO system by MSSHGThe 
al
ulation of the e�e
tive magneti
 tensor element from the experimental datais then straightforward, as will be seen in the following.Magneti
 signal separationFor both experimental 
on�gurations mentioned above, the e�e
tive magneti
 tensorelement �(2;odd)e� 
an be extra
ted from the experimental data. The e�e
tive magneti
tensor element is proportional to the magnetization magnitude. Therefore, it gives adire
t measure of the surfa
e magnetization during the epitaxial growth of the Fe layer.As the extra
tion of absolute values of the tensor elements is not possible, all the resultsare normalized to the value in the beginning of the Fe deposition.In the 
ase of p-in/s-out geometry, the 
al
ulation of �(2;odd)e� is straightforward.From Eq. 4.1 one obtains immediatelyj�(2;odd)e� j /pIP�in;S�out : (4.4)For the sp-in/s-out geometry, the 
ombination of Eq. 4.2 and Eq. 4.3 leads toj�(2;odd)e� j /pISP�in;S�out � ASP�in;S�out : (4.5)Here the assumption of a 
onstant phase di�eren
e 'even � 'odd was applied.Results provided by equations (4.4) and (4.5) are displayed in Fig. 4.7. As the resultsare mat
hing very well, one 
an say that the assumption of 
onstant phase di�eren
ewas 
orre
t in this 
ase and possible error was below the experimental resolution. Alsothe fa
t that in the 
ase of the sp-in/s-out 
on�guration is in �(2;odd)e� the �yyy elementin
luded in addition doesn't seem to play an important role, this tensor element will benegligible in 
omparison to �yzz and �yxx.Similar os
illatory behavior of the e�e
tive magneti
 tensor element �(2;odd)e� was ob-tained also in the p-in/sp-out and sp-in/p-out geometry. Another experiments were
arried out at 400 nm fundamental wavelength. They were providing almost identi
alresults as well.From the results presented in this se
tion, it 
an be 
on
luded that the magneti

ontribution to the SHG for the p(1�1)O/Fe/MgO(001) system during the depositionof additional Fe layers exhibit lo
al maxima for 
ompleted monolayers.
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Figure 4.7: Cal
ulated e�e
tive magneti
 tensor element of the sus
eptibility tensor frommeasurements in p-in/s-out geometry and sp-in/s-out geometry as well. The results werenormalized to their starting value for zero Fe-
overage. The sour
e data are displayed inFig. 4.5 and Fig. 4.6.4.2.3 Con
lusion and 
omparison of the O/Fe/MgO and Co/CusystemsThe above des
ribed study gives an answer to the problem addressed in Se
. 4.1. Thequestion was whether the surfa
e magnetization of the p(1�1)O/Fe/MgO(001) andCo/Cu(001) systems is behaving di�erently during the epitaxial growth of the top mag-neti
 layer or whether the applied experimental te
hniques (SPMDS resp. MSSHG)provide di�erent physi
al quantities.By 
omparing the results obtained on the p(1�1)O/Fe/MgO(001) system displayedin Fig. 4.7 and results obtained by Bisio et al. [78℄ (the left panel of Fig 4.2), one
an easily 
on
lude that the results are fully 
ompatible showing the maxima of themagneti
 signal for full monolayer 
overage. Therefore, it 
an be 
on
luded that bothMagnetization-Indu
ed Surfa
e Se
ond Harmoni
 Generation (MSSHG) and the SpinPolarized Metastable Deex
itation Spe
tros
opy (SPMDS), despite 
ompletely di�erentphysi
al me
hanisms, provide 
ompatible results even in the sub-monolayer range. Thesurfa
e magneti
 response of the p(1�1)O/Fe/MgO(001) and Co/Cu(001) systems is d-i�erent probably due to surfa
e relaxation and other e�e
ts 
aused by the oxygen adlayerin the p(1�1)O/Fe/MgO(001) system and also by 
ontributions of two interfa
es in theCo/Cu(001) system.



56 Chapter 4: Experimental study of the O/Fe/MgO system by MSSHGBesides the initial drop, the relative magnitude of the magneti
 signal os
illations(as displayed in Fig. 4.7) is of the order of 15% to 20%. This is mu
h more than valuesexpe
ted in the 
ase when only magneti
 moments of the edge atoms are involved.The key-role in determining the observed os
illations must be therefore played by the
hara
teristi
s of the O-Fe bonds within the surfa
e Fe layer. As a 
on�rmation of thishypothesis the same SHG experiments were performed during the Fe deposition on the
lean Fe(001) surfa
e (without oxygen). No os
illations of the SHG signal were observed,despite few damped, but still well resolved, os
illations of the MEED signal (see Fig. 4.3).The ab-initio 
al
ulations [79℄ predi
t about 23% in
rease of the surfa
e-to-subsurfa
ebond length and a large sensitivity of the surfa
e Fe magneti
 moment upon the O-Fegeometry [83℄. The enhan
ements of the top layer Fe magneti
 moments from 10% to15% with respe
t to 
lean Fe(001) surfa
e were predi
ted. Re
ent studies show thateven for homoepitaxial growth a 
onsiderable strains are indu
ed between the islandsand the layer underneath [84℄. It is plausible to expe
t that a 
reation of islands isresulting in de
rease of the magneti
 moments, as it is breaking the ideal surfa
e stru
tureand thus de
reasing the surfa
e relaxation. This would agree with the observationsreported in this 
hapter. However, the exa
t me
hanism of the os
illatory behavior ofthe surfa
e magnetization in the p(1�1)O/Fe/MgO(001) system is an open issue forfuture theoreti
al studies.In 
on
lusion, in this 
hapter the study of the surfa
e magnetism by the Magneti-zation-Indu
ed Surfa
e Se
ond Harmoni
 Generation method was reported. To ourknowledge, it was for the �rst time the thin �lm magnetism during its growth wasstudied by using the p-in/s-out longitudinal geometry. This brings advantage of purelymagneti
 origin of the observed SHG intensity. Also results in other experimental geome-tries whi
h are mixing the magneti
 and nonmagneti
 SHG response were 
oherent withthe p-in/s-out SHG experiment. All the experiments were showing 
learly one-monolayerperiodi
 os
illations of surfa
e magneti
 response with lo
al maxima for 
ompleted layers.This is in agreement with the previous SPMDS observations [78℄.



Chapter 5Ultrafast ele
tron dynami
sIn many physi
al phenomena the ex
itation and relaxation of ele
trons in solid state ma-terials plays an important role. The ele
tron dynami
s has to be taken into a

ount whendealing with intera
tions of mole
ules with surfa
es, surfa
e "femto
hemistry", opti
alpro
essing of surfa
es, magneto-opti
al re
ording, surfa
e phase transitions, ele
tri
al
harge and heat transport and with other phenomena.Of high importan
e are also studies of spin-dependent lifetimes in ferromagnets, be-
ause there is a dire
t link to the appli
ations in the data-re
ording industry. From therelaxation of hot ele
trons in ferromagnets one 
an learn about the de
ay of transientmagnetization and about spin-sele
tive transport and tunneling.In this 
hapter, the issue of experimental methods feasible for studies of the ultrafastele
tron dynami
s will be therefore addressed. A simple theoreti
al model for explanationof the experimental results will be shown as well.5.1 Experimental methods for measurements of theultrafast ele
tron dynami
sFor understanding the fundamentals of the ele
tron dynami
s in metals, the knowledge ofthe lifetimes and de
ay me
hanisms for hot ele
trons is ne
essary. By "hot ele
trons" wemean the bound ele
trons ex
ited above the Fermi level. The theory of ele
tron s
atteringin metals was �rst formulated by Drude [85℄. There exist several 
lassi
al methods tomeasure the lifetimes of these hot ele
trons: the opti
al 
ondu
tivity measurements [86{88℄, the transport measurements of thermal ele
trons at the Fermi surfa
e [89, 90℄ andballisti
 transport studies of hot ele
trons inje
ted into metal from the va
uum or from
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tron dynami
san interfa
e with another material [91{93℄.Basi
 information about the lifetimes of the hot ele
trons 
an be obtained also bymeasuring the width of spe
tros
opi
 resonan
e features by means of the inverse pho-toemission [12, 94℄, for instan
e. The width of the spe
tros
opi
 line � is given by thesum of elasti
 and inelasti
 s
attering pro
esses through the un
ertainty relation� � � = 660meV�fs ; (5.1)where the average time between the phase-breaking s
attering events is denoted as � .Other spe
tros
opi
 te
hniques are using the high-resolution soft X-ray spe
tros
opy forstudies of Auger resonant Raman intensities [95, 96℄ whi
h is also a

essing the �eld offemtose
ond dynami
s of adsorbate-substrate 
harge transfer pro
esses.Re
ently, a novel approa
h to measure the lifetimes of hot surfa
e state and surfa
eresonan
e ele
trons with use of a 4K s
anning tunneling mi
ros
ope (STM) was givenby B�urgi et al. [97℄.In this work, we will fo
uss on the time resolved two-photon photoemission spe
-tros
opy whi
h is allowing in its pump-probe modi�
ation to perform highly resolvedinvestigations of the ele
tron dynami
s at surfa
es [8, 38℄.5.2 Experimental apparatus for time-resolved two-photon photoemissionIn this se
tion, the experimental setup used by us for the time-resolved studies will bedes
ribed. Most of the parts of the setup were already mentioned in previous 
hapters.Therefore, we will mainly fo
us on the improvements providing the time-resolution.The prin
iple of the time-resolved two-photon photoemission (TR-2PP) is sket
hedin Fig. 5.1. An ultrafast femtose
ond laser pulse is ex
iting the ele
trons from the statesbelow the Fermi level EF to uno

upied states above the EF and below the va
uum levelEva
 (part 1 of Fig. 5.1). The other (probe) pulse is 
oming with a delay � . During thedelay between the pump and the probe pulses, the ele
tron 
an either de
ay ba
k fromthe ex
ited state or it 
an stay at the ex
ited level (depending on its lifetime and on thelength of the delay �). When the delay � is short enough with respe
t to the lifetime ofthe hot ele
tron, the photoele
trons 
an be dete
ted (part 3a of Fig. 5.1).As both the pump and the probe pulses are 
onsisting of many photons, it should bepointed out that the two-photon photoemission signal 
an be generated also by ex
itationby two photons from the pump pulse or by two photons from the probe pulse. This



