
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/147064

 

 

 

Please be advised that this information was generated on 2023-05-23 and may be subject to

change.

http://hdl.handle.net/2066/147064


Phase Sensitive Nonlinear 
Magneto-Optical Spectroscopy 

Klaas Jelle Veenstra 





Phase Sensitive Nonlinear 
Magneto-Optical Spectroscopy 



ISBN 90-6464042-4 



Phase Sensitive Nonlinear 
Magneto-Optical Spectroscopy 

een wetenschappelijke proeve op het gebied van 
de Natuurwetenschappen, Wiskunde en Informatica 

Proefschrift 

ter verkrijging van de graad van doctor aan 
de Katholieke Universiteit Nijmegen, 

volgens besluit van het College van Decanen 
in het openbaar te verdedigen op 

maandag 11 september 2000, 
des namiddags om 3.30 uur precies 

door 

Klaas Jelle Veenstra 

geboren op 15 februari 1972 
te Leek 



Promotor : prof. dr. Th.H.M. Rasing 

Manuscriptcommissie: 
prof. dr. J. Inglesfield Dept. of Physics and Astronony, Cardiff Universi 

Cardiff, Wales UK 
dr. R. Vollmer MPI für Mikrostrukturphysik, Halle/Saale, Germ 

Het werk beschreven in dit proefschrift maakt deel uit van het onderzoekspro
gramma van de Stichting voor Fundamenteel Onderzoek der Materie (FOM) 
en is mede mogelijk gemaakt door financiële steun van de Nederlandse Or
ganisatie voor Wetenschappelijk Onderzoek (NWO). 



Voorwoord 

Voor u ligt het proefschrift dat het resultaat is van vier jaar promotieonder
zoek op de afdeling experimentele vaste stof fysica II. Het begon allemaal 
op 2 januari 1996 toen ik over het bijna dichtgevroren Maaswaalkanaal fiet
ste onderweg naar mijn eerste werkdag. Waarschijnlijk omdat het zo koud 
was, besloot ik de snelste weg naar de universiteit te vragen aan iemand 
die voor mij fietste, en: toeval of geen toeval, deze fietser bleek de pedel 
van de universiteit te zijn. Vanaf dat moment was natuurlijk duidelijk dat 
mijn promotie niet meer fout zou kunnen gaan ;-) Er volgden echter nog 
vele heuvels of zelf bergen, veel hoger dan de brug over het Maaswaalka
naal, voordat het resultaat daar was dat nu voor u ligt. De mensen die mij 
daarbij geholpen hebben ga ik nu bedanken: 

Theo Rasing en Herman van Kempen wil ik bedanken voor het ver
trouwen en de vele mogelijkheden die zij mij tijdens mijn promotie gegeven 
hebben. Theo je zorgde er met je enthousiasme en inzicht voor dat ik veel 
meer bereikte dan ik zelf voor mogelijk hield. 

Especially Andrei Petukhov I would like to thank for his contribution 
to this work. Andrei, the many discussions we had about nonlinear optics 
were very useful for me and I really learned a lot from you. With Andrei 
Kirilyuk I did my very first experiments in Nijmegen and I could always 
ask him everything about MSHG, thank you Andrei. Ralf Stolle hat mir 
eingefürt in die Aspekte von Phasemessungen in der Nichtlineare Optik. 
Die Phasemessungen sind jetzt ein sehr wichtiges aspekt dieser Dissertation. 
Vielen Dank Ralf. Simon jou heb ik erg vaak lastig gevallen met vragen over 
MOKE en magnetisme toch, hielp je elke keer weer enthousiast. Simon and 
Ralf also thank you for the nice time we had in Groningen and Lübeck. With 
Poul-Erik I did my first UHV measurements, which was a very important 
step. Dankzij mijn studenten Freddy, Kursat en Thomas was er een zeer 
goede samenwerking met Siemens in Erlangen. Ik hoop dat jullie net zoveel 
van mij geleerd hebben als ik van jullie. Thomas dankzij jou hebben we de 
zonsverduistering in Zuid-Duitsland kunnen zien. 

Dankzij de technische ondersteuning en adviezen van Albert, Jan H, Jan 
G, Mirjam en André van Roij kon ik metingen doen met geavanceerde lasers 
optica en magneten in ultra hoog vacuum. Albert van jou heb ik veel over 
optica en lasers geleerd en eigenlijk hadden we veel vaker samen moeten 
gaan schaatsen. 

Riki, Wilma, en Marilou bedankt voor alle administratieve hulp. Riki 
jou wil ik in het bijzonder bedanken omdat je persoonlijk zo betrokken bent 
bij de afdeling en je er voor zorgt dat OIO's af en toe toch eens op vakantie 



vi Voorwoord 

gaan. 
I would like to thank Prof. Martin Aeschlimann for inviting me to do 

2 Photon Photo-emission (2PPE) experiments in Essen. Although I stayed 
too short, it was very nice to work in your lab and to learn about 2PPE. 

Prof. John Inglesfield and dr. Rüdiger Vollmer I would like to thank 
for being in the manuscript committee and for their useful suggestions and 
comments. 

Mijn collega OIO's, AIO's en postdocs Olaf, Erich, Maarten, Randy, Mee 
Whee, Aleksei, Erik, Alexander, Kees, Wim, Anton, Maurice, Edwin, Joeri, 
Steffen, Aidan, Lieve, Florian, Anthony, Abbas, Françoise, Sophie, Rainer en 
Oleg wil ik bedanken voor de gezellige tijd, alle hulp en discussies. Dankzij 
de vele culturen (van Groningen tot Maastricht) en nationaliteiten op de 
afdeling waren er altijd interessante discussies en was het altijd gezellig aan 
de koffietafel. Olaf, jou wil ik bedanken omdat je vier jaar lang mijn trouwe 
kamergenoot geweest bent. Ik denk dat we erg veel aan elkaar gehad hebben. 
Veel succes met het afronden van jouw promotie. Erich, we hebben elkaar 
denk ik veel geholpen door onze discussies over fysica in het algemeen en 
ons werk in het bijzonder. Gelukkig waren we altijd uit fase wat betreft ons 
optimisme zodat we elkaar altijd weer moed in konden praten. 

Tot slot wil ik graag mijn familie en vrienden bedanken en in het bijzon
der mijn ouders, zus en Miluska. Een weekendje thuis of bij vrienden deed 
mij altijd de problemen in het lab vergeten en relativeren. Heit en mamma 
bedankt dat jullie er al meer dan 28 jaar altijd voor me zijn. Marlies ik ben 
blij dat ik ondanks de drukte van mijn onderzoek toch bij je in Namibië op 
bezoek ben geweest. Veel succes met je werk nu in Bolivia. Lieve Miluska, 
bedankt voor alle liefde en gezelligheid van de laatste tweeënhalfjaar en wat 
betreft de toekomst: "Never think of the future. It comes soon enough." 

Klaas Jelle 
Nijmegen, 12 juli 2000. 



Contents 

Voorwoord ν 

1 Introduction 1 
1.1 Surface and interface magnetism 1 

1.2 Magnetic Second Harmonic Generation 3 

1.3 Scope of this thesis 5 

2 Theoretical introduction 7 

2.1 Nonlinear optics 7 

2.2 Second Harmonic Generation 8 

2.2.1 Radiated fields 11 

2.3 Magnetic Second Harmonic Generation 13 

2.4 Spectroscopic MSHG 17 
«(2) 

2.4.1 Microscopic expressions for X 17 
2.4.2 Microscopic origin of the magneto-optical effects . . . 20 

3 Experimental introduction 25 
3.1 Ti:Sapphire laser system 26 

3.1.1 Regenerative Amplifier system 26 

3.1.2 Optical Parametric Amplifier (ΟΡΑ) 28 

3.2 MSHG setup 29 

3.3 MOKE setup 31 

3.4 Ultra High Vacuum system 32 

4 Phase measurements and spectral interference 37 
4.1 The phase of the Second Harmonic response 37 

4.2 Conventional Phase-sensitive techniques in nonlinear optics . 39 

4.3 MSHG Phase measurements on Rh/Co/Cu and Ni(110) in air 42 

4.3.1 Isotropic surface (Rh/Co/Cu) 42 

vn 



viii CONTENTS 

4.3.2 Anisotropie surface of Ni(llO) in air 46 
4.4 SHG phase measurements based on Spectral interference . . . 48 

4.4.1 Spectral interference 49 
4.4.2 Experimental realization 50 

5 MSHG on C o / R h interfaces 59 
5.1 Introduction 59 
5.2 Results 63 

5.2.1 Samples and experimental setup 63 
5.2.2 Quantum well oscillations and Interlayer exchange cou

pling 63 
5.2.3 InterdifFusion and magnetism of the Co/Rh interface . 66 

5.3 Conclusions 69 

6 MSHG on Ni( l lO) 73 
6.1 Introduction 73 

6.1.1 Bulk electronic structure of nickel 74 
6.1.2 Surface electronic structure of Ni( 110) 75 
6.1.3 Magneto-crystalline anisotropy 77 
6.1.4 Oxidation of Ni( 110) 77 
6.1.5 Surface nonlinear susceptibilities of Ni(110) 78 

6.2 Surface preparation and characterization 79 
6.3 Single frequency (M)SHG 82 

6.3.1 Non-magnetic SHG-response 82 
6.3.2 Magnetic SHG response 87 

6.4 MSHG spectroscopy 97 
6.5 Conclusions 107 

Summary 111 

Samenvatting 113 

Samenvatting voor niet-natuurkundigen 117 

List of Publications 123 

Curriculum vitae 125 



Chapter 1 

Introduction 

1.1 Surface and interface magnetism 

Magnetism is certainly one of the oldest known and practically used phys
ical phenomena of matter. Nevertheless nowadays it still attracts a lot of 
interest, both from a fundamental and a practical point of view. The most 
important application of magnetism that is currently developing rapidly is 
magnetic data storage. To increase the data storage capacity of hard-disks, 
magnetic domains have to become smaller and new devices have to be devel
oped to read this information fast and accurately. The understanding of the 
physical properties of thin magnetic films and magnetic multi-layer struc
tures plays an important role in this development. Such magnetic multi
layer structures consist of magnetic layers separated by non-magnetic layers 
with a thickness of typically a few Angstroms. Properties of these magnetic 
nano-structures like Giant Magneto Resistance (GMR) and the (oscillating) 
interlayer exchange coupling lead and have lead to many possible applica
tions. The combination of the GMR-effect and interlayer exchange coupling 
e.g. make it possible to construct very sensitive magnetic sensors. 