5.2. Experimental apparatus for time-resolved two-photon photoemission 59

Evac

EF

E

k

F

hw

Virtual or

real

Evac

EF

E

k

F
Virtual or

real

delay

t

Evac

EF

E

k

F
Virtual or

real

Evac

EF

E

k

F

hw

Virtual or

real

1

2

3a

3b

Figure 5.1: Prin
iple of the time-resolved two-photon photoemission. 1: The ele
tron frombelow the Fermi level is lifted by the �rst photon to an uno

upied state below the va
uumlevel. 2: During the delay between the pump and the probe pulse the ele
tron 
an de
ay ba
kfrom the ex
ited state or stay in this state, depending on its lifetime and on the delay length� . 3a+3b: When the delay � is short enough, the probe pulse is ex
iting the hot ele
tron tothe va
uum state and it 
an be dete
ted.
ontribution to the 2PP signal is, however, independent on the delay � and therefore it
an be easily identi�ed when evaluating the results of the TR-2PP experiment.The energy of the ex
iting fs-pulses should be well below the va
uum energy Eva
(measured with respe
t to EF ), so that the one photon photoemission is not possible(i.e. ~! < Eva
 � EF ). Otherwise the 2PP signal would not be resolved, be
ause the1PP intensities are mu
h higher. On the other hand, the energy of the photons shouldbe high enough to allow the ex
itation from the ground state to the va
uum level by twophotons. It means that the 2~! > Eva
 � EF 
ondition should be ful�lled.The experimental arrangement used for the time-resolved 2PP experiments is dis-played in Fig. 5.2. Most of its parts have been already des
ribed in Se
tion 1.3 dealingwith the two-photon photoemission, therefore only the di�eren
es ne
essary for the time-resolved measurements will be given here in detail.The home-built fs-laser system and the frequen
y doubling stage atta
hed are pro-
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Figure 5.2: S
hemati
 of the experimental setup used for time-resolved photoemission exper-iments.du
ing femtose
ond laser pulses at 400 nm with a length well below 20 fs (see Se
. 1.3.2).After the frequen
y doubling stage, the beam is entering the Ma
h-Zehnder interferom-eter whi
h is splitting the pulse into two parts and whi
h allows to introdu
e a delay� of one part of the beam by moving the appropriate arm of the interferometer. Theuse of the Ma
h-Zehnder interferometer allows to keep the pump and the probe pulses
ollinear, so that they 
an interfere. This is important for obtaining the informationabout the 
oheren
e de
ay of the hot ele
trons (see Se
. 5.3).As 1 fs delay is 
orresponding to a shift of the arm of the interferometer by 0:3�m,the high-stability piezoele
tri
ally a
tuated stage (Piezosystem Jena GmbH) has to beused to position the arm of the interferometer if the sub-fs resolution is desired. TheMa
h-Zehnder interferometer was ma
hined from stainless steel and the moving stageof titanium to a
hieve high thermal stability of the system. The laboratory was air-
onditioned in addition, be
ause also other parts of the experiment are temperature-sensitive. The stability of the interferometer was further improved by the fa
t that theinterferometri
 opti
al table (by Newport In
.), the laser was mounted on, was 
hosento e�e
tively damp the vibrations. Its thi
kness is 45 
m and it is pla
ed on pneumati




5.2. Experimental apparatus for time-resolved two-photon photoemission 61isolators I2000 with automati
 leveling in addition. The interferometer is lo
ated in asemi-sealed box to avoid spoiling of the surfa
es of the beam splitters and mirrors bydust parti
les.As 
an be seen in Fig. 5.2, there are two outputting beams from the Ma
h-Zehnderinterferometer. One is used for the ex
itation of the sample surfa
e (the signal output).The other one is mono
hromatized (at 400 nm) and its intensity is measured as a referen
esignal to monitor the delay (the referen
e output). Key property of the Ma
h-Zehnderinterferometer is that one of the two interfering beams is having the phase shifted by�=2 in the 
ase of the referen
e output 
ompared to the 
ase of signal output. Therefore,when a 
onstru
tive interferen
e in the signal output is observed, in the referen
e outputthere is a destru
tive interferen
e o

urring.The experiment 
an be usually 
ondu
ted in two ways. One way is to dete
t the
omplete photoele
tron spe
tra at dis
rete values of the delay � . The other way is to
hoose dis
rete values of the energy for the dete
ted photoele
trons and s
an the wholeavailable range of the delay � for ea
h of these values.When the 
onstant-delay mode of operation is 
hosen, the interferometer should beset so that there is a 
onstru
tive interferen
e in the signal beam. This setting 
an bea
hieved by minimizing the signal from the referen
e measurement diode. To be able tomeasure over extended time periods (hours), the piezo positioning of the interferometerarm is 
ontrolled through a lo
k-in feedba
k by the signal from the diode measuringthe referen
e beam intensity. To enable the lo
k-in dete
tion, a small AC voltage (at�2 kHz) has to be added to the voltage 
ontrolling the piezo position.However, in this 
hapter, we will deal with the other mode of operation of the in-terferometer only. It serves for a
quiring photoemission and SHG data at 
ontinuouslyvarying delays � , so that the 
omplete interferogram 
an be 
onstru
ted. The energyof dete
ted photoele
trons is kept 
onstant during this experiment. In this 
ase, thefeedba
k 
ontrol of the piezo position is swit
hed o� and a voltage ramp from an Agilent33120A fun
tion generator is applied instead. The voltage ramp is displayed in Fig. 5.3.It is applied periodi
ally with a � 2Hz frequen
y. The data a
quisition was syn
hronizedby a trigger signal at the start of the ramp. The range in whi
h the data were re
ordedis indi
ated in the �gure. By 
hanging the amplitude of the ramp the range of the delaysbetween the pulses 
an be modi�ed, the maximum range allowed by the piezo a
tuatorwas �130 fs. Prior to applying it on the piezo, the voltage ramp is passed through alow-pass �lter to have a smoother time behavior. As the response of the piezo elementis not linear with the applied voltage, an additional measurement is needed to obtainthe time-s
ale for the re
orded 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 Ma
h-Zehnder interfer-ometer during the TR-2PP experiment. The voltage is applied periodi
ally, only one period isdisplayed.referen
e beam is used for this purpose. While the arm of the interferometer is moving,the interferometri
 fringes are passing a
ross the diode. From a known wavelength ofthe dete
ted mono
hromatized light, one 
an easily 
al
ulate the delay between the twointerfering beams.The signal beam is after the Ma
h-Zehnder interferometer passing through dispersion-
ompensating and polarization-setting opti
s whi
h was des
ribed in detail in Se
tion1.3.2.In the UHV-photoemission 
hamber (see Se
. 1.3.3), the laser beam is impinging onthe sample. Both photoemission and the surfa
e SHG signals are dete
ted at the sametime. The SHG response of the surfa
e is instantaneous. Therefore, the re
orded SHGsignal is providing the interferometri
 auto
orrelation of the femtose
ond pulse dire
tly.By 
ontrast, the photoemission signal is in
uen
ed by lifetimes of the intermediate states,as indi
ated in Fig. 5.1. Roughly said, the lifetimes of the hot ele
trons 
an be dedu
edfrom the di�eren
e between the SHG and 2PP tra
es. A broadening of the 2PP tra
e
ompared to the SHG tra
e is an indi
ation of the non-zero lifetimes of the intermediatestates. More detailed analysis will be provided in the next Se
tion 5.3.The geometry of the experiment is 
onstrained by the fa
t that the intention is tomeasure the 2PP and SHG signals simultaneously. From the design of the UHV 
hamberused in the experiment, the 35Æ in
iden
e angle of the 400 nm beam and normal (0Æ)emission geometry for the photoele
tron dete
tion is resulting. When the laser pulseproperties are stable in time, however, it is possible to perform the experiment also withan oblique angle of emission of the photoele
trons. Then the SHG auto
orrelation and



5.2. Experimental apparatus for time-resolved two-photon photoemission 63the 2PP signal have to be measured separately with the varying angle of in
iden
e. Theele
trostati
 photoele
tron energy analyzer with a 
hanneltron used for the dete
tion ofphotoele
trons was des
ribed already in Se
tion 1.3.3.The SHG dete
tion is 
ompli
ated by a fa
t that the se
ond harmoni
 of the 400 nmlight is already in the UV region. Therefore, the �lter-o� of the fundamental (400 nm)light after the 
hamber 
annot be done by a glass �lter. The beam is sent through aprism instead and a spatial �ltration is performed. For the dete
tion of the 200 nm light,a photomultiplier working in a photon-
ounting regime is used. No polarization analysisof the SHG light is done. A ba
kground SHG signal is 
aused by the SHG generatedin opti
al elements before the UHV-
hamber. For suppressing this ba
kground, a blue�lter is pla
ed just before the beam is entering the va
uum apparatus.Both SHG and 2PP signals are re
orded by the pulse 
ounting te
hniques (the FASTComTe
 7882 Multis
aler data a
quisition system). The number of boxes in whi
hthe multis
aler is storing the data was 
hosen as 4096, the measurement time for onebox was 125�s whi
h is at �2Hz s
an frequen
y 
overing the whole interferogram.The resolution of the interferogram is therefore �50 as. As the signal from the diodemeasuring the intensity of the referen
e beam is providing the time s
ale for the SHG and2PP interferometri
 tra
es, 
orre
t timing over the whole a
quisition window (500ms for�2Hz s
ans) with pre
ision of one box of the multis
aler (125�s) is absolutely ne
essary.The syn
hronization of the multis
aler and the A/D 
onverter KPCI-3108 (used formeasurements of the referen
e diode voltage) was not suÆ
iently pre
ise. Repla
ing thediode by another photomultiplier (with a thi
k grey �lter in front of it) helped to avoidany timing problems. The signal from the photomultiplier 
ould be a
quired also by theFAST ComTe
 7882 Multis
aler and the 
orre
t timing was justi�ed.The number of s
ans needed for obtaining data of suÆ
ient quality was determinedby the intensity of both SHG and 2PP signals. In Fig. 5.4, results of a test measurementperformed on the Au(111) surfa
e 
an be seen. The SHG interferogram has 
learly betterquality than the 2PP interferometri
 tra
e. However, the improvement of the statisti
s
an be easily done by measuring over an extended time interval or by averaging multipleinterferograms.The photoele
tron analyzer is ready for atta
hing the spin analyzer, in this waythe spin resolution 
an be a
hieved. The other way to obtain the spin resolution isan ex
itation by a 
ir
ularly polarized light. The experimental setup des
ribed in thisse
tion is therefore a versatile tool allowing to 
ondu
t various experiments in the �eldof hot ele
tron dynami
s.
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Figure 5.4: Left panel: The interferometri
 auto
orrelation measured as the surfa
e SHG onthe Au(111) surfa
e. Right panel: Simultaneously measured two-photon photoemission tra
e.5.3 Pro
essing of the experimental data | theoryof ultrafast ele
tron dynami
sFrom the experiment des
ribed in the previous se
tion a data set 
onsisting of twointerferometri
 tra
es is obtained: the interferometri
 auto
orrelation of the opti
al pulse(IfAC) measured by the surfa
e SHG te
hnique and the 2PP interferometri
 signal (infurther text denoted as I2PP). In this se
tion, it will be des
ribed how the lifetimes ofthe hot ele
trons 
an be obtained from these data.The IfAC data are 
ontaining the information needed for the des
ription of the fem-tose
ond pulse. Important part of this work was fo
ussed on obtaining the ultrashortpulse properties (the amplitude and the phase of the ele
tri
 �eld) from the IfAC data.This is in detail des
ribed in Chapter 6. For the rest of this se
tion, we will assume thatthe femtose
ond pulse properties are known.The 
omplete theoreti
al des
ription of the two-photon photoemission experimentshould in
lude the intera
tion of the ele
trons with the radiation, latti
e and otherele
trons. Su
h a des
ription would be rather 
omplex, but it turns out that also sim-pli�ed model 
an provide valuable results. Su
h model, feasible for the time-resolvedtwo-photon photoemission experiment des
ription, involves the opti
al Blo
h equations(OBE) formalism. The OBE model is des
ribed in detail elsewhere [14, 98℄, however, forthe two-level system only.The OBE model is based on a density matrix des
ription of the time evolution of anatomi
 system in response to an external time-dependent perturbation. It serves well asa heuristi
 model for analyzing the data from the TR-2PP experiments [8, 99, 100℄. The
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essing of the experimental data | theory of ultrafast ele
tron dynami
s 65I2PP measurements are simulated by 
al
ulating the �nal state population of ele
trons(va
uum state) ex
ited by a two-pulse sequen
eE(t) = ~E(t)ei!0t + ~E(t� �)ei!0(t��) ; (5.2)where ~E(t) is the slowly varying 
omplex envelope of the pulse (whi
h has to be deter-mined from the IfAC data), !0 is a 
arrier frequen
y and � is the delay between the twopulses. The response of the system to a perturbation is des
ribed by a linear 
ombinationof the basis fun
tions of the undisturbed system 'j,  (t) =Pj aj(t)'j, j = 0; 1; 2. It isuseful to transform the 
oeÆ
ients into a rotating set of 
oordinates: 
j(t) = eij!0taj(t).The di�erential equations for motion of 
j then writed
jdt = �i�j
j + i2~pj;j�1 ~E�(t)
j�1 + i2~pj;j+1 ~E(t)
j+1 ; (5.3)where pnm are transition dipole moments and �j = !j�j!0 is des
ribing the nonresonantenergy of the level j with respe
t to the ground state and j-multiple of the 
entral laserenergy !0. The equation (5.3) is used to derive nine 
oupled di�erential equations (theopti
al Blo
h equations) des
ribing the time evolution of populations and polarizationsasso
iated with the levels indi
ated in Fig. 5.5. The populations and polarizations 
an
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Figure 5.5: S
hemati
 energy diagram of the two-photon photoemission. Initial j0i, interme-diate j1i and �nal j2i state are 
oupled by pump and probe pulses.
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tron dynami
sbe represented by the density matrix:� = 0B� 
0
�0 
0
�1 
0
�2
1
�0 
1
�0 
1
�2
2
�0 
2
�0 
2
�2 1CA : (5.4)The diagonal elements provide the time-dependent populations �n = 
�n
n, (n = 0; 1; 2),while the o�-diagonal elements represent the polarizations| opti
ally indu
ed 
oheren
ebetween the levels �nm = 
�n
m, (n;m = 0; 1; 2). The 
omplete set of opti
al Blo
hequations for a three-level system 
an be found in Ref. [100℄: for the 
omplex ele
tri
�eld that ex
ites the system E(t) = ~�(t)ei!0t (5.5)the opti
al Blo
h equations write��11�t = i2~d01 (~� �
0
�1 � ~� 
1
�0) + i2~d12 (~� 
2
�1 � ~� �
1
�2)� 1T 11 �11 (5.6)��22�t = i2~d12 (~� �
1
�2 � ~� 
2
�1)� 1T 21 �22 (5.7)��00�t = ���11�t � ��22�t (5.8)�(
1
�0)�t = i2~d01~� � (�00 � �11)� i2~d12~� 
2
�0 � �i�1 + 12T 11 + 1T 012 � 
1
�0 (5.9)�(
2
�1)�t = i2~d12~� � (�11 � �22)� i2~d01~� 
2
�0��i (�2 ��1) + 12T 21 + 12T 11 + 1T 122 � 
2
�1 (5.10)�(
2
�0)�t = i2~~� � (d12
1
�0 � d01
2
�1)� �i�2 + 12T 21 + 1T 022 � 
2
�0 : (5.11)The de
ay of �n and �nm is 
aused by s
attering and it is in
luded in the opti
al Blo
hequations through T n1 | the energy relaxation time due to inelasti
 
ollisions and T nm2| the phase relaxation time due to elasti
 
ollisions. The opti
al Blo
h equations aresolved numeri
ally for the given population of the �nal state �2(�) = R 
�2
2dt measuredin the experiment (I2PP) as a fun
tion of the pump-probe delay � .
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essing of the experimental data | theory of ultrafast ele
tron dynami
s 67From the numeri
al solution of the opti
al Blo
h equations the relaxation times areobtained. T 11 , T 012 , T 122 and T 022 
ontribute to the � dependen
e of the I2PP, while T 01and T 21 in
uen
e only the magnitude of the measured photoemission signal. T 11 is theinelasti
 s
attering time of the intermediate state j1i whi
h in 
ausing an in
oherent(nonos
illating) de
ay of the 
orrelation tra
es, T 012 and T 122 des
ribe the de
oheren
e ofthe polarizations that 
ouple j0i and j1i states (respe
tively j1i and j2i). The T 022 de
aytime is des
ribing the two-photon indu
ed polarization between j0i and j2i.For the relaxation parameters, mu
h longer than the pulse width a simpli�ed pro-
essing of the experimental data is possible [99℄. It is based on a de
omposition of theI2PP data into 0!, 1! and 2! envelopes. However, for relaxation times 
omparable tothe pulse width a 
omplete numeri
al �tting of the opti
al Blo
h equations is ne
essary[100℄.The opti
al Blo
h equation analysis is providing a s
heme for pro
essing the exper-imental data. However, no information about the physi
al nature of the pro
esses thatare in
uen
ing the ele
tron dynami
s 
an be obtained. Generally, the de
oheren
e is
aused by the s
attering of the ele
tron-hole pairs with the deformation potential, im-purities, Fermi sea, or the surfa
e. For the de
ay of the population of the intermediatestate, there is responsible mainly the ele
tron-ele
tron s
attering. However, the detailedstudy of these pro
esses is not an aim of this work.In this se
tion, the opti
al Blo
h equations formalism for des
ribing the de
ay timesof the hot ele
trons was introdu
ed. The experimental input for the analysis is the 2PPinterferometri
 signal. However, the �rst step in the 
al
ulation has to be the determina-tion of the properties of the opti
al pulse used in the experiment. The obje
tive of thiswork was therefore fo
ussed more on the femtose
ond pulse shape and phase analysisthan on the appli
ation of the OBE formalism. The next 
hapter will be therefore fully
on
erned about the determination of the ultrashort pulse properties.