In Fig. 1.1 the GMR effect as observed by Baibich et al. [1] on Fe/Cr su-
perlattices 1 is shown. The graph shows the normalized magneto-resistance 
curves of three different multi-layer systems. It can can be seen that the 
resistance drops as the configuration of the magnetization in neighbor Fe 
layers goes from anti-parallel to parallel. Because the observed changes in 
the resistivity are very large compared to ordinary magneto resistance ef
fects, the effect is called Giant Magneto Resistance. Such a large sensitivity 

1 Superlattices are systems consisting of a unit multi-layer stack e.g. Fe/Cr/Fe of which 
several are successively grown on top of each other. 

1 
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Figure 1.1: Giant Magneto-Resistance curves at 4.2 Κ of (Fe/Cr) 
multi-layers. From Baibich et al. [1]. 

of the resistance upon the external magnetic field is a very useful feature 
that can be used to make magnetic sensor devices. After the discovery of the 
GMR effect by Baibich et ai, GMR effects have been found in a great variety 
of multi-layer systems. It turns out that the GMR effect in magnetic thin 
film systems is directly related to the presence of parallel and anti-parallel 
magnetization configurations of the layers. In Fe/Cr multi-layers the low 
field anti-parallel configuration is induced by anti-ferromagnetic coupling 
between successive Fe layers across Cr. This anti-parallel configuration can 
also be obtained by combining hard and soft magnetic layers. The systems 
obtained in this way do also exhibit the GMR effect. In this way devices 
can be made by combining the right magnetic and non-magnetic materials 
in multi-layer systems. 

From many studies on the magnetic and transport properties of mag
netic multi-layer structures it has been found that a very important factor 
that determines the properties of these structures and thus the performance 
of the devices, is the structure and morphology of the interfaces between the 
different layers. To gain more insight in the role of the interfaces in these 
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multi-layer structures it is necessary to be able to probe these interfaces. 
Magnetic Second Harmonic Generation (MSHG) is a nonlinear magneto-
optical technique that combines surface and interface sensitivity with large 
magneto-optical effects which makes it an ideal probe for the structure and 
magnetism of surfaces and interfaces. The advantage of this optical tech
nique above surface sensitive electronic techniques like e.g. Spin Polarized 
(Inverse) Photo-emission is the possibility to study samples outside UHV 
and to probe buried interfaces as the light is able to penetrate several nano
meters into the multi-layer-structure. 

1.2 Magnetic Second Harmonic Generation 

The theory of optical Second Harmonic Generation from surfaces and inter
faces was established already since 1962 by Bloembergen and Pershan [2]. 
Due to the technological development of lasers, SHG has become an im
portant tool in surface and interface science since the 80's2. Non-linear 
magneto-optics or more specifically Magnetic Second Harmonic Generation 
was first observed in 1991 [4] on an iron surface,quickly followed by many 
other studies showing the potential of MSHG being an ideal technique to 
study magnetic surfaces and interfaces. [5, 6]. 

The principle of a Magnetic Second Harmonic Generation (MSHG) ex
periment is shown in Fig. 1.2. Infrared light (800 nm) pulses from a fem
tosecond laser generate blue (400 nm) second harmonic light at the ferro
magnetic nickel surface. After proper filtering the second harmonic light can 
be measured with a sensitive detector. The two most important features of 
MSHG are the surface and interface sensitivity and the size of the magneti
zation induced effects. The latter can be directly observed in Fig. 1.2 where 
the relative change in the SH-signal upon magnetization reversal is over 30 
%. This effect is typically three orders of magnitude larger than the effect 
observed in linear magneto-optics. 

On a phenomenological level the observed magnetic contrast can be un
derstood by symmetry arguments [7]. According to this phenomenological 
theory of MSHG the response from a ferromagnet with a magnetization M 
can be written as: 

Ι(2ω) oc | X

e v e n ( M ) + X

o d d ( M ) | 2 / 2 M , (1.1) 

where x e v e n ( M ) and x o d d ( M ) are linear combinations of even and odd tensor 
elements. Upon magnetization reversal the even tensor elements remain 

2for a recent historical overview by Bloembergen see Ref. [3]. 
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Figure 1.2: MSHG hysteresis curve measured in the experimental 
geometry as shown on the left. 

unchanged whereas the odd elements undergo a 180° phase change. The 
odd contribution to the response arises due to the breaking of time reversal 
symmetry by the magnetization. As the total response is in general a sum of 
the even and odd contributions a magnetic contrast can be observed upon 
magnetization reversal. In this way the presence of odd and even tensor 
elements is thus observed in an indirect way. In chapter 4 of this thesis a 
direct observation of the 180° phase change of the odd elements using MSHG 
phase measurements is presented. 

The theory of MSHG on a microscopic level is complicated as it involves 
the energy dependence of the spin dependent electronic band-structure of 
the interfaces [8, 9]. On the one hand this is very strong feature of MSHG 
because it means that the MSHG-response may yield valuable information 
about this microscopic electronic structure; on the other hand however this 
complicated-electronic- structure dependence complicates the interpretation 
of MSHG experiments in which one would like to obtain information on the 
macroscopic surface and interface magnetization. To gain insight in MSHG 
on this level it is necessary to perform spectroscopic-MSHG measurements 
on well defined and well known ferromagnetic surfaces. In this way it is 
possible to compare the MSHG results with other experimental techniques 
and with theoretical models. 
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1.3 Scope of this thesis 

The goal of this thesis is to enhance the fundamental understanding of 
MSHG by the development and application of phase-sensitive spectroscopic 
MSHG. 

In chapter 2 the most important theoretical aspects of MSHG are intro
duced. Chapter 3 introduces the experimental equipment and setups which 
were used. In the first part of chapter 4 the principle of MSHG phase mea
surements is introduced and phase measurements on Co/Rh multi-layers and 
nickel are presented. These measurements are an important experimental 
proof of the phenomenological theory of MSHG. In the second part of chapter 
4 a new phase sensitive detection technique for SHG is presented. This new 
technique can, in contrast to conventional phase measurement techniques, 
be used for MSHG phase measurements in UHV with fs-lasers and is very 
important for the study of Ni(llO) in UHV which is the subject of chapter 
6. In chapter 5 MSHG experiments on Co/Rh and Co/Rh/Co magnetic 
multi-layer-systems are presented. These systems are used in magnetic sen
sor devices and exhibit interesting electronic and magnetic features like the 
GMR effect and interlayer exchange coupling. With MSHG the influence of 
the interface quality on the magnetic properties of these systems is studied 
in situ during annealing. In chapter 6 the results from MSHG investigations 
on clean Ni(llO) in UHV are presented. With phase sensitive spectroscopic 
measurements the relation between the spin polarized electronic structure 
and the MSHG response is studied. Using a simple theoretical model it 
is shown that the observed features in the MSHG spectra are due to the 
presence of an empty surface state on the clean Ni(llO) surface. This shows 
that MSHG spectroscopy yields important information on spin-dependent 
surface and interface band structures. 
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Chapter 2 

Theoretical introduction 

2.1 Nonlinear optics 

When light interacts with a medium, it induces a polarization or a re
sponse in this medium. This response is described by the response function 
which relates the induced polarization to the incoming (fundamental) op
tical electro-magnetic wave. In linear optics the amplitude of the induced 
polarization Ρ is linearly proportional to the applied optical electric field E 
as in 

P = X -E, (2.1) 

where χ(ι> is the (first order) linear susceptibility. As a consequence of the 
linearity of the response, the oscillation frequency of the response should be 
equal to the frequency of the applied field. The linear relation is only valid 
when the electro-magnetic fields involved are relatively weak. When more 
intense electro-magnetic fields are involved, non-linear effects in the response 
may become of importance. In that case also higher order terms should be 
taken into account and the response can be written as an expansion in the 
electric field: 

<->(!) « ( 2 ) « ( 3 ) 

Ρ = χ -E + X :EE- |-X : E E E + ..., (2.2) 

where χ^ are the n t h order susceptibility tensors of rank n + l . As a direct 
result of the nonlinearity of the response, the induced polarization does 
not only oscillate at the applied frequency ω but in addition the response 
also contains higher harmonics. That is, when ω is the frequency of the 

7 



8 Theoretical introduction 

fundamental light, the induced polarization is given by a sum of harmonics: 

Ρ = P(0) + Ρ(ω) + P(2u;) + Ρ(3ω) + ..., (2.3) 

where P(0), Ρ(2α;) and Ρ(3ω) are the nonlinear optical processes optical rec
tification, Second Harmonic Generation (SHG) and Third Harmonic Genera

l is) 
tion respectively. Furthermore, the third order nonlinearity X in eq.(2.2) 

also induces a nonlinear contribution to Ρ(ω) 1 . And in the more general 

case when the fundamental light is not monochromatic but consists for in

stance of two different frequencies ωχ and 0)2, also processes like Difference 

Frequency Generation (DFG, P(u;i — u^)) and Sum Frequency Generation 

(SFG, Ρ(ωι +^2)) [1, 2] will appear in eq.(2.3). 

2.2 Second Harmonic Generation 

As shown in the previous section, Optical Second Harmonic Generation 

(SHG) is a nonlinear optical process that is described by the second order 
«•(2) 

nonlinear susceptibility tensor X of rank 3. The general expression for the 

second harmonic polarization in the electric dipole approximation is given 

by: 

<->(2) 

Ρ(2ω) = Χ (-2ω;ω,ω) : Ε(ω)Ε(ω). (2.4) 

<->(2) 

The third rank tensor X consists of 27 elements χ ^ relating the i Carte
sian component (Fig. 2.1) of the nonlinear polarization to the j t h and kth 

Cartesian components of the fundamental electric field as in: 

Ρι(2ω) = χ%ΐΕ3(ω)ΕΙί(ω). (2.5) 

In the case of SHG the last two indices of χ ^ can be exchanged because 
of the fact that the fields Ε3{ω) and Ε^{ω) are equivalent. Therefore the 
number of independent elements describing SHG is reduced to 18. Using this 
intrinsic symmetry property of SHG, the susceptibility can be written in a 
contracted matrix form such that the second harmonic polarization vector 

«(3) 

This X contribution leads to an intensity dependent refractive index describing 
processes like self-focusing 
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ω, 2ω 

Figure 2.1: Reflection geometry for SHG with the optical plane of 
incidence defined by the χ,ζ-plane Ep and E s are the polarization 
vectors for ρ and s-polarized light. 
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X 

(2.6) 

The number of independent and nonzero components may be further reduced 
o(2) 

by the symmetry of the system under consideration, that is, X reflects 

the symmetry of the system in which the second harmonic polarization is 
o(2) 

induced. In general the symmetry operations on X can be described by a 
transformation matrix Τ as in 

Xijk = Tii'T33lTkk'Xll]lkl 
(2.7) 

(2) 
The non-vanishing elements can now be found from the invariance of X 
under the symmetry operations T. 