Chapter 6
Chara
terization of ultrashort laserpulses
In the experimental arrangement for the time-resolved two-photon photoemission thesub-10 fs pulses are produ
ed by the titanium-sapphire laser system (see Se
tion 1.3.1).As the resolution of the time-resolved experiments is dire
tly related to the laser pulsewidth, it is ne
essary to work with the pulses as short as possible. For the adjustment ofthe whole setup, it is very important to be able to measure the detailed pulse properties(i.e. the amplitude and the phase of the ele
tri
 �eld), so that a setting produ
ing theshortest pulses 
an be a
hieved. For the analysis of the results of the time-resolvedexperiments by means of the opti
al Blo
h equations, it is also ne
essary to know theexa
t amplitude and a phase of the ele
tri
 �eld in the femtose
ond pulse. In this 
hapter,we will therefore deal with a problem of determination of the laser pulse length and itsshape in a sub-10 fs s
ale. Also a novel method whi
h is quite easily appli
able in theexperimental arrangement used for the TR-2PP will be des
ribed.
6.1 Overview of pulse-
hara
terization methodsIn this se
tion, the prin
iples whi
h are used for obtaining the amplitude and the phaseof the ele
tri
 �eld in ultrashort opti
al pulses will be brie
y reviewed. The limits of useand basi
 advantages and disadvantages will be addressed.



70 Chapter 6: Chara
terization of ultrashort laser pulses6.1.1 Intensity auto
orrelationThe temporal intensity pro�le Is(t) of an opti
al pulse 
an be easily determined whena shorter referen
e pulse of known shape Ir(t) is available. If we de�ne the Fouriertransforms of the intensity pro�les asIj(!) = 1Z�1 Ij(t)e�i!tdt ; where j = r or s ; (6.1)then the pulse shape 
an be determined by measuring the intensity 
ross-
orrelationA
(�) = 1Z�1 Is(t)Ir(t� �)dt : (6.2)This 
an be done by dete
ting a se
ond-harmoni
 response in a nonlinear medium tothe simultaneous ex
itation by the signal and the referen
e beams delayed by � withrespe
t to ea
h other. Thanks to the fa
t that in the Fourier domain the equation (6.2)transforms into A
(!) = Ir(!)I�s (!) ; (6.3)the Fourier transform of the pulse shape Is(!) 
an be easily extra
ted and after applyingthe inverse Fourier transform the pulse shape Is(t) 
an be obtained. Sin
e now on wedenote the Fourier transform of a fun
tion by repla
ing its time argument by a frequen
yargument (for instan
e I(!) is the Fourier transform of I(t)).This operation 
an be used with any referen
e pulse, in prin
iple, but only for refer-en
e pulses whi
h are shorter than the signal pulse (i.e. they have a broader spe
trum)this pro
edure 
an lead to a reasonable signal-to-noise ratio. Unfortunately, for the ex-periments des
ribed in this thesis, no referen
e pulse shorter than the signal pulse wasavailable. This is be
ause the aim was to to make the signal pulse as short as possible (afew femtose
onds). In su
h a 
ase, the signal pulse itself 
an be used also as a referen
epulse Is(t) = Ir(t) = I(t) and the de�nition (6.2) transforms into a de�nition of theintensity auto
orrelation (IAC)IAC(�) = 1Z�1 I(t)I(t� �)dt : (6.4)In the Fourier domain, one gets thenIAC(!) = jI(!)j2 : (6.5)



6.1. Overview of pulse-
hara
terization methods 71One has to keep in mind that the signal and the referen
e pulse should not interfere whi
his guaranteed by a non
ollinear adjustment of the �rst beam and the beam delayed by � .However, from the auto
orrelation IAC(�) it is not possible to obtain an unambiguouspulse shape I(t) as the auto
orrelation 
ontains too little information. Usually, one hasto assume a 
ertain pulse shape and then the pulse length is adjusted to satisfy theequation (6.4).For a laser setup produ
ing ultrashort pulses, it is expe
table that su
h an aprioripulse shape assumption would not lead to a result des
ribing the pulses satisfa
torilywell. Moreover, it is not possible to obtain a phase information (whi
h is ne
essary fora 
omplete pulse des
ription) from the IAC without any further measurements.6.1.2 Interferometri
 auto
orrelationWhen the beam of the pulsed laser system is split into two parts in an interferometer(Mi
helson, Ma
h-Zehnder...) and the 
ollinear arrangement of the two beams is main-tained, the beams 
an interfere prior to ex
iting the nonlinear medium. Then, insteadof the intensity auto
orrelation, one obtains the interferometri
 auto
orrelation (IfAC)IfAC(�) = 1Z�1 f[E(t) + E(t� �)℄2g2dt : (6.6)For three basi
 pulse shapes (see Table 6.1), the IfAC is plotted in Fig. 6.1 for illustration.The interferometri
 auto
orrelation 
ontains mu
h more information about the pulsethan the intensity auto
orrelation. Even the phase information 
an be extra
ted. Howev-Pulse shape Intensity pro�leGaussian e�2( t�p2 ln 2 )2Lorentzian  11+� t� 2pp2�1�2!2
Se
ant hyperboli
 � 2e t� (2 ln(p2+1))+e� t� (2 ln(p2+1))�2Table 6.1: The basi
 pulse shapes, � denotes the intensity-FWHM.
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Figure 6.1: The interferometri
 auto
orrelation 
al
ulated for three basi
 pulse shapes. Thepulse intensity FWHM is 15 fs, the wavelength used for the 
al
ulation is 400 nm.er, most of the methods for obtaining a pulse shape and a phase from the interferometri
auto
orrelation need an additional information about the pulse (i.e. the spe
tral inten-sity for instan
e). In Se
tion 6.2, some of these approa
hes will be dis
ussed.6.1.3 Frequen
y-resolved opti
al gatingOne of 
ommonly used methods for 
hara
terization of femtose
ond laser pulses is aFrequen
y-Resolved Opti
al Gating (FROG). This method operates in so 
alled time-frequen
y domain whi
h means that the 
omplete set of experimental data required forthe pulse re
onstru
tion has to be both temporally and spe
trally resolved. For themost sensitive type of FROG, whi
h is involving the se
ond harmoni
 generation pro
ess



6.2. Determination of the fs-pulse properties 73
Spectro
meter

Filter

SHG
crystal

Translation
stage

Beam splitterFigure 6.2: Basi
 experimental setup of the SHG FROG.(SHG FROG), the required data are forming a time-resolved spe
trogram [101℄I SHGFROG(!; �) = ������ 1Z�1 E(t)E(t� �)e�i!tdt ������2 : (6.7)The experimental setup is displayed in Fig. 6.2. In prin
iple, this is a spe
trally resolvedauto
orrelator. For varying delays � between the two parts of the beam, the spe
trumof the SHG signal is re
orded and thereby the I SHGFROG(!; �) fun
tion a
quired.An iterative algorithm has to be applied to extra
t the pulse shape and the phase fromthe experimental data [102{105℄. A general property of the pulse retrieval algorithms isthat for experimental data 
onsisting of N spe
tra, ea
h spe
trum having N points, it isne
essary to performN Fourier transforms (and additionalN inverse Fourier transforms)in ea
h step of the iterative algorithm.6.2 Determination of the fs-pulse propertiesThe FROG method des
ribed in the previous se
tion seems to be a robust tool for de-termination of the pulse shape. However, in the two-photon photoemission experimentalsetup there appear some diÆ
ulties when applying this method. It is important to knowthe pulse shape and its phase dire
tly at a position of the sample whi
h is lo
ated ina UHV 
hamber. In this 
ase, it is not very simple to build a FROG apparatus insidethe UHV 
hamber. Su
h a setup needs pre
ise alignment of very tiny opti
al 
ompo-nents (the nonlinear 
rystal, for instan
e). Other 
ompli
ation arises from a fa
t thatthe SHG signal of the pulses (with a wavelength �400 nm) is already in the UV region
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terization of ultrashort laser pulses(�200 nm) whi
h is even more 
ompli
ating the manipulation with the beams. Also thenon
ollinearity of the FROG setup (see Fig. 6.2) is 
ompli
ating its use in UHV. How-ever, the non
ollinearity issue 
an be solved [106℄ for the pri
e of more 
omplex datapro
essing.As the FROG methods are quite unfavorable in the 
ase of the experimental setupdes
ribed in Chapter 5, it is feasible to rely on methods whi
h are using the interfero-metri
 auto
orrelation (IfAC) as a basi
 data set for obtaining the pulse shape and thephase. Very 
onvenient approa
h is to use a surfa
e of the sample as a nonlinear medi-um and generate the IfAC by the surfa
e SHG from the sample itself. Details about thesurfa
e SHG 
an be found in Chapter 3. The major advantage of this method is that theIfAC is generated dire
tly on the surfa
e of the sample and therefore it des
ribes pulseproperties dire
tly at the spe
imen lo
ation. Be
ause the eÆ
ien
y of the surfa
e SHGis very low, it doesn't allow to analyze spe
trally the signal. Therefore, an appli
ationof the FROG approa
h is not possible and one has to rely on other methods.The �rst use of the interferometri
 auto
orrelation for the pulse 
hara
terizationwas reported by Diels et al. [107℄ in 1985. The method was improved and rigorousmathemati
al theory was developed by Naganuma et al. [108℄ a few years later. However,there was always a need of some additional experimental data to 
omplement the IfACinformation. Usually, the intensity spe
trum was used. A robust algorithm for the pulseshape and phase retrieval with the use of an intensity auto
orrelation and an intensityspe
trum was developed by Peatross and Rundquist [109℄. The method developed hereis also based on this algorithm. However, it will be shown that solely the IfAC 
an beused instead of a 
ombination of IAC and intensity spe
trum measurements, as proposedby Weida et al. [110℄.6.2.1 The pulse shape | TIVI algorithmThe present algorithm for the pulse shape retrieval is based on the work of Peatross andRundquist [109℄. Their TIVI (temporal information via intensity) method is s
hemati-
ally illustrated in Fig. 6.3.The 
al
ulation is based on a so 
alled error-redu
tion algorithm developed by Fienup[111℄. The �tting 
y
le is formed by a forward and inverse Fourier transforms appliedon the pulse intensity pro�le I(t). For the Fourier transform 
al
ulation, the FFTWC-subroutine library [112℄ was used in this work. An input for the algorithm 
onsists ofthe intensity auto
orrelation IAC(t) and the initial guess of the pulse shape I(t). The
onvergen
e is a
hieved by applying 
onstrains whi
h arise from physi
al nature of the
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Figure 6.3: S
hemati
 of the TIVI method for re
overing of the pulse shape, as proposed byPeatross and Rundquist [109℄.data set. In the time-domain, the 
onstrain is that the I(t) should be nonnegative. Inthe frequen
y domain, the measured intensity auto
orrelation gives dire
tly the absolutevalue of the Fourier-transformed intensity pro�le I(!), as 
an be seen from the equation(6.5). When these 
onstrains are applied in a �tting 
y
le, as indi
ated in Fig. 6.3, thepro
edure is 
onverging to the 
orre
t pulse shape I(t) (and also to the 
orre
t phase (!) in the frequen
y domain). It has been shown that the error redu
tion algorithmnever in
reases the error. In the worst 
ase it is stagnating. However, modi�
ations ofthe �tting 
y
le 
an be made in order to a
hieve better 
onvergen
e [109℄.Our modi�
ation of the approa
h of Peatross and Rundquist is based on repla
ingthe intensity auto
orrelation (IAC) by the interferometri
 auto
orrelation (IfAC). Theinterferometri
 auto
orrelation is in this 
ase favorable be
ause it 
ontains a phase infor-mation as well. It 
an be therefore used also in the next part of the pulse 
hara
terizationpro
edure. Moreover, the experimental setup whi
h is normally used for time-resolvedmeasurements (see Chapter 5, Fig. 5.2) is providing the interferometri
 auto
orrelation
onveniently. Here it will be shown that one 
an obtain the information 
ontained inthe intensity auto
orrelation by simple treatment of the interferometri
 auto
orrelation.The IfAC was de�ned already in the equation (6.6) asIfAC(�) = 1Z�1 f[E(t) + E(t� �)℄2g2dt : (6.8)The ele
tri
 �eld of the pulse 
an be writtenE(t) = ~E(t)ei!0t ; (6.9)