Inversion symmetry is a symmetry property possessed by crystals having 
a center of inversion and turns out to be a very important symmetry property 
for SHG. The inversion-symmetry operation describes the transformation 
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r —> — r and the matrix Τ describing the inversion operation is defined by: 

++(2) 

Applying this operation to X yields: 

(2) _ (2) r 2 Ά) 

The fact that the symmetry of the medium is reflected in the susceptibil
ity, implies that in a medium with inversion symmetry (centrosymmetric 

++(2) 
medium) X is invariant under this transformation and therefore eq.(2.8) 

o(2) 

can only be fulfilled if X = 0 . In other words, within the electric dipole ap
proximation the second harmonic response is forbidden in a centro-symmetrical 
material. This is the basis for the application of SHG as a surface sensitive 
tool, because at a surface or at an interface between two centrosymmetric 
media the inversion-symmetry is broken and thus at the surface or interface 

Χ φΟ. 
The above picture of surface SHG is somewhat simplified as only the lo

cal electric dipole contribution to the nonlinear polarization is taken into ac
count. Firstly there is an additional bulk contribution to the SHG-response 
because in the bulk of centrosymmetric media, the first order nonlocal elec
tric quadrupole contribution does not vanish. This quadrupolar bulk con
tribution is proportional to the gradient of the electric field and is given 
by: 

P£k(2w) = £ Q : E M V E M , (2.9) 

where X is a fourth rank tensor. 

Secondly, at the surface the fundamental electric fields vary extremely 
rapidly in propagating from one medium to the other and therefore screening 
and nonlocallity effects are very important at the surface. These effects are 
described in the following expression for the the nonlinear response Ρ^ω(τ): 

Ρίω{τ) = JJxljk(ry,r")E?(r')EZ(T")d3r'd3r" 

+ j χ13{τ,ν')Ε?{τ'), (2.10) 

where E?k are the fundamental electric fields. At the surface these electric 
fields vary fast introducing major nonlocal contributions in the response 
from the surface. The second term in the above expression describes the 
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self screening effect. Although these effects are complicated to treat on a 
microscopic level [3-5] it is still possible to describe them by a single effective 
3 r d rank surface susceptibility which looks like the dipolar term in eq. 2.4. 
The reason for this is the fact that the surface region is very thin compared 
to the wavelength of the fundamental and the SH-light and the effective 
surface susceptibility can thus be obtained by integrating the microscopic 
surface polarization: 

V(2u)= f dzP(r), (2.11) 

where Ρ(2ω) is the integrated surface polarization. To describe this non
linear polarization on a phenomenological level we formally introduce the 

(5) effective surface nonlinear susceptibility χ S as in: 

ν%(2ω) = χ($Ε3(ω)ΕΙί(ω). (2.12) 

In this way the microscopic origin of the the local and nonlocal contri
butions to the response are incorporated into the macroscopic formalism. 

Also this effective surface susceptibility reflects the symmetry of the 

surface i.e. when the symmetry of the surface is known, the nonzero tensor 
MS) 

elements can be determined. Independent non-vanishing elements of X 
for several symmetry classes can be found in [1] and [6]. The nonzero tensor 

elements in the case of an isotropic surface with COo^-symmetry, defined by 

the x, y-plane with χ being in the plane of incidence (Fig 2.1), are: 2 

Xxzx = Xyzyi Xzxx = Xzyyj Xzzz· K^·*-") 

This can be understood by considering the mirror operations in the y,z-
plane (mx) and in the χ,ζ-plane (my) respectively. The invariance under 
m x implies e.g. that all elements with an odd number of χ vanish. Due to 
the isotropy of the surface the tensor is invariant under rotations Rg and 
therefore tensor elements were the indices χ are exchanged by y are equal. 
On a microscopic level the surface nonlinear susceptibility is related to the 
electronic (band)structure of the surface. This will be the subject of section 
2.4. 

2.2.1 Radiated fields 

The intensity of the SH-light radiated from the surface as a result of the 

nonlinear source polarization (eq. 2.4) depends on the linear optical prop

erties of the surface and on the experimental geometry like polarization and 
2Note that eq. (2.13) also applies for surfaces having C ^ and Co,«-symmetry. 
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Figure 2.2: Normalized nonlinear Fresnel factors |α ΐ : ) £| 2 as a function 
of the angle of incidence and the fundamental wavelength for four 
different tensor components. 

angle of incidence of the fundamental light. Describing this dependence by 

the nonlinear Fresnel factors a^jt, the intensity in reflection can be written 

as: 

/(2ω) = \Σοίφχφ\
21{ωγ'; (2.14) 

where Ι(ω) is the intensity of the incident fundamental light. When only 

relative changes of χ ^ in a fixed experimental geometry are relevant and 

when the Fresnel coefficients may be considered constant, it is convenient to 

define an effective susceptibility: 

The Fresnel factor α ^ can be evaluated quantitatively in a phenomenolog-

ical model [7-9] where it is assumed that the nonlinear source polarization 

is located in a infinitesimal volume at the interface between the two media 

having refractive indices ni and n2 respectively. With the proper bound

ary conditions, the wave equation can be solved. For the calculation of the 

Fresnel factors it is important where the electric fields in eq.(2.12) are eval

uated. The Fresnel factors as shown in Fig.2.2 are calculated following the 
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convention of Wierenga et al. [9] for one single interface. In this model the 
fields are evaluated on a vacuum basis, i.e. the refractive index of the in
finitesimal surface volume is the refractive index of vacuum. Fig. 2.2 shows 
the angle of incidence and the fundamental wavelength dependence of four 
different tensor components la^fcl2. The relative size of the different com
ponents differs drastically. At 800 nm and 40° angle of incidence and with 
nNi(800 nm) « 1.48 and ÄN^SOO nm) ss 4.39, their relative amplitudes are 
given by: \azzz\

2 : \axzz\
2 : \azxx\

2 : |αχχχ|2 = 240 : 80 : 3 : 1. It should be 
noted that these ratios depend on the convention which is used. 

2.3 Magnetic Second Harmonic Generation 

Although linear-magneto optical effects were already observed more than one 
century ago by Faraday (1845), Kerr (1877) and Zeeman (1896), only in 1991 
Magnetic Second Harmonic Generation was first observed experimentally 
on iron [10] and later on magnetic multi-layers [11]. The linear Magneto 
Optical Kerr Effect (MOKE) involves the changes in the polarization and or 
intensity of light upon reflection from a magnetized ferromagnetic surface 
and is nowadays a very important technique for characterization of magnetic 
materials [12, 13]. 

Magnetic Second Harmonic Generation, analogously to MOKE, involves 
the changes of the polarization and or intensity of the Second Harmonic light 
generated at a magnetized ferromagnetic surface. The intrinsic differences of 
MSHG as compared to MOKE are the surface (interface) sensitivity and the 
very large magneto-optical effects that are typically 3 orders of magnitude 
larger than their linear equivalents. Theoretically nonlinear Magneto-optical 
effects were predicted by Ru-Pin-Pan et al. [14] who developed a phenomeno
logical theory for MSHG. In the following this phenomenological theory of 
MSHG will be introduced by treating MSHG from an isotropic ferromag
netic surface. This phenomenological model for MSHG is based on similar 
symmetry arguments as those used to derive the nonzero tensor elements 
for the isotropic surface in the previous section. 

In the case of a surface with a magnetization M, the nonlinear polariza
tion can be described by a magnetization dependent surface susceptibility 

X (M) and the nonlinear polarization becomes 

P( s )(2u;) = χ 5 ( Μ ) : Ε(ω)Ε(ω). (2.16) 

MS) 
As the magnetization does not break the inversion symmetry, X (M) is 
still only non-zero at surfaces and interfaces of centrosymmetric materials. 
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direction 

of M || χ 

χ || [Î10] 

χ || [111] 

even in M 

Xxzx = Xxxz ) Xyzy = Xyyz 

Xzxxi Xzyyi Xzzz 

Xxzx = XxxziXyzy = Xyyz 

Xzxxi Xzyyi Xzzz 

Xxyz = Xxzyi Xyzx = Xyxzi 

Xzxy = Xzyx 

odd in M 

Xyxy = XyyxiXzxz = Xzzx 

Xxxx ι Xxyy > Xxzz 

Xyxy = XyyxiXzxz = Xzzx 

Xxxxi Xxyyi Xxzz 

XyyyiXyxxiXyzz 

Xzxz = Xzzx, Xyxy = Xyyx 

Table 2.1: Nonzero tensor elements of χ ' 5 ' (Μ) for the (110) surface 
of fee crystals. 

The magnetization does however break the time reversal symmetry of the 

medium. In particular magneto-optical geometries, the nonzero tensor ele

ments can now be found like in the non-magnetic case from the invariance 
-Η·(5) 

of Χ (M) [14]. 
In the longitudinal magneto-optical geometry, the magnetization M is 

in the optical plane of incidence, i.e. along the x-axis in Fig. 2.1.3 This 
magnetization M = Mx, breaks the mirror symmetry of the surface in the 
χ,ζ-plane because the magnetization Μχ is an axial vector and is the result of 
an effective circular current in the y,z-plane. The mirror operation my in the 
χ,ζ-plane y —» —y is now accompanied by the transformation Mx —» —Mx. 
Applying this combined mirror operation to for example Xyyy yields: 

Xyyy(Mx) = -Xyyy{-Mx), (2.17) 

whereas applying the same operation to χζυν yields: 

Xzyy(Mx) = Xzyy{~Mx). (2.18) 

Prom this it follows, that the tensor element x y w is odd in the magnetization 
Μχ, that is, it changes sign upon reversal of the magnetization whereas the 
element Xzyy is even in magnetization. It can be found that all tensor 
elements with an odd number of 'y' indices are odd in the magnetization 
Μ = Μχ. On the other hand, the mirror operation m x in the y,z-plane does 
not affect M x . Applying this operation to χχχχ yields: 

Xxxx(Mx) = - χ χ χ χ ( Μ χ ) , (2.19) 

3 Other magneto-optical geometries axe the transverse geometry with M perpendicular 
to the plane of incidence and the polar geometry where M perpendicular to the surface. 
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that is, Χχχχ must be zero. In the same way it follows that all elements 
with an odd number of 'x' indices are zero. The resulting magnetization 
dependent susceptibility for an isotropic surface in the longitudinal geometry 
can be written as in eq(2.6): 

/ o o o o Ar^ xitd ) 
Xxzx Xxyx 

'ΛΛΛ — .{odd) ..(odd) _ (odd) _ (even) 
ijk \ xSS(M) = (odd) (odd) (odd) (even) „ „ 

Xyxx Xyyy Xyzz Xyzy υ u 
(even) (even) (even) (odd) p. ^ 

\ Xzxx Xzyy Xzzz Xzyz U U 

(2.20) 

Note that also due to the magnetization, χ 2 Χ Ι ^ χζυυ and χχΖυ φ Xyzy unlike 
the case of the non-magnetic isotropic surface. In the transverse geometry, 
the odd tensor elements of the isotropic surface have an odd number of 
'x' indices. The non-vanishing tensor elements for a (110) surface of an fee 
crystal with M parallel to the [Î10] and M parallel to the the [111] direction 
are given in the Table 2.1. In the case M is parallel to [110] the symmetry of 
the surface is equal to the symmetry of the magnetized isotropic surface and 
therefore the tensor is the same. With M parallel to [111] all 18 elements 
are non-zero, however it is important to note that each individual element 
is still either purely even or purely odd. 

Depending on the magneto-optical geometry and the symmetry of the 
surface the nonlinear magneto-optical effects may be observed as a rotation 
of the polarization of the SH-light, or as an intensity change of the SH-light 
upon reversal of the magnetization or as a combination of these two effects. 
Firstly the response in the longitudinal and transverse geometry as sketched 
in Fig. 2.3 is discussed in the case of an isotropic surface. In the transverse 
geometry with s-polarized or p-polarized input light for an isotropic surface, 
the polarization becomes: 

Ρ ^ ω , ±M) α x g ^ z ± xg jx , (2.21) 

where β denotes the polarization of the fundamental light being s or p, and 
the effective tensors xefr include the nonzero elements according to eq.(2.20) 
and the Fresnel factors as introduced in the previous section. From eq.(2.21) 
it follows that in the transverse geometry both the even and odd contribu
tions to the SH-light are p-polarized and therefore MSHG in this particular 
geometry can be observed as an intensity change upon magnetization rever
sal. The observed magnetic asymmetry is defined as ρ = (I+ — I~)/(I++I~) 
and can be written in terms of the tensor components and their relative 
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transverse longitudinal 

Figure 2.3: Two special experimental geometries to observe MSHG-
effects. In the transverse geometry the intensity of the SH-light 
changes upon magnetization reversal whereas in the longitudinal ge
ometry the polarization of the SH-light rotates. 

phase: 

,_ ι\χΤ\/\χΙΓ\ 
p i + lx^d/Xeri2 

cos(A<ï>). (2.22) 

where Δ Φ is the phase difference between the odd and even effective tensor 

components. In this geometry the phase has to be determined as well to be 

able to evaluate the even an odd contributions separately. This can be done 

using phase measurements as are described in chapter 4.4 

In the longitudinal geometry for an isotropic surface, the nonlinear MO 

effects can be observed as a rotation of the SH-polarization. With s or ρ 

polarized fundamental, the nonlinear polarization polarization is given by: 

P in ι ·» /r\ (even) » , (odd) « 
(2.23) 

that is, the radiated SH-light as a result of the even susceptibility will be p-

polarized whereas radiated SH-light as a result of the odd susceptibility will 

be s-polarized and thus a rotation of the polarization will be observed. In 

this geometry the odd and even contribution can be separated by analyzing 

the polarization of the SH-light. From the measured polarization rotation 

4 An alternative way is to measure the asymmetry as a function of angle of incidence. 
This method is however more complicated and less accurate. 
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and the ellipticity changes upon magnetization reversal the relative size and 
phase of the even and odd components can be obtained. 

In the case of surfaces with a lower symmetry, like the anisotropic (110) 
surface of an fee crystal (Ni(110)), both rotations as well as intensity changes 
may be observed upon reversal of the magnetization. However, in a selected 
polarization geometry βιηαοχ1ί (with a being the analyzer angle), the re
sponse can still simply be described by: 

Ιβ<α(2ω, ± M ) α \χΙΓ(^) ± Xeffd(2u,)|2, (2-24) 

where the magnetic asymmetry is described by eq.(2.22) like in the trans
verse geometry. Therefore especially for surfaces having lower symmetry, 
phase measurements as discussed in chapter 4 are essential to separate the 
even (non-magnetic) and odd (magnetic) contributions to the MSHG re
sponse. 

2.4 Spectroscopic MSHG 

According to the phenomenological model for MSHG, as described in the 
previous section, the nonlinear magneto-optical response is observed as the 
interference of even and odd contributions: 

Piito, ±M) = [ x g r ' M ± Χ{°ίά)(2ω)}Ε3(ω)Ε,(ω). (2.25) 

In the first order approximation the odd components χ". (2ω) are lin
early proportional to M and therefore the MSHG response probes the (sur-
face)magnetization. However the amplitude and phase of the even and odd 
components are also complex functions of energy and are related to the 
microscopic properties of the spin polarized band-structure of the surface. 
Therefore to use MSHG as a probe for interface magnetism it is in gen
eral necessary to understand the microscopic origin of the response and vice 
versa: from spectroscopic MSHG experiments, one can obtain information 
on the spin polarized surface density of states. This can be achieved by 
comparing spectroscopic MSHG measurements with theoretical microscopic 
models for MSHG and spin dependent electronic band-structure calcula
tions. 

«(2) 
2.4.1 Microscopic expressions for X 

Expressions for the energy dispersion of the (non-magnetic) nonlinear sus

ceptibility on a microscopic level have been derived classically in terms of the 
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Figure 2.4: Possible resonance structures corresponding to the dif
ferent terms in eq.(2.26). 

anharmonic oscillator model or quantum mechanically using the density ma
trix formalism and can be found in textbooks on nonlinear optics [1, 2, 15]. 

The quantum mechanical expressions for the dipole SHG susceptibility 
χ(2) as derived using second order perturbation theory and the density ma
trix formalism according to [2] is given by: 

XÎ2(2") oc Σ (g\i\m)(m\j\l)(l\k\g) 

(2ω - üJmg + irmg)(u) - Ulg + ΪΓig) 

(g\i\m)(m\j\l)(l\k\g) 

(-2ω + ω1τη - ir;m)(u; + umg + iTmg) 

(g\i\m)(m\j\l)(l\k\g) 

{2ω + umi + ir m i )(u; + ωΐ9 + ίΓΐ9) 

(g\i\m)(m\j\l)(l\k\g) 

(2ω + Ulg + ÌTlg)(u + Umg + iTmg) 
P ( 0 ) 
rgg ' (2.26) 

where \g), \l) and |m) denote the initial (ground)state and the intermediate 
states respectively. ( \i\ ) is the matrix element of the interaction potential 
for the ith component of the fundamental or SH fields and describes the 
transitions between the electronic eigenstates of the electronic system. ρ99 

is the density matrix operator describing the population of the state \g). The 
energy difference between the states \g) and |m) is given by hujmg. In the 
dipole approximation (e.g., in non-centrosymmetric bulk, when the optical 
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Figure 2.5: Calculated resonance contribution according to the first 

term in eq. 2.26 with u;m g = ωι9 = ωΌ and ^Tmti = Γ|9 = ^ . 

fields vary little on a microscopic scale) the interaction potential in eq.(2.26) 

is simply proportional to the position r. 

The expression for χ( 2 ) in equation(2.26) consists of four similar terms 

which originate from the different possible resonant structures as depicted 

in Fig. 2.4. The first term in eq.(2.26) may become resonant when the levels 

are located as in Fig. 2.4(a) whereas resonances in the second and third term 

correspond to the structure depicted in (b) and the last term corresponds 

to (c). The resonances occur whenever hui = faj/fl or 2fojj = hujmg. 

For molecular or atomic systems with narrow well separated levels, the 

typical features in the vicinity of a resonance are the Lorentzian line shape 

of the amplitude of χ and a 180° phase change as illustrated in Fig. 2.5, 

where the calculated amplitude and the phase of the first term in eq.(2.26) 

(for a two level system) are plotted as a function of frequency. 

For solids, eq. 2.26 has to be written in terms of transitions between 

occupied and unoccupied electronic bands [1]. Although in a solid the levels 

are broadened into rather wide bands, sharp spectral features can still arise 

in the vicinity of for example onsets of inter-band transitions, which still can 

be approximated by a Lorentzian associated with the 180° phase shift. 
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The frequency dependence of the nonlinear susceptibility can in principle 
be calculated when the detailed electronic band-structure of the solid is 
known. This is however a complicated problem as it has to be understood in 
what respect surface electronic and bulk electronic properties do contribute 
to the total surface response. Furthermore, also screening and non-locality 
effects as mentioned in the previous section have to be taken into account 
in a microscopic theory for the surface susceptibility. [3, 4] 

2.4.2 Microscopic origin of the magneto-optical effects 

Classically magneto-optical effects can be understood in terms of the Lorentz 
force that acts on the oscillating electrons changing the polarization of the 
light. The motion of the electrons in this classical picture can be derived 
by solving the equation of motion in the forced oscillator model including 
the magnetic Lorentz force. It turns out however that within this model the 
magnetic field should be of the order of ΙΟ4 Τ to be able to explain the size 
of experimentally observed magneto-optical effects. A quantum mechanical 
picture is therefore necessary to explain the magneto-optical effects. 

Argyres has shown that quantum mechanically, the linear magneto-
optical effects in ferromagnets arise due to the simultaneous occurrence of 
exchange splitting and spin-orbit coupling [16]. This is illustrated in Fig. 
2.6 where the splitting of the energy levels in a ferromagnet due to both 
the spin-orbit coupling and the exchange interaction is sketched [17]. The 
polarization rotations result from the difference in absorption for left and 
right circularly polarized light. Macroscopically the linear magneto-optical 
effects are usually described by the magnetization dependent conductivity 
tensor. In the special case of the polar Kerr effect this tensor has the form: 

( σχχ{ω) σχυ(ω) 0 \ 
-axy(iü) σχχ(ω) 0 , (2.27) 

0 0 σζζ{ω) J 
where the magnetic effects are contained in the off-diagonal components. In 
the microscopic picture of Fig. 2.6 the imaginary part of the off-diagonal 
component is given by [17]: 

< 4 oc £ Σ ƒ(*.)(! - /(£/)) (l<i|P-l/>l2 - Κ«ΊΡ+Ι/)Ι2) *("ƒ. - ω), (2.28) 
».ƒ 

where the matrix elements correspond to dipole transitions for left and right 
circularly polarized light respectively and f(e) is the Fermi-Dirac function. 
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Figure 2.6: Energy levels in a (bulk) ferromagnet with the electric 
dipolar optical transitions for left and right circular polarized light [17]. 