76 Chapter 6: Chara
terization of ultrashort laser pulseswhere !0 is a 
arrier frequen
y and ~E(t) = E(t)ei'(t) is slowly varying 
omplex envelope.By substituting this expression of E(t) into the equation (6.8) it 
an be seen that it ispossible to split the expression into three terms well separated in the Fourier spa
e [14℄IfAC(�) = G(�) + Ren4 ~B(�)ei!0�o+Ren2 ~C(�)ei2!0�o ; (6.10)where G(�) = 1Z�1 �E4(t� �) + E4(t) + 4E2(t� �)E2(t)� dt ; (6.11)~B(�) = 1Z�1 E(t� �)E(t) �E2(t� �) + E2(t)� ei['(t��)�'(t)℄ dt ; (6.12)~C(�) = 1Z�1 E2(t� �)E2(t)e2i['(t��)�'(t)℄ dt : (6.13)It is obvious that the zero-frequen
y term G(�) is 
orresponding to the intensityauto
orrelation (plus ba
kground term). In the Fourier-image, the G(�) term 
an beseparated from ~B(�) and ~C(�) and used instead of the IAC in the TIVI algorithm (theba
kground term vanishes). S
hemati
 of the pro
edure using the G(�) term from theinterferometri
 auto
orrelation is displayed in Fig. 6.4. In ea
h iteration step, only oneforward and one inverse Fourier transform has to be 
al
ulated, in 
ontrast to the FROG
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Figure 6.4: S
hemati
 of the modi�ed TIVI method used for the re
overing of the pulse shape.
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y
le 2N transforms have to be performed (Nbeing the dimension of the FROG data set).6.2.2 The pulse phase | Ger
hberg-Saxton algorithmIn Fig. 6.5, a s
hemati
 of the Ger
hberg-Saxton algorithm whi
h is used for re
overingof the phase of the ele
tri
 �eld in the femtose
ond pulse 
an be seen. The algorithm wasoriginally developed for re
onstru
tion of a two-dimensional spatial phase information ofimages from known amplitudes of the �eld at the near- and far-�eld planes [113℄. As aninput uses this 
al
ulation the ele
tri
 �eld amplitude (obtained in the previous step bythe TIVI algorithm) and the intensity spe
trum S(!) whi
h 
an be expressed in termsof the ele
tri
 �eld Fourier transform asS(!) = jE(!)j2 : (6.14)The algorithm is based on the fa
t that the modulus of a 
omplex �eld in the timedomain jE(t)j =pI(t) and a modulus of its Fourier transform jE(!)j =pS(!) de�nethe ele
tri
 �eld E(t) (and also the E(!)) 
ompletely in most situations [114℄. The
al
ulation 
onsists of a sequen
e of forward and inverse Fourier transformations withthe spe
tral and temporal amplitudes being repla
ed by pS(!) and pI(t) in ea
hiteration step. It is useful to shift the S(!) on the frequen
y axis so that its maximumis at zero, the frequen
y shift then 
orresponds dire
tly to the 
entral frequen
y !0 ofthe re
overed pulse.The pro
edure for obtaining the phase information des
ribed above has one prin
ipaldisadvantage | one needs to know the intensity spe
trum of the pulse. To obtainFT
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pI(t) ei'(t) jE(!)j ei'(!)
pS(!) ei'(!)jE(t)j ei'(t)

Repla
e jE(!)jwith pS(!)Repla
e jE(t)jwith pI(t)
Figure 6.5: S
hemati
 of the Ger
hberg - Saxton method [113℄, as proposed by Peatross andRundquist [109℄ for re
overing of the phase of the ele
tri
 �eld.



78 Chapter 6: Chara
terization of ultrashort laser pulsesthe spe
trum dire
tly at the sample position in the UHV 
hamber brings experimentaldiÆ
ulties, the intensity spe
trum is therefore usually measured outside the 
hamber.However, su
h spe
trum 
an slightly di�er from the real spe
trum in the 
hamber andthe result of the �tting pro
edure 
an be thereby in
uen
ed. In this work, it will bedemonstrated that the determination of the phase of the ele
tri
 �eld 
an be done witha knowledge of the IfAC only. No additional data have to be measured for the phasedetermination be
ause the IfAC was measured already as the input for the TIVI methodfor the pulse shape determination.It 
an be seen dire
tly from the equations (6.10) and (6.13) that the feature lo
atedin the Fourier transform at two times the laser fundamental is the Fourier transform ofthe auto
orrelation of the square of the ele
tri
 �eld ~u(t) = ~E(t)2:~C(!) = j~u(!)j2 ; (6.15)as was pointed out already by Naganuma et al. [108℄. The Ger
hberg - Saxton algorithmis then modi�ed so that it re
overs the phase of ~E(t)2 as 
an be seen in Fig. 6.6. Thephase of the ele
tri
 �eld is then obtained by simply dividing the resulting phase fromthe iterative 
y
le by two. When separating the ~C(!) part of the Fourier transform, thefeature has to be shifted on the frequen
y axis so that its maximum is at zero. The shifthas to be re
orded while it is then 
orresponding to twi
e the 
entral frequen
y !0 ofthe re
overed pulse.In this se
tion, a summarized view on the algorithms whi
h are used for the pulseshape and phase determination in this work was sket
hed. The whole pro
edure, as usedin our 
al
ulations, is plotted in Fig. 6.7. However, more subtle approa
h is needed forFT