Note that the relative sign of the difference between the two matrix elements 
in eq. 2.28 is reversed when the spin orientation is reversed which explains 
the origin of the contributions that are odd in magnetization. 

It should be noted that the schematic picture in Fig.2.6 serves just as 
a qualitative explanation because it suggests that only the shift of the en
ergy levels is responsible for the magneto-optical effects. It has been shown 
however by Kittel that for real metals it is the change of the wave functions 
(due to the magnetization) rather than the shift of the energy eigen val
ues (due to the spin orbit coupling) which has the largest influence on the 
magnetization induced effects. 

The derivation of the nonlinear magnetization dependent susceptibility 
χ(2) (M) [14, 18-20] is similar to the derivation of the linear magnetization 
dependent susceptibility in the "classical" paper by Argyres where the spin-
orbit interaction is treated as a perturbation. In this formalism the spin-
dependence of the eigenfunctions of the system results in spin dependent 
transition matrix elements. The microscopic expression for the magnetiza
tion dependent odd tensor components gets the form: 

X:jodd(2u;,M)oc 

V Λ mm)(m\j\l){l\k\g) 

g,l,m,c 

(2.29) 

+ similar terms ) pf' J99 
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where σ is a spin index. The ± sign corresponds to spin up and spin down re
spectively. That is, transitions between electronic states with opposite spin 
polarization result in contributions to the SHG-response with opposite sign 
or phase, which is the important feature for MSHG spectroscopy. If both 
spin states are filled, the total contribution to Xt.k'

0 (2ω, M) will cancel due 
to the summation over the opposite spin states. In the first order approxi
mation ^ ( 2 ) ' o d d in eq. 2.30 is linearly proportional to the magnetization M 
whereas ^-(2)' e v e n only contains terms up-to zeroth order in magnetization. 
More general of course, the even elements may contain contributions of even 
order in magnetization and the odd elements contributions of odd order in 
magnetization. 
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Chapter 3 

Experimental introduction 

Non-linear optical effects are in general much weaker than the linear effects 
and only become observable when a medium is excited by high intensity laser 
radiation. The intensity of the SH-light generated in an SHG experiment 
is proportional to the square of the fundamental light intensity Ιω and the 

(2) 

effective second order nonlinear susceptibility xef{ : 

/2«<χ|χ2ΐ2£. (3.1) 

In the case of surface SHG from a non-centrosymmetric medium the sec
ond order nonlinear susceptibility χ(2) is very small and is typically of the 
order of 10~15 esu [1]. This means in practice that for detectable SHG 
(>10 photons/s), the intensity of the fundamental light has to be of the 
order of >40 MW/cm2. Only with pulsed lasers it is possible to achieve 
such high power densities while keeping the average power low enough to 
prevent the sample from possible damage. The light pulses produced by a 
fs-Ti:Sapphire laser are typically 100 fs long and their energy is ~10 nJ. Al
though the energy of one pulse is quite low, within the pulse when the laser 
light is focussed into a spot with a diameter of ~ 200 μπι, the power density 
is very high being of the order of ~ 300 MW/cm2. It is due to the nonlinear 
power dependence of SHG that the peak power instead of the average power 
is the important factor that determines the SHG-yield. The average power 
on the sample depends on the repetition rate of the pulses. As a result of 
the low efficiency of the SHG process, also sensitive optical detectors like a 
photo-multipliers are needed for (surface) SHG experiments. 

In the Ultra High Vacuum (UHV) system clean surfaces can be prepared 
by annealing and Ar+ ion-bombardment and characterized with low energy 
electron diffraction (LEED) and Auger Electron Spectroscopy (AES). 
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The laser system, optical setup and the UHV system are the subject of 

this chapter. 

3.1 Ti:Sapphire laser system 

The main light source used for the (M)SHG experiments is a Ti:Sapphire 
laser (Spectra Physics, Tsunami). The lasing medium in Ti:Sapphire lasers 
is as its name suggests, the titanium doped sapphire crystal Ti3 +:Al203. 
The optical properties of this Ti:Sapphire crystal are characterized by a 
broad absorption band in the visible range and a broad emission band in 
the near-infrared. Because of these broad band characteristics Ti:Sapphire 
lasers can produce ultrashort pulses in combination with a wide tuning range 
in the near infrared [2]. The Ti:Sapphire laser we used is pumped by either 
an argon ion laser (Spectra Physics, 240 E) or by a diode pumped, frequency 
doubled, Nd:YV04 laser (Spectra Physics, Millenia). Depending on the used 
mirror set, the output of the TkSapphire laser can be tuned continuously 
from 720 nm to 860 nm using the "standard" mirror set and from 840 nm to 
1000 nm using the "long wavelength" mirror set [3]. When the laser is mode 
locked the output consists of pulses with a Gaussian temporal profile with a 
width of typically 100 fs and a repetition rate of 80 MHz. The spatial mode 
of the beam is TEMQO· With an average power of 1 W the energy per pulse 
is 12 nJ. 

To obtain higher pulse energies, the Thsapphire laser pulses can be am
plified up to 1 mJ per pulse (rep. rate 1kHz) using the regenerative amplifier 
(Spectra Physics, Spitfire) pumped by a pulsed (10 ns) Nd:YLF laser (Spec
tra Physics Merlin) and seeded by the Ti:sapphire laser. Following ampli
fication, these high energy pulses are used to pump the optical parametric 
amplifier (Spectra Physics, OPA 800) which can produce femtosecond pulses 
tunable from 300 nm to 0.3 μιη. A schematic overview of the complete laser 
system is given in Fig. 3.1. 

3.1.1 Regenerat ive Amplifier s y s t e m 

The regenerative amplifier consists of a Ti:Sapphire cavity pumped by a 
pulsed Nd:YLF laser (10 W, IKHz, 10 ns) and is seeded by low energy pulses 
from the Ti:Sapphire laser. A regenerative amplifier cavity is designed in 
such a way that one single pulse (of a pulse train) is selected and amplified 
by multi passing the Ti:Sapphire laser rod. The synchronization electronics 
of the amplifier are triggered by the 82 MHz repetition frequency of the 
Ti:Sapphire laser and control the timing of the Pockels cells which switch 
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Figure 3.1: Laser setup: Ti:Sapphire laser, regenerative amplifier, 
optical parametric amplifier and the autocorrelator. 

the pulses into and out of the cavity. When fs-pulses would be amplified 
directly up to high energies like 1 mJ/pulse, the intra cavity peak intensities 
would become extremely high and would damage the optics. Therefore to 
amplify fs-pulses to such high energies the seed pulses have to be temporally 
stretched before, and compressed after amplification. This process is called 
Chirped Pulse Amplification (CPA). A Gaussian light pulse with a temporal 
width Δί has a frequency bandwidth AE according to the fundamental 
relation AEAt > 2nh, or in other words the pulse is build up out of a 
continuous distribution of frequency components. Pulses can be temporally 
stretched and compressed in an optical system where certain frequencies are 
delayed relative to others. When the higher frequencies are delayed with 
respect to the lower frequencies the pulse is positively chirped and has a 
positive Group Velocity Dispersion. Conversely, when the lower frequencies 
are delayed the pulse has a negative Group Velocity Dispersion. As most 
media have positive dispersion, the laser pulse will in general be positively 
chirped. Pulse stretching and compression can be achieved with diffraction 
gratings or with prisms by arranging them in such a way that either the 
bluer or the redder frequencies have to travel a longer path [4, 5]. The actual 
pulse stretcher and compressor in the Spitfire are set up in such an optical 
configuration that only a single grating is used for each process (stretching 
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Figure 3.2: Parametric down conversion. 

and compression). The pulses do pass the grating four times to ensure that 
the stretched (compressed) laser beam is spatially recovered. The dispersion 
of the compressor can be varied continuously by varying the delay with a 
motorized delay line. 

3.1.2 Optical Parametr ic Amplifier (OPA) 

Optical Parametric amplification is the process in which a weak optical laser 
beam at frequency ω3 (Signal), interacts nonlinearly with a strong laser beam 
at frequency Up (Pump) in such a way that the amplitude of the signal is 
increased. As energy is conserved in the process, a third beam at frequency 
Wj (Idler) is generated as well. Energy conservation in the process can be 
written as: 

ω3 = ωρ- ωι (3.2) 

This process called parametric down conversion can take place in a medium 
with a second order nonlinear susceptibility χ^2' and is schematically de
picted in Fig. 3.2. The efficiency of the frequency conversion depends on 
the second order nonlinearity χ ' 2 ' of the medium and on the wave vector 
mismatch ΔΑ:: 

Z-\rt — Λ/ρ rZg Ι\>Ί ^ Ι Ο. Ο I 

where k\ = ΐ ^ · When ΔΑ; = 0 the conversion efficiency is maximum. 
The phase matching condition (i.e. momentum conversion) ΔΑ; = 0 can be 
achieved in biréfringent crystals. 

In the OPA800 a type II angle tuned BBO(/3-BaB20)-crystal is used 
as nonlinear gain medium. In a type II phase matching process the sig
nal is of opposite polarization to the pump and the idler. The signal (and 

(Or 

X 
(2) 



3.2 MSHG setup 29 

idler) wavelength can be tuned by tuning the angle of the crystal as the 
phase matching condition is a function of wavelength and crystal orienta
tion. When 800 nm pulses from the Spitfire are used as pump, the signal 
can be tuned between 1.1 μιη and 1.6 μιη whereas the corresponding idler 
wavelength ranges between 3 μπι and 1.6 /im. The frequencies 2us, 4ωΒ, 2UJÌ 
and Auji are obtained by Harmonic generation. 

3.2 MSHG setup 

In Fig. 3.3 the setup for MSHG spectroscopy measurements in UHV is 
shown. The polarization of the incoming fundamental laser beam can be 
chosen using a Babinet Soleil compensator and a polarizer (Gian Taylor) is 
used to ensure that the light is linearly polarized. A BK7 glass plate is used 
as beam splitter to select ~ 4% of the fundamental beam for the reference 
line. 

The light is focussed onto the sample to a spot diameter of ~ 200μπι 
with lens LI (f=400 mm). An OG570 color filter (CF1) is placed in front 
of the UHV window to remove all light with wavelengths below 570 nm to 
remove possible second harmonic radiation not generated by the sample. 
The UHV windows are made out of fused quartz. After the sample, only 
the SH-light is transmitted through the BG39 color-filters (CF2) and the 
fundamental light is blocked. It should be noted however that at 750 nm 
the transmittance of 1 mm BG39 is still ~ 5 χ I O - 4 times its transmittance 
at 500 nm. In the range 850-1000 nm this factor is smaller than 1 χ I O - 4 and 
above 1000 nm the transmittance increases again. Therefore to sufficiently 
filter out the fundamental frequencies in the sample line the total thickness 
of the BG39 filters was 8 mm when /xJ pulses from the ΟΡΑ were used. In 
addition it should be noted that the photo-multiplier is less sensitive in the 
wavelength range of the fundamental light. 

A Gian Taylor polarizer was used to analyze the Second Harmonic light 
from the sample. For automatic measurements of the SHG polarization, a 
computer controlled rotation stage with a sheet polarizer instead of a Gian 
Taylor polarizer is used. 

The SHG from the sample is detected with a cooled photo-multiplier tube 
(PMT1). For low SHG signals and a high repetition rate of the laser, the 
PMT is operated in photon-counting mode. In the case of photon-counting 
the electrical pulses from the PMT are amplified by a fast preamplifier (Stan
ford, SR445) and the pulses are counted by a counter (Stanford, SR400). 

When the repetition rate of the laser is only 1 kHz and the fundamental 
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Figure 3.3: Setup for MSHG spectroscopy measurements in UHV. 
BSC Babinet/Soleil compensator, GT Gian Taylor, BS beam splitter, 
L lens, CF color filter, PMT photo-multiplier tube, MC monochroma
tor. 

pulse energies are relatively high (~ 1 /xJ/pulse), detection with a lock-in 
amplifier is favorable. This is because when more than one SH-photon is 
generated per laser pulse, in the photon counting process these photons will 
be detected as just one photon per laser pulse. When a lock-in amplifier 
is used for detection the P M T is operated at a lower voltage and no feist 
preamplifier is needed. The SH-light from the sample can also be detected 
using an Optical Multichannel Analyzer (OMA) which consists of a Chromex 
monochromator and a Princeton Instruments cooled CCD camera. In that 
case the SH-light was coupled via an optical fiber into the monochromator 
of the OMA. 

A magnetic field can be applied parallel to the surface plane of the sample 
and in the optical plane of incidence which is the longitudinal magneto-
optical configuration. 
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The reference line is used to normalize the SHG-signal from the sample. 
Normalization is necessary because the SH-signal also depends upon the 
temporal and spatial beam profile of the laser. Especially in the case of 
spectroscopic investigations a reference is needed as the pulse and beam 
characteristics do change when the laser is tuned to different frequencies. 
As a reference nonlinear crystal, z-cut quartz is used. Crystalline quartz is 
non-centrosymmetric and its nonlinear susceptibility χ( 2 ' has only a weak 
frequency dependence [6] and is therefore useful for normalization of the 
spectra. In the reference line the 2 mm thick z-cut quartz plate is oriented 
with its z-axis along the propagation direction of the light. The SH-signal 
is detected with a photo-multiplier (PMT2), after appropriate filtering with 
the same color filters as used in the sample line and after passing through 
a monochromator. The signal from the second photo-multiplier (PMT2) 
could be read directly from an oscilloscope. Usually when SHG is measured 
from quartz in transmission, Maker fringes can be observed as a function of 
thickness and wavelength [7, 8]. However, in this case, due to the spectral 
width of the laser pulses and due to the fact that the laser beam is focussed 
into the reference crystal, the Maker fringes are averaged out and do not 
influence the reference signal. 

The normalized SH-signal of the sample is obtained by simply dividing 
the sample SH-signal by the reference SH-signal from the quartz. 

3.3 MOKE setup 

The linear Magneto Optical Kerr Effect (MOKE) involves the change of 
the polarization state of light upon reflection from a magnetized ferromag
netic surface. These polarization changes of polarized light reflected from 
a ferromagnetic surface can in principle be measured using a polarizer and 
an analyzer. Because typical Kerr rotations are of the order of milli radi
ans, often a more sensitive detection method is needed. In the setup as 
shown in Fig 3.4 a Photo-Elastic Modulator (PEM) is used to modulate 
the polarization of the light from left to right circularly polarized light at 
a frequency of 50 kHz.1 The signal detected by a photo-diode is measured 
with a lock-in amplifier locked to the reference signal from the PEM. The 
highest magneto-optical contrast is observed when the lock-in signal is mini
mized by rotating the analyzer (GT2) slightly while the sample is saturated 
in one direction. The magnetic field can be varied automatically using a 

'When pulsed lasers are used as light source, the repetition frequency of the laser has 
to be much larger than 50 kHz. 
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Figure 3.4: MOKE setup: GT Gian Taylor, PEM photo-elastic mod
ulator, W UHV window, NDF neutral density filter, PD photo-diode. 

programmable current source. The Kerr rotation and ellipticity can can be 

quantitatively derived from the measured magneto-optic contrast using the 

Jones vector formalism [9, 10]. 

3.4 Ultra High Vacuum system 

The UHV system in Fig. 3.3 has a base pressure of 5 χ 10_ 1 1mbar. At 
pressures below 5 x 10_ 8mbar, the system is pumped with an ion pump 
(Varian, picotorr 350) with a built-in Titanium Sublimation Cartridge; at 
higher pressures a Turbomolecular pump (Balzers, TPU 270) is used to 
pump the system. The system is equipped with an in situ electro magnet as 
shown in Fig. 3.6. The yoke of the magnet is made out of soft iron and is 
winded with UHV compatible kapton isolated copper wire. The gap between 
the two poles is 12.5 mm. In Fig. 3.6, the magnetic field, as measured with a 
Hall-probe in the center of the gap, is plotted as a function of current through 
the coils. Saturation of the iron yoke sets in above 1400 G. The remanence of 
the magnet was less than 15 G. For pressures below 1 χ 10_9mbar, magnet 
currents above 2 A were only applied for a short time as otherwise the 
heating of the coils increases the pressure. 

The sample holder as also shown in Fig. 3.6 is made out of aluminum-
oxide. The clamps that hold the sample in position are made out of molybde
num. The sample can be heated up to 1100 Κ using electron bombardment, 
therefore a tungsten filament is built in the sample holder behind the sample. 
Both sample and filament are electrically isolated. To bombard the sample 
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Figure 3.5: UHV compatible magnet with sample holder, heater and 
thermo couple (TC). On the right the calibration curve (magnetic field 
vs. magnet current) of the magnet is shown. 

with electrons from the filament, the filament is set at -600 V relative to the 
sample. With a K-type thermo-couple the temperature is measured. The 
sample holder is mounted to a x,y,z- manipulator with a Rotary Drive from 
VG (Vacuum Generators) 

A mini beam ion gun (MinibeamI, Kratos Analytical) is used to sputter 
the sample surface clean. Two leak valves are used to dose the system with 
small amounts of gas. 

For the analyses of the surface, Auger electron spectroscopy and Low 
Energy Electron DiflFraction can be performed performed with a combined 
LEED/AES-system from Omicron (Specialeed). 

To perform LEED measurements the sample surface was rotated to
wards the electron gun of the Spectaleed system such that the low energy 
(30-150 eV) electrons hit the sample at normal incidence. The electrons 
that are scattered back elastically from the surface and can be observed 
(as Bragg diffraction spots) on a spherical fluorescent screen2 behind the 
electron gun. The observed diffraction pat tern corresponds basically to the 

2this screen is biased positively at 5-10 kV to accelerate them to be visible on a fluo
rescent screen 
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Figure 3.6: The UHV chamber and part of the optical setup. The 
arrows point at the polarizer and the lens in front of the UHV window. 
In the front the monochromator can be seen. The right images show a 
LEED image and the UHV-combatible magnet and the sample holder. 

surface reciprocal lattice. 

The Auger electron spectroscopy technique can be used for chemical 

analysis of surfaces. When an atom of which a core level is ionized by an 

impinging electron, decays into a lower energy state it may eject an Auger 

electron. This Auger electron will have a kinetic energy characteristic of the 

parent atom. In an AES measurement, the primary electrons having kinetic 

energy ~ 3 keV hit the sample in the same normal incidence geometry as 

with the LEED. The Auger electrons are detected by the LEED screen that 

is electrically connected to spectrometer electronics. With the spectrometer 

the energy of the electrons is analyzed by applying retarding voltages to the 

grids that are placed in front of the screen. Because of the small Auger 

signals the AES is carried out in the derivative mode to suppress the large 

background of true secondary electrons. The differentiation is performed 

by superimposing a small alternating voltage υ = VQ sin u)t on the grids and 

synchronously detecting the in-phase signal with a lock-in amplifier. 
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Chapter 4 

Phase measurements and 
spectral interference 

4.1 The phase of the Second Harmonic response 

The optical electric field Ε(2ω) of the second harmonic response from a sur
face, interface or e.g. a layer of absorbed molecules, is in general proportional 
to the sum of independent tensor components Xijk' 

Ε(2ω) oc Σ aijkXijk = Xeff· (4.1) 
i,j,k 

Here xeff is the resulting effective susceptibility which is a linear combination 
of tensor-components and the corresponding geometrical nonlinear Fresnel 
factors fyjk- The tensor components χ ^ and also the Fresnel factors atjk 
are complex numbers, so, according to Euler's formula, they are represented 
by an amplitude and a phase, that is: 

Xeff = |Xeff|eîe. (4.2) 

As a result, the optical electric field Ε(2ω) of the generated SH-light has a 
phase which is equal to the phase of the sum of the independent complex 
numbers in eq.(4.1). This phase information carried by the SH-light is lost 
however when only the intensity, which is equal to the square of the electric 
field Ι(2ω) α \Ε(2ω)\2, is measured. However, the phase of the SH-light can 
be determined in a direct way by making use of interference techniques as 
presented in the next sections. 

Phase-information is important as it is necessary for a complete charac
terization of the nonlinear optical response. In some cases the phase even 

37 
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Im(r') 

odd 

χ (-M) 

odd 

χ (+M) 

* Re(r') 

Figure 4.1: The superposition of the even and odd contributions 
to the total effective magnetic susceptibility χ ( ± Μ ) in the complex 
plane. 

carries direct information about the symmetry of the system as the phase of 

the SH-response is related to the orientation of the electric and the magnetic 

field. In this way SH-phase measurements have been used to determine the 

molecular orientation on surfaces [1] and in liquid crystals [2]. These ex

amples and other applications of SHG-phase-measurements are reviewed by 

Stolle et al. in [3]. For MSHG measurements, and in particular for MSHG-

spectroscopy, phase-measurements are very useful as discussed in the next 

paragraph. 