IFT
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q ~C(!) ei'(!)jE(t)j2 ei2'(t)
Repla
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Figure 6.6: S
hemati
 of the modi�ed Ger
hberg - Saxton method for the re
overing of thephase of the ele
tri
 �eld from the IfAC data.
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Figure 6.7: The algorithm used for the pulse and phase determination in this work. Bothintensity spe
trum S(!) and the ~C(!) part of the IfAC 
an be used in the pro
edure when
al
ulating the phase.optimization of the 
onvergen
e of this 
al
ulation and methods have to be developed tojudge the quality of the resulting pulse. This will be dis
ussed in next se
tions.6.3 Starting data sele
tion for the algorithmAs mentioned already in the previous se
tion, the error redu
tion algorithm in the TIVImethod is never in
reasing the error, in the worst 
ase it 
an stagnate at a given value.The stagnation of the error is unfortunately quite 
ommon 
ase when �tting femtose
ondpulses. Several methods have been developed for improvement of the 
onvergen
e. In thepapers by Fienup [111℄ and Peatross and Rundquist [109℄ some of the improvements ofthe algorithmwhi
h enhan
e the 
onvergen
e are mentioned. They used a so 
alled input-output algorithm 
onsists in repla
ing the negative portions of I(t) by their di�eren
esfrom their values in the previous iteration. Another option is to over
orre
t the I(!)
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terization of ultrashort laser pulsesvalue by several tens of % when it is being adjusted to its known value. It is also possibleto 
ombine these approa
hes in a hybrid algorithm.The above mentioned improvements of the algorithm are in
uen
ing mainly the speedof the 
onvergen
e during the �rst iterations whi
h is, however, not so important for us.The re
ent 
omputers (Pentium IV, 1.8GHz) 
an handle about 3000 iterations within onese
ond (the pulse is being sampled in 400 points). Therefore, the asymptoti
 behaviorof the algorithm is more interesting than the progress in �rst few iterations. It turnsout that the above mentioned improvements of the algorithm are playing minor role inin
uen
ing the result to whi
h the pro
edure is 
onverging and at whi
h is it stagnating.More important seems to be a 
hoi
e of the starting trial pulse data used as an input forthe algorithm. This issue will be addressed in this se
tion.6.3.1 Test data des
riptionFor testing purposes, a sample data sets were prepared. The intention was to make thetest pulses quite 
omplex, similar to the real experiment. Theoreti
al predi
tions [115℄,and also experimental measurements [116{118℄, show that the output from a Ti:sapphireos
illator is in the general 
ase asymmetri
 and should posses subpeaks. The ele
tri
�eld amplitude of the test pulse was therefore 
hosen of the hyperboli
 se
ant shape,15 fs FWHM (of the intensity) and two subpeaks at �30 fs having 20% of the maximumamplitude of the main peak and also the 15 fs FWHM (of the intensity). The main peakwas asymmetri
 in addition. This means that for negative values on the time s
ale thepeak was 
al
ulated with an intensity-FWHM21 +A � 15 fs (6.16)for 
hosen value of asymmetry A. The de�nition of the asymmetry A is indi
ated in theright panel of Fig. 6.8. The values of the ele
tri
 �eld amplitude on the positive part ofthe time s
ale were 
al
ulated with 2A1 +A � 15 fs (6.17)FWHM. Su
h 
hoi
e justi�es the FWHM value of 15 fs for the test pulse. For the test dataset, the asymmetry of 2 was 
hosen. The subpeaks at �30 fs were 
hosen as symmetri
.The test pulse is displayed in the left panel of Fig. 6.8. The phase of the ele
tri
 �eldwas 
hosen to have a quadrati
 phase 
hirp (linear frequen
y 
hirp). From Eq. 6.14 theintensity spe
trum 
an be dire
tly 
al
ulated, it is displayed in the left panel of Fig. 6.9.
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�eld E(t) are displayed. Only a part of the full range (-600 fs to 600 fs) is displayed. Rightpanel: The de�nition of the asymmetry A of the pulse.The test data have to be supplied to the algorithm in the form of an interferometri
auto
orrelation whi
h is measured in the experiment. The IfAC 
al
ulated from the testpulse is displayed in the right panel of Fig. 6.9.The IfAC is then used in the �tting algorithm in the way indi
ated in Fig. 6.4. As weare using an ideal data set without any noise, no ba
kground subtra
tion is needed in theFourier domain. Care has to be taken when extra
ting the G(!) term from the Fouriertransform of the IfAC. This is be
ause there is the ~B(!) peak already appearing at the1! � 3:1 eV frequen
y, only limited part of the Fourier data 
an be therefore used. Thedata in the interval �1 eV were safely taken for the 
al
ulation. However, this intervalis de�ning the resolution of the re
onstru
ted pulse. It 
orresponds to �2 fs resolutionin the time spa
e whi
h 
an be 
onsidered to be quite rough. Therefore, the G(!)fun
tion was extrapolated to the interval �2 eV by an exponentially de
aying fun
tion.Su
h an expanded fun
tion we denote Gexp(!). By 
omparing results obtained with theuse of Gexp(!) fun
tion and with the use of the Fourier transform of the 
orre
t pulseshape it was 
he
ked that this expansion doesn't in
uen
e the resulting pulse shape.Similar expansion of the G(!) fun
tion has to be performed also in the 
ase of the realexperimental data. However, the ba
kground in the Fourier image, 
aused by the noisein the IfAC, has to be subtra
ted prior to the 
al
ulation of Gexp(!). The interval inwhi
h the G(!) remains above the ba
kground level is determined by the a

ura
y ofthe IfAC measurement. In the 
ase of the experimental setup des
ribed in Chapter 5, itwas about �0:2 eV for a 40 minutes long measurement.
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Delay [fs]Figure 6.9: Left panel: The intensity spe
trum S(!) of the test pulse (displayed in Fig. 6.8).Right panel: The interferometri
 auto
orrelation 
al
ulated from the test pulse. Only inset isdisplayed, the full range was -200 fs to 200 fs.6.3.2 Starting data for the pulse shape re
overyPulses with various shapes, widths and asymmetries were 
hosen as the trial input forthe evaluation of the best 
hoi
e of the starting (or trial) pulse for the algorithm. No sub-pulses were superimposed onto the test starting pulses. Resulting pulse shapes obtainedwith various starting pulses are displayed in Fig. 6.10. For ea
h data set, 104 iterationswere 
arried out. From the �gure one 
an 
learly see that the Lorentzian starting pulseis leading generally to the best results. This is probably due to the more pronoun
edwings of the Lorentzian shape whi
h 
an improve the 
onvergen
e in the regions wherethe pulse intensity is relatively low.The asymmetry of the starting pulse is essential in the algorithm. As pointed outalready by Peatross and Rundquist [109℄ there is nothing (ex
ept for numeri
al noise)in the algorithm that breaks the symmetry. Therefore, from an even trial pulse onlyeven results 
an be obtained. To be able to re
over both odd (asymmetri
) and even(symmetri
) pulse shapes an asymmetri
 starting pulse is needed.By 
omparing results in individual panels in Fig. 6.10 the best 
hoi
e for the asymme-try and width (intensity-FWHM) of the starting Lorentzian pulse were evaluated. Themost satisfa
tory result is displayed in the top left panel | the asymmetry is 
hosenhere to be larger (A = 3) than for the test pulse and the pulse width is 
hosen smallerthan that of the test pulse (13 fs). Similar results were obtained also for another typesof the original pulse used for preparation of the test data (for example the asymmetri
se
h without subpeaks). Also in this 
ase the 
hoi
e of the Lorentzian starting pulse
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Figure 6.10: Results of the �t of the pulse shape for algorithm starting with various pulseshapes. The parameters of the trial pulses are denoted in the legend of ea
h graph.possessing a larger asymmetry and a smaller width than the original was a best 
hoi
efor the starting pulse of the algorithm.A more detailed view on the dependen
e of the starting pulse asymmetry on theresult of the iterative algorithm is displayed in Fig. 6.11. Starting se
h-shaped pulseswith a 13 fs width and with a varying asymmetry were used in the algorithm and theresulting error was 
ompared to �nd the best 
hoi
e. The error of the resulting pulse wasmonitored in two ways. First way was to 
ompare the I(!) and pG(!) in the Fourierdomain and to 
al
ulate the error as a di�eren
e between them. As already mentionedin Se
tion 6.2.1, this error is de
reasing in every step of the algorithm. As the inputdata set used in this 
al
ulation is arti�
ially produ
ed, the exa
t information about the
orre
t pulse shape is available. Comparing dire
tly the pulse shape of the re
overedpulse with the 
orre
t one is the se
ond way how to monitor the error of the result of
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 Table 6.2: Errors of the resulting pulse shapes from Fig. 6.11. The error in the Fourier domainis 
al
ulated as the di�eren
e of I(!) and pG(!). In the time domain dire
tly the di�eren
efrom the 
orre
t pulse shape is 
al
ulated. Relative units.the iterative algorithm.In Table 6.2, the results from Fig. 6.11 are summarized. An apparent in
onsisten
ybetween the two ways of the error evaluation 
an be seen. While the error in the Fourierdomain is showing minimum for the largest asymmetryA = 15, in the time domain is onearriving by 
omparing the result with the original pulse to the minimum at A = 5. Theorigin of this dis
repan
y has to be as
ribed to the fa
t the error redu
tion algorithmis minimizing in the Fourier domain the error whi
h is des
ribed by the di�eren
e ofI(!) and pG(!), but in the time domain the amount of negative portions of I(t) isminimized. Unfortunately, this doesn't guarantee that also the di�eren
e between I(t)and the 
orre
t pulse shape will be minimized. In the 
al
ulation with real experimentaldata, the 
onvergen
e in the Fourier domain has to be therefore treated as an approximate
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ator only. Therefore, the a
tual quality of the result of the �t has to be judged by
omparing the experimental IfAC with the IfAC 
al
ulated from the re
overed pulseshape.However, from Table 6.2 the best 
hoi
e of the asymmetry of the starting pulse forthe iterative pro
edure 
an be determined. It is A = 5, for larger asymmetries the resultis getting worse. Further 
he
ks have shown that the starting pulse with smaller widthand larger asymmetry than expe
ted result 
an be regarded as an optimum 
hoi
e.Similar 
al
ulations were performed also for another data sets with a symmetri
 o-riginal pulse. The 
onvergen
e of the pulse shape for wide range of symmetri
 startingpulses was mu
h better than in the 
ase when the asymmetri
 pulse shape is �tted. How-ever, in a real experiment with ultrashort laser pulses the assumption of the symmetri
pulse 
annot be made in general.6.3.3 Starting data for the phase of the ele
tri
 �eld re
overyA next step in the pulse re
overing pro
edure is the determination of the phase of theele
tri
 �eld. Similarly to the pulse shape re
overing, several approa
hes were testedwith the test data to �nd the most favorable method. Normally, one would use the pulseshape resulting from the TIVI algorithm as the magnitude of the ele
tri
 �eld, but forthe testing purposes the 
orre
t pulse shape was 
hosen, so that the behavior of thephase-�tting algorithm 
ould be monitored independently on the TIVI pro
edure.For the starting (trial) phase of the ele
tri
 �eld, polynomial fun
tions of the form'(t) = 3:14 A� t30 fs�+B � t30 fs�2 + C � t30 fs�3! (6.18)were used with various 
oeÆ
ients A;B and C. This data set serves as one of the inputsof the algorithm. One should mention that in this notation the phase of the test pulse(displayed in Fig. 6.8) would 
orrespond to A = 0, B � 0:3 and C = 0.Both approa
hes indi
ated in Fig. 6.5 (i.e. an additional use of the intensity spe
trum)and Fig. 6.6 (i.e. a use of the IfAC data only) were tested. Sele
ted resulting phases ofthe ele
tri
 �eld are displayed in Fig. 6.12. One of the results is of high quality, one looksreasonably and one result is quite poor. For the 
omparison, the 
orre
t pulse phase isalso plotted. The shift of the minimum of the resulting phase with respe
t to the zerodelay on the time axis is explained by the fa
t that the the value of the 
entral frequen
yobtained from the input data (whi
h has to be re
orded during the data treatment) isfor asymmetri
 pulses not equal to the frequen
y used for the test-IfAC 
al
ulation.
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Figure 6.12: Results of the �t of the pulse phase, the pulse intensity shape data were �xed atthe 
orre
t values. The phase data were obtained by the pro
edure a