T h e phase of t h e M S H G response As discussed in chapter 2 already, 

the presence of a magnetization M leads to a magnetization dependent 

nonlinear optical susceptibility tensor, χ ( 2 ) ( Μ ) , with elements being either 

purely symmetric (even) or anti-symmetric (odd) with respect to M [4]. 

That is, upon reversal of the direction of M the components of χ ( 2 ) ( Μ ) 

either remain unchanged or they undergo a π phase shift, respectively. As 
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a result of this, the total MSHG-signal is proportional to the interference 

between these symmetric and anti-symmetric contributions: 

Ι(2ω, ± M ) « |xeven(2u;) ± x o d d (2u;)e^| 2 , (4.3) 

where φ is the phase difference between the even (x e v e n ) and odd (x o d d ) 
susceptibilities. x o d d and ^ e v e n are effective susceptibilities, that is, they are 
linear combinations of the nonzero tensor components and the corresponding 
Presnel factors like in eq(4.1). The relative magnetic contrast ρ as observed 
in an MSHG experiment is defined as: 

_ J ( + M ) - / ( - M ) _ 2 |x o d d /x e v e n | 
P - I(+M) + ƒ ( - M ) ~ 1 + |Xodd/xeven|2 C O S ^ ^ Λ ) 

and thus depends on the ratio |x o d d | / | x e v e n | and the phase difference φ. 
Therefore, to derive the relative amplitudes of the magnetic and non-magnetic 
contributions in an MSHG-experiment, it is necessary to measure both the 
phase and the intensity.1 

The relation between the phase as measured in an experiment and the 
phase difference φ in eqs. (4.3) and (4.4) becomes clear from Fig. 4.1, where 
the superposition of even and odd contributions is drawn in the complex 
plane. The total phase change of the MSHG response upon magnetization 
reversal is Αφ and the amplitude of the response is χ ( ± Μ ) where / ( ± M ) α 
| χ ( ± Μ ) | 2 . Applying the cosine rule to Fig. 4.1 yields the following relations 
for |x e v e n | and | x o d d | in terms of the measured intensities and phase 

4 |x e v e n | 2 = ƒ+ + ƒ - + y/l+I- cos(A(p), (4.5) 

4|xodd |2 = ƒ + + ƒ - - νΐ+Ι-οο8{Αφ). (4.6) 

4.2 C o n v e n t i o n a l Ρ hase-sens i t ive t e c h n i q u e s in non

l inear o p t i c s 

The phase of the Second Harmonic light Ε(2ω) can be determined by em
ploying a SH interference technique as originally introduced by Chang et 
al. [6]. In this technique, as schematically shown in Fig.4.2, the SH signal of 
the sample is superimposed on that of a second (reference) SHG source and 
is detected after appropriate spectral filtering. The interference is observed 
by measuring the total SH signal upon variation of the optical phase delay 

'There exist also experimental configurations where the phase information can be ob
tained in an indirect way (see chapter 2 or [5]) 
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reference sample filter 

φτ δφ φ 

Figure 4.2: Schematic setup for SHG interference measurements. SH 
light is generated by the reference and sample with corresponding 
phases φτ and φ8, the filter blocks the fundamental light and I is the 
intensity detected by the photo-multiplier (PMT). 

Δ Φ between the two harmonic waves. When φ5 and φτ are the phases of 

the SH-light from the sample and from the reference respectively, the total 

phase delay Δ Φ is given by 

ΔΦ(ίί) = φ5 - φτ + δφ. (4.7) 

δφ is the phase shift between the fundamental and SHG wave that is created 

over the path length from the reference to the sample and arises from the dis

persion of the medium in between. The dispersion Δ η = η(λ/2) — η(λ) leads 

to different phase velocities of the fundamental and the harmonic waves, 

therefore δφ is given by: 

δφ(ά) = (4πΔη/λ)ί2, (4.8) 

where λ is the fundamental wavelength, and d is the thickness of the disper

sive medium between the sample and the reference. Variation of the total 
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Figure 4.3: Interferogram cis observed upon translating the reference 
along the path of the beam. The periodicity of this interferogram is 
approximately 62 mm. 

phase delay can now be achieved in several ways [3], by either changing Δ η 

or by varying d. 

When the dispersive medium is the ambient air, interference can be 

observed upon translation of the reference source along the path of the 

beam resulting in a cosine-like interferogram of the total SH-signal: 

Vtot(cO = li»,* + W + 2αΛ//2ϋ,,./2ω,Γ • εο5(ΔΦ((ί)), (4.9) 

where /2w,s and Ι^ω,τ are the intensities of the sample and reference harmonic 

waves respectively. The coherence parameter a describes the spatial and 

temporal coherence [7]. For complete temporal and spatial overlap and 

perfect coherence of the laser beam, α = 1. An example of an interferogram 

as measured is given in Fig.4.3 where the solid line is a fit to the data. The 

period of the interferogram called the coherence length is given by 

Zo = λ / 2 Δ η . (4.10) 
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For fundamental radiation of 845 nm and the dispersion of air at room 

temperature and normal atmospheric conditions being [8] Δη = n(840 nm) — 

n(420 nm) « 6.5 χ I O - 6 , the period of the interferogram is approximately 

62 mm (as in Fig. 4.3). The phase information can be deduced from the 

phase of the interferogram. A relative phase change in the SH-response 

will be observed as a relative phase shift of the interferogram. An absolute 

calibration of the phase may be obtained by using a reference material having 

a nonlinear susceptibility of known phase and then extrapolating δφ to zero. 

An alternative approach is to replace the sample by a nonlinear standard 

with a known phase [1]. In the case of MSHG-phase measurements only 

the relative phase changes upon magnetization reversal are relevant and 

therefore an absolute calibration of the setup is not necessary. 

4.3 MSHG Phase measurements on Rh/Co/Cu and 
Ni(llO) in air 

The phenomenological theory of nonlinear magneto-optics or MSHG is es

sentially based upon the argument that the presence of a magnetization 

breaks the time reversal symmetry of the system, yielding a magnetization 

dependent nonlinear optical susceptibility tensor χ( 2)(Μ) with elements be

ing either purely symmetric or anti-symmetric with respect to M. Whether 

these tensor elements are really either purely symmetric or anti-symmetric 

can be tested experimentally with phase-sensitive MSHG-measurements. 

4.3.1 Isotropic surface ( R h / C o / C u ) 

In the case of an "isotropic" interface with COo^-symmetry, defined by the 

x, y-plane with x being in the plane of incidence and with a magnetization 

parallel to x ("longitudinal configuration", see Figure 4.4), the nonlinear 

optical susceptibility is given by: 2 

0 0 0 0 χ ^ Γ ' x S f \ 
Y ^ V M Ì = I v(odd) \<{odd) v{odd) v(ei'en) η η 
A-ijk v-1"·/ I Xyxx Xyyy Xyzz Xyzy υ u (even) (even) (even) (odd) „ „ 

Xzxx Xzyy Xzzz Xzyz U U 
(4.11) 

In the longitudinal configuration one can find polarization combinations 

of the incoming fundamental beam and the generated second-harmonic beam 
2eq. (4.11) also applies to interfaces with C72,„, Ci,,, and Ce,„-symmetry if the plane of 

incidence is parallel to a mirror symmetry plane. 
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Figure 4.4: Experimental setup for MSHG phase measurements. 
When the SH-intensity from the sample is measured, the OG-570 glass 
filter (absorbs the second harmonic radiation) is placed at position # 1 . 
To measure the interference, the filter is placed at position # 2 . The 
angle of incidence WEIS 45°. 

with the underlying tensor components being either purely even or purely 

odd (see Table 4.1). In the even configurations, Sj n p o u t and PinPout) both 

the phase and the magnitude of the generated second-harmonic radiation 

remain unchanged upon sign reversal of the magnetization, whereas in the 

odd combinations, s i ns0ut and PinSout) the SH radiation undergoes a π phase 

shift. 

The sample was a Rh/Co/Cu magnetic multi-layer system grown on 

a silicon substrate by sputtering. This sample was used because of the 

isotropic symmetry of its interfaces and because of its relatively large SHG 

response and large magnetic effects. A glass slide covered on one side by 

a thin poled polymer film with a high second-order nonlinearity served as 

reference SHG source. 

The intensity and phase of the second-harmonic radiation generated by 

the sample were obtained in two different kinds of measurements as indi

cated in Fig. 4.4. The SH-intensity was measured by placing the OG-570 

filter that blocks the radiation at the second harmonic frequency at position 
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Figure 4.5: The Sin45°ut second harmonic intensity generated by the 
sample as a function of the applied magnetic field. 

# 1 . If the filter is placed at position # 2 instead of # 1 , the phase of the 

second-harmonic light can be determined. The Ti:Sapphire laser was oper

ated at a wavelength of 840 nm and a pulse width of 100 fs. The average 

power at the sample was about 260 mW, with a spot diameter of approx

imately 200 μπι. To observe the phase shift properly it is important that 

the magnetization is reversed completely. Therefore the saturation field was 

determined by measuring the MSHG hysteresis in the polarization combina

tion Sin45°u t (Fig. 4.5), since in this configuration a sum of one odd and one 

even susceptibility-component is probed. The relative magnetic contrast 

ρ (eq.(4.4)) is about 50%. The interference patterns obtained in the odd 

PinSout polarization combination upon sign reversal of the magnetic field are 

shown in Fig. 4.6a. Since the fundamental beam was focused on the sam

ple, the reference signal depends on the position d with respect to the focus 

position do as l2u>,r(d) oc l / (d — do)2. Therefore the interference pat tern has 
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Figure 4.6: Interference patterns for the SHG for opposite magneti
zations of the Rh/Co/Cu sample in the (a) odd PmSout configuration 
and (b) even slnpout configuration. The solid lines are best fits to 
(4.12). The phase differences were found to be ΔΦ = (185 ± 5)° for 
(a) and ΔΦ = (0 ± 5)° for (b) respectively. 
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not a perfect cosine form as in eq.(4.9) but is given by the expression: 

hw,tot(d) = Ιτω,β + hw,r{d) + Ίαψίω,β • ΐ2ωΑά) ' c o s [(4πΔη/λ) d + Φ] . 

(4.12) 

The data in Fig. 4.6 can be perfectly fitted by (4.12), resulting in a phase 

difference Δ Φ = Φ ( + Μ ) - Φ ( - Μ ) = (185 ± 5)°. This value as well as 

the obtained relative magnetic effect in the SH-intensity of ρ < 1% is in 

excellent agreement with the theory that predicts a π-shift of the harmonic 

radiation. Figure 4.6b depicts the results of phase measurements in the 

even Sinpout combination. The phase difference was Δ Φ = (0 ± 5)°, and the 

relative magnetic effect was ρ < 1%, both again in good agreement with the 

phenomenological model [4]. Table 4.1 shows the experimental results for 

all selected polarization combinations. 

pol. 

s i n P o u t 

SinSout 

PinPout 

PinSout 

Sin^O^t; 

x(2'-components 

(even) 
Xzyy 

(odd) 
Xyyy 

(even) (even) (even) 
XzXX ) XxZX ; XzZZ 

(odd) (odd) 
Xyxx -, Xyzz 

(odd) (even) 
Xyyy > Xzyy 

sym. 

even 

odd 

even 

odd 

• / • 

ΔΦ 

exp. 

0 ο ± 5 ο 

179° ± 5° 

2° ± 5 ° 

185° ± 5° 

30° ± 5° 

theo. 

0° 

180° 

0° 

180° 

·/· 

Ρ 
exp. 

< i % 

< i % 

< i % 

< i % 

« 5 0 % 

theo. 

0 

0 

0 

0 

·/· 

Table 4.1: Comparison of theory and experiment: phase difference 
ΔΦ and relative magnetic effect ρ in the SH signal upon sign reversal 
of magnetization in selected polarization combinations. 

4.3.2 Anisotropic surface of Ni( l lO) in air 

In the same experimental configuration, MSHG phase measurements have 

been performed on Ni(110). Although also the susceptibility tensor describ

ing the MSHG response from the Ni(110) surface consists of purely odd and 

even tensor elements (see chapter 2), it turns out to be more difficult to 

observe a purely odd MSHG response from Ni(110). 

In the case of p-polarized incident light, there are only purely odd and 

even configurations when the magnetization is either along the [001] or the 
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Figure 4.7: Interference patterns for the SHG for opposite magneti
zations of the Ni(110) sample in the PinSout configuration. The solid 
lines are the best fits to (4.12). The phase difference was found to be 
ΔΦ = (158 ± 5 ) ° . 

[110] direction. These two directions are however not the direction of easy 

magnetization. 3 

In the case of s-polarized incident light, still the Sjns o u t configuration 

should be purely odd when the magnetization is along the easy axis parallel 

to the χ axis. 

The phase measurements on the Ni(110) surface as shown in Fig. 4.7 

were measured on a nickel surface in air and therefore the exact structure 

and orientation was not known. Prom the interference patterns shown in 

Fig. 4.7 it was found that the phase shift upon magnetization reversal in 

the PinSout polarization combination was Δ Φ = (158 ± 5)°, so indeed not 

exactly π. In addition the amplitude of the interference pattern changed 

approximately by a factor 1.25 upon magnetization reversal. According 

to eq.(4.12) the intensity of the sample ΐ2ω,Β thus changes by a factor 1.6 

3The direction of easy magnetization in nickel is (111) as discussed in more detail in 
chapter 5. 
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upon magnetization reversal. So the relative magnetic contrast ρ in this 
configuration is about 20% and the ratio | x o d d | / | x e v e n | = 1-63. Because the 
state of the nickel surface in air is unknown, it is necessary to perform MSHG 
studies on nickel in UHV as discussed in detail in chapter 6. As it turns out, 
to be able to perform MSHG phase measurements in UHV requires a new 
technique, that is presented in the next section. 

4.4 SHG phase measurements based on Spectral 
interference 

The interference method used in the previous sections cannot be applied 
in all experimental configuration when femtosecond lasers are used. The 
reason is that the dispersion Δη does not only introduce a phase delay δφ 
which is related to the different phase-velocities at ω and 2ω, but it does 
also introduce a time delay τ between the fundamental and SH pulses which 
is related to the difference in group-velocities at ω and 2ω. This time delay, 
is small when air (Anaj r ~ 10 - 5 ) is the only medium between the refer
ence and the sample, however, when other dispersive components like glass 
(Angles ~ 10~2) are used the temporal overlap of the two interfering pulses 
may become too small to observe the interference. Therefore the method 
is for example not compatible with ultra high vacuum (UHV) experiments 
where optical windows are necessary as illustrated in Fig. 4.8. The disper
sion of a few mm thick fused quartz UHV-window causes a total delay of 
the order of 1 ps between the fundamental and SH light which is enough 
to destroy the temporal overlap of 100 fs pulses. For studying clean sur
faces, UHV conditions are nevertheless unavoidable, leading to a demand 
for an alternative approach. One approach is to compensate this delay but 
this requires a rather complicated (Mach-Zehnder type) optical setup. A 
very convenient new approach is to obtain the phase information from the 
spectral interference [9, 10] as observed in the spectrum of the generated 
second harmonic light. This technique is applicable due to the fact that the 
spectrum of fs optical pulses is broad enough to observe the interference in 
the spectrum caused by the delay between the pulses which is typically 1 ps. 
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UHV-system 

monochromator 

Figure 4.8: Sketch of the experimental setup for SHG spectral in
terference measurements. The SH-pulse from the reference is delayed 
with respect to the fundamental laser pulse due to the dispersion of 
the window. 

4.4.1 Spectral interference 

In the time domain the optical field at the detector of two SH pulses with a 
relative delay r can be described by the function 

Esuit) = Ει9{ί)ε-ί2^ + E2g(t - τ)6-^+ίφ + c c , (4.13) 

where Eig(t) describes a slowly varying envelope with amplitude Ei (i = 
1,2). The fast oscillating part of the pulses and their relative phase Φ are 
contained in the exponentials. Using the so called "time shifting" identity, 
g(t — τ) & G(Q)elQT, where g(t) <$ G(Çl) and the Fourier transformation is 
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denoted by O, the measured spectrum at the detector is given by 

Ι(2ωο + Ω) oc \G(n)\2 [(Ef + E% + 2aElE2COS{2UOT + Ωτ + Φ)], (4.14) 

where Ω denotes the deviation of the frequency from the central frequency 
2α>ο within the spectrum of the SH-pulse and α is the coherence parameter 
describing the spatial coherence. The first term in the cosine, 2ωοτ, is a 
fixed number whereas the second, Ωτ, leads to beatings with a period 2π/τ 
in the spectrum of the SH-light. The phase of the beatings is directly related 
to the phase Φ of the response from the sample. 

Thus, the phase information can be easily recovered just by using a 
spectrometer with a sufficient resolution to resolve the beatings. With e.g. 
a second harmonic wavelength of 400 nm and a delay τ—l ps, the resolution 
should be better than 0.25 nm (Δλ = λ 2 /er). The total bandwidth of the 
spectrum is inversely proportional to the length of the pulses according to 
AEAt > 2nh, that is, for 100 fs laser pulses the minimal spectral width of 
the SH-spectrum at 400 nm should be approximately 5 nm. 

Note that, to observe the interference no additional components are 
needed like e.g. delay lines (which would be needed to recover the inter
ference in the time domain) or a Mach-Zehnder interferometer (which is 
often needed to observe spectral interference [11-14]). 

4.4.2 Experimental realization 

The experimental realization of spectral interference can be demonstrated 
by using the setup as schematically indicated in Fig. 4.8, where a Ni(110) 
single crystal is placed in a UHV-system with fused quartz windows. 

A Ti-Sapphire leiser was used to generate the fundamental 80 fs light 
pulses with a repetition rate of 80 MHz. The average power at the sample 
was about 400 mW with a spot diameter of approximately 200 μιη. The po
larization combination for the fundamental and the second-harmonic-beam 
could be chosen by using a Babinet-Soleil compensator and an analyzing 
polarizer. The reference source is again the glass slide covered on one side 
by a thin poled polymer film. It was placed outside the UHV-chamber as 
shown in figure 4.8. For the detection of the harmonic light, a monochroma-
tor with a resolution of 0.125 nm in combination with a CCD-camera was 
used. 

In panel (a) of Fig. 4.9 the measured spectrum of the second harmonic 
light generated by the nickel-sample and the reference is displayed. The 
spectrum clearly shows the spectral interference oscillations as is expected 
from Eq. (4.14). From the raw data it is however difficult to accurately 
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Figure 4.9: Illustration of the data treatment procedure, (a): The 
original (as measured) SH spectrum, (b) and (b'): autocorrelation 
function f(t); the gray areas show the windows used to calculate the 
oscillating part δΙ(Ω) of the spectrum, which is displayed in (c). 
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determine the relative phase. Therefore, additional Fourier analysis was 
applied to the data. 

Data analysis Firstly, the Fourier transform ƒ (t) of the (shifted) SH spec
trum F(Cl) = ISH(2UO + Ω) is calculated, where 2ωο is a certain frequency 
close to the center of the spectrum. In the inset f(t) is shown, which is 
proportional to the autocorrelation function 

/

+ 0O 

S{t')£*(t'-t)dt' (4.15) 

-oo 

of the overall envelope £(i) = E\g(t) + E2g(t — τ)β ζ φ at the entrance of the 
spectrometer. The autocorrelation function (4.15) possesses one central peak 
around t = 0 and two satellites at t = ± τ , which contain the information 
on the oscillatory part in the raw data. The inverse Fourier transform is 
then exclusively applied to those parts of the autocorrelation function that 
contain the two satellites (the chosen windows are marked in the inset of Fig. 
4.9). As is displayed in panel (b), this procedure results in the oscillating 
part δΙ(Ω.) of the spectrum only. The overall spectrum of the SH-light and 
most part of the random noise are removed. The relative phase Φ is defined 
as the phase of δΙ(Ω) relative to 2ωο (note that the phase depends on the 
choice of 2ωο)· The estimate of the phase Φ and of the error ΔΦ is made 
by finding 8 zeros of the δΙ(Ω) function, from which six evaluations of Φ 
are performed. A typical error bar of the phase evaluation from our spectra 
is found to be ΔΦ = ±5°, which is comparable to the accuracy that is 
usually achieved using the technique of Chang et al. for weak surface SH 
response [6, 15]. It could be verified that within a few degrees the evaluation 
of the phase is not sensitive to the numerical parameters used in the Fourier 
analysis. 

The relative phase Φ can also be derived continuously as a function of 
frequency using a slightly different Fourier analysis [10, 11]. When the in
verse Fourier transform is applied to only one instead of both of the satellites 
of the autocorrelation function, the resulting spectrum δΙ'(Ω) is a complex 
instead of a real function and can be written as 

δΙ'(Ω) oc \G(Ü)\2 [2αΕ1Ε26ι(-2ωοΤ+ςίτ+φ)}. (4.16) 

From this equation it can be seen that the phases of the complex data points 
as obtained from this inverse transformation are equal to the argument of 
the exponential. To derive the relative phase Φ, τ