ording to Fig. 6.5 (witha use of the intensity spe
trum) and also for the �tting pro
edure des
ribed in Fig. 6.6 (whi
huses of the IfAC data only). The full range of the re
overed data was from -200 fs to 200 fs.Here only part of the interval is shown. Various starting values for the phase were used. Forthe meaning of the A and B variables, see Eq. 6.18.A 
omplete set of results of the phase �tting with the 
orre
t pulse shape is displayedin Fig. 6.13 and in Table 6.3. From the resulting des
riptions of the ele
tri
 �eld theIfACs are 
al
ulated ba
k to see the di�eren
e from the original IfAC. All the results
al
ulated with use of the intensity spe
trum (the left panel of Fig. 6.13) are showing verygood agreement with the original data. The results obtained from the IfAC only (theright panel of Fig. 6.13) are more sensitive to the 
hoi
e of the starting phase. However,a very good mat
hing with the 
orre
t IfAC is obtained also here for a wide range ofstating phase 
hoi
es. It shows that solely the IfAC 
an be used as the experimentalinput, however higher 
are has to be taken to the starting data sele
tion.In this se
tion, it was des
ribed, how the starting pulse shape and phase for theiterative algorithm should be 
hosen. The asymmetri
 pulse shape having shorter widthand larger asymmetry than the expe
ted result is a good 
hoi
e for the starting pulseshape for the algorithm. In the 
ase des
ribed here, the optimum 
hoi
e of the asymmetrywas 2.5� larger than original value and the optimal width was by � 15% smaller thanoriginal pulse width. However, the optimum setting has to be found for every pulse by
omparing the original and re
overed interferometri
 auto
orrelation. This pro
edure of�nding optimum starting values will have to be 
arried out for ea
h femtose
ond lasersetup only on
e, until substantial modi�
ations in
uen
ing the pulse shape are made.
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Figure 6.13: The IfAC 
al
ulated by using the 
orre
t pulse shape and the phase of ele
tri
�eld obtained from the �t with various starting values of the phase (indi
ated in the legend).Left panel: The �tting pro
edure as in Fig. 6.5 (use of the intensity spe
trum). Right panel:The �tting pro
edure as in Fig. 6.6 (use of the IfAC data only). Only inset is displayed, thefull range of the re
overed IfAC was -200 fs to 200 fs.Trial phase Error in Four. domain Error in Four. domainA B C �t with int. spe
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 Table 6.3: Errors of the pulses resulting from the �t 
al
ulated in the Fourier domain. Cor-responding interferometri
 auto
orrelations are displayed in Fig. 6.13. As the fun
tions whi
hare used for the 
al
ulation in the Fourier spa
e are di�erent for the two methods used, theerrors 
al
ulated 
annot be dire
tly 
ompared. For the 
al
ulation of the starting phase for theiterative algorithm from variables A, B and C, see Eq. 6.18.
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terization of ultrashort laser pulsesThe starting phase is not so 
ru
ial, however for optimal results it should not prin
ipallydi�er from the assumed phase. Quadrati
 starting phase was a good 
hoi
e in a widerange of parameters of the quadrati
 fun
tion.6.4 Relation to the experimental errorsThe aim of this se
tion is to show how the result of the shape and phase retrieval al-gorithms is in
uen
ed by the experimental ina

ura
ies. The quality of the measuredIfAC is dire
tly related to the a
quisition time spent for the measurement of the inter-ferogram. The noise in IfAC is resulting in a ba
kground in its Fourier transform. Thenthe spe
tral range in whi
h the fun
tions G(!) and ~C(!) (whi
h are used as the inputfor the pulse retrieval algorithm) are above the noise level is getting narrower. However,this noise 
an be easily suppressed by obtaining the IfAC as an average over in
reasednumber of a
quisitions. As mentioned already in Se
tion 6.3, the interval in whi
h theG(!) remains above the ba
kground level is in our 
ase 
orresponding to �0:2 eV for a40 minutes long measurement. This is enough for the basi
 pulse des
ription.As the 2! peak in the Fourier transform of the IfAC is usually smaller than the 0!peak, the interval in whi
h the ~C(!) fun
tion is above the noise level is narrower thanin the 
ase of the G(!) fun
tion. For the available experimental data, the 
orrespondingenergy interval was �0:13 eV, the phase re
overy was, however, reprodu
ible also in this
ase.For the algorithm whi
h is using the intensity spe
trum as the input for the phase �t-ting pro
edure (Fig. 6.5), the ne
essary a

ura
y of the spe
trum data should be 
he
ked.For this test, the 
orre
t spe
trum (
al
ulated from the ele
tri
 �eld with use of Eq. 6.14)was intentionally modi�ed to simulate the possible ina

ura
y of the spe
trometer. Onemodi�ed spe
trum was obtained by multiplying the 
orre
t one by a linear fun
tionwhi
h was 
ausing a 5% in
rease of the spe
trum magnitude at 1 eV distan
e from the
entral energy. Another spe
tra were modi�ed by 10%/1 eV resp. by 20%/1 eV.Results of this test are displayed in Fig. 6.14. As the 
orre
t pulse shape was used,the phase �tting results were in
uen
ed by the spe
trum ina

ura
y only. The phaseof the ele
tri
 �eld was obtained for the 
orre
t spe
trum (as a referen
e data set) andfor the three modi�ed spe
tra by the pro
edure indi
ated in Fig. 6.5. Then the IfACswere 
al
ulated from the obtained ele
tri
 �eld des
riptions. As 
an be seen from theleft panel of Fig. 6.14, the re
onstru
ted IfACs are mat
hing the original one so well thatthe di�eren
e 
annot be seen by eye. Therefore, the di�eren
es are displayed separately
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Figure 6.14: Test of ne
essary a

ura
y of the intensity spe
trum needed for the determinationof the phase of ele
tri
 �eld. Corre
t spe
trum (red), spe
tra 
hanged by 5%/1 eV (blue, forfurther explanation see the text), 10%/1 eV (light blue) and 20%/1 eV were used. Left panel:The IfACs 
al
ulated from resulting ele
tri
 �elds, no di�eren
e is observable by eye. Rightpanel: Di�eren
es 
al
ulated between individual IfACs and the 
orre
t IfAC. The IfACs werenormalized to 1.in the right panel. The di�eren
e of the 5%/1 eV-
urve is at the level of the intrinsi
numeri
al noise de�ned by the IfAC 
al
ulated with the 
orre
t spe
trum, the di�eren
eof the 20%/1 eV-
urve is almost twi
e larger, but still of the 10�3 order whi
h is still farenough for good IfAC des
ription.The tests performed in this se
tion are showing that the a

ura
y of the spe
trummeasurements provided by usual laboratory equipment is suÆ
ient for the determina-tion of the phase of the ele
tri
 �eld of the femtose
ond pulse. However, only linearmodi�
ations of the spe
trum were tested. The distortions 
aused by the viewportsof the va
uum 
hamber 
an be more 
omplex, therefore the repla
ing of the intensityspe
trum in the UHV 
hamber by the one measured outside of the apparatus is notgenerally justi�ed. However, the expe
ted di�eren
es are very small. The pro
edureused for the determination of the phase of the ele
tri
 �eld in the femtose
ond pulse wasgiving slightly better results when the intensity spe
trum of the pulse was used than inthe 
ase of the use of the IfAC only. We 
an therefore 
on
lude that also in the 
aseof spe
trum measured outside the 
hamber the pro
edure will give reliable results. Forparti
ular experimental setup, the best approa
h would be to 
ondu
t both pro
eduresand evaluate the quality of the re
overed IfAC and then the method giving better resultshould be 
hosen.
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terization of ultrashort laser pulses6.5 Appli
ation of the re
overed pulse in the opti
alBlo
h equationsThe determination of the amplitude and the phase of the ele
tri
 �eld in the femtose
ondpulse used in our 2PP experiment is not only ne
essary for the adjustment of the exper-imental setup, so that it is produ
ing pulses as short as possible. As mentioned before,the main ne
essity of a proper laser pulse 
hara
terization is in experiments studyingthe ultrafast ele
tron dynami
s. As pointed out already in Se
tion 5.3, the opti
al Blo
hequations are a feasible tool for des
ribing the intera
tion of opti
al femtose
ond pulseswith duration 
omparable to the phase relaxation time of the ex
ited states [14, 98℄.In this se
tion, it will be 
he
ked whether the a

ura
y of the pulse shape and phaseretrieval pro
edures des
ribed in the previous se
tions is suÆ
ient for the determinationof the relaxation times in a treatment based on the opti
al Blo
h equations.The pro
edure of derivation of the opti
al Blo
h equations for the three-level systemwas already des
ribed in Se
tion 5.3. Of interest are for us the lifetimes of in
oherentpopulation de
ay of the intermediate level T 11 and 
oherent phase de
ay lifetimes T 012and T 122 as they are des
ribing the dynami
s of the intermediate level whi
h is underinvestigation. Important is also the 
oherent phase de
ay lifetime T 022 as it is in
uen
ingthe 2PP interferogram shape too. With use of the test pulse displayed in Fig. 6.8 a test2PP interferogram with parameters T 11 = 25 fs, T 012 = 12:5 fs, T 122 = 25 fs and T 022 = 25 fswas 
al
ulated.As in the real experiment, it was tried to re
over these relaxation times while theonly knowledge available was the pulse shape and the phase obtained by the pro
eduresdes
ribed in the previous se
tions. A pulse obtained with use of the Lorentzian startingpulse with width of 10 fs and the asymmetry of 20 was used. For the phase �tting, thestaring phase was A = 0, B = 1 and C = 0 (see Eq. 6.18 for explanation) and thepro
edure using the intensity spe
trum was applied.The nonlinear least-squares pro
edure was applied to re
over the relaxation times.The STARPAC library of the of the National Institute of Standards and Te
hnology [119℄was used for this purpose. However, diÆ
ulties 
an be, as usual, expe
ted for �tting ofall the four parameters simultaneously. This is be
ause some of the parameters arein
uen
ing the 2PP interferogram in a very similar way. Therefore, the pro
edure was,as a �rst 
he
k, started as a �t of one parameter only, while the other three parameterswere �xed at their 
orre
t values. However, in the real experiment there will not bethe possibility to �x all of the relaxation times to the 
orre
t values, be
ause these
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ation of the re
overed pulse in the opti
al Blo
h equations 91are in the most general 
ase unknown. Therefore, the pro
edure for the 2-, 3- and�nally 4-parameters �t was also tested. As the dependen
e of the 2PP-interferogramon the relaxation times is very 
omplex, also the starting values of the lifetimes will beimportant. The T 11; start = 10 fs, T 012; start = 6 fs, T 122; start = 10 fs and T 022; start = 10 fs valueswere used. They are of the 
orre
t order, but anyway not very 
lose to the a

urateresult.The results of the nonlinear least-squares pro
edure are displayed in Table 6.4. First,all the parameters were �xed to their 
orre
t values and only one of them was numeri
ally�tted. The resulting relaxation times were as follows (di�eren
es with respe
t to the
orre
t values are given in bra
kets): T 11 = 25:1 fs (0.5%), T 012 = 11:9 fs (5%), T 122 =28:6 fs (14%) and T 022 = 25:5 fs (2%). One 
an say that the 
orresponden
e to the
orre
t values is good in the 
ase of �tting just one of the parameters.The results of the pro
edure for the 2-, 3- and 4-parameters �t are also displayed inTable 6.4. The 4-free-parameters pro
edure was giving similarly good results as the oneparameter �t for the T 11 and T 022 values. The parameters T 012 and T 122 are in
uen
ing theT 11 [fs℄ T 012 [fs℄ T 122 [fs℄ T 022 [fs℄
orre
t values 25 12.5 25 251-parameter 25.1�t 11.9 28.6 25.52-parameters 25.7 11.3�t 23.5 31.325.1 25.67.3 40.911.7 26.228.8 24.33-parameters 24.7 7.5 41.1�t 26.0 10.9 27.023.3 32.4 23.17.2 40.9 26.4
omplete �t 25.0 7.2 41.0 26.4Table 6.4: Re
overed values of the relaxation times by least-squares method. Not-�tted pa-rameters were �xed at their 
orre
t values.
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terization of ultrashort laser pulsesphotoemission signal in a similar way, so that their simultaneous �t was not providingvery good results (up to 50% di�eren
e from the 
orre
t values). This problem has tobe solved either by in
luding some additional theoreti
al 
onsiderations for the relationsbetween relaxation times or by improving the �tting algorithm. However, this problemwas partly o

urring even in situations when the 
orre
t pulse shape was supplied to thisleast-squares pro
edure.It 
an be therefore 
on
luded that the pre
ision of the pulse 
hara
terization te
h-niques des
ribed in this 
hapter is suÆ
ient for providing the input for the opti
al Blo
hequations model.In 
on
lusion, in this 
hapter, methods for the 
hara
terization of the femtose
ondpulses in the amplitude and phase of the ele
tri
 �eld were developed. The methodswhi
h are prospe
tive for appli
ation in time-resolved photoemission experiments werestressed and it was justi�ed that these methods are a

urate enough for this purpose.



Con
lusionThis work was mainly 
on
erned about the problem of the opti
al ex
itation of metal-li
 surfa
es. The home-built femtose
ond pulsed laser system whi
h was setup as theex
itation sour
e was o�ering very high photon 
ux densities. This was the key to theobservation of new physi
al phenomena.In the �rst part of the thesis (Chapter 1), the des
ription of the apparatus for two-and more-photon photoemission was given. This apparatus was setup to perform thestudy dis
ussed in Chapter 2. It was dealing with the photoemission from the Cu(001)surfa
e. An intense photoemission signal at the energy 
orresponding to the ex
itationby three photons was observed. The high ex
iting photon 
ux density was allowingto observe photoele
trons even at energies a

essible by at least four photons. Thisex
itation pro
ess was already in the above threshold ionization range. It is one of fewobservations of the above threshold ionization in the solid material ever. Moreover,the four-photon photoemission energy range with 
learly pronoun
ed ele
troni
 featureswas never rea
hed before to our knowledge. The observed spe
tros
opi
 features wereexplained in terms of the ele
troni
 stru
ture of the Cu(001) surfa
e.Another method for studies of the metalli
 surfa
es dis
ussed in the thesis was theMagnetization-Indu
ed Surfa
e Se
ond Harmoni
 Generation (MSSHG). The theoreti-
al des
ription of obtaining the information about the surfa
e magnetism by means ofthe Surfa
e Se
ond Harmoni
 Generation was given in Chapter 3. In Chapter 4, thep(1�1)O/Fe/MgO(001) system was studied, the main result of the work was the justi�-
ation that the MSSHG method and the Spin Polarized Metastable Deex
itation Spe
-tros
opy are providing 
ompatible information about the surfa
e magnetism. It was the�rst time that some of the measurements were performed in the p-in/s-out longitudinalgeometry whi
h is providing the information about the surfa
e magnetism dire
tly.A very large potential of opti
al methods used for the investigations of the surfa
eproperties of metals is in the possibility of a
hieving the time resolution. The 
ompletedata treatment has to rely on the exa
t des
ription of the laser pulse used for the ex-
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lusion
itation. Theoreti
al des
ription of the problem was given in Chapter 5. In Chapter6, the methods for determination of the pulse shape and phase were dis
ussed and fur-ther developed. The a

ura
y of the results was dis
ussed with respe
t to needs of atime-resolved two-photon photoemission experiment.Perspe
tives of further appli
ation of the topi
s developed in this thesis are mainlyin the time-resolved two-photon photoemission experiments. It was justi�ed that theperforman
e of the experimental apparatus is allowing to perform experiments in areasnot a

essible before both in the photoemission and in the se
ond harmoni
 resear
h �eld.In the 
ombination with a 
areful laser pulse 
hara
terization, this is a very promisingfundament for future time-resolved studies.



List of abbreviations and symbols
Abbreviations and symbols used in the thesis are listed here for 
onvenien
e.
Abbreviations1PP (one-photon) photoemission2PP two-photon photoemissionATI above-threshold ionizationBBO �-BaB2O4FROG Frequen
y-Resolved Opti
al GatingFWHM full width at half maximumI2PP 2PP interferometri
 signalIAC intensity auto
orrelationIfAC interferometri
 auto
orrelationIP image potentialMBE Mole
ular Beam EpitaxyML monolayerMEED Medium-Energy Ele
tron Di�ra
tionMSSHG Magnetization-Indu
ed Surfa
e Se
ond Harmoni
 GenerationOBE opti
al Blo
h equationsPEEM Photoemission Ele
tron Mi
ros
opySHG Se
ond Harmoni
 GenerationSPMDS Spin Polarized Metastable Deex
itation Spe
tros
opySTM s
anning tunneling mi
ros
opeSR surfa
e resonan
eTi:S titanium-sapphire



96 List of abbreviations and symbolsTIVI temporal information via intensityTR-2PP time-resolved two-photon photoemissionUHV ultra high va
uum
Symbols and 
onstantsSymbols appearing in the thesis on parti
ular pla
es only are not listed in the table.A asymmetry� sus
eptibility tensorE ele
tri
 �eld intensity ve
tor~E 
omplex envelope of the ele
tri
 �eld intensityE real part of ~EEB binding energyEF Fermi energy (Fermi level)EVAC va
uum energy (va
uum level) EVAC � EF = �f frequen
y� work fun
tion~ Plan
k's 
onstant, ~ = 1:0545587 � 10�34 JsI (opti
al) intensityIAC intensity auto
orrelationIfAC interferometri
 auto
orrelationk waveve
tor� wavelengthme ele
tron mass, me = 9:109534 � 10�31 kgm� e�e
tive mass of an ele
tronM magnetization ve
torp momentum ve
torP ele
tri
 polarization ve
torS(!) intensity spe
trumT 11 , T 012 , T 122 , T 022 , T 01 , T 21 relaxation times in the opti
al Blo
h equations formalism� delay (in time-resolved experiments)! (angular) frequen
y
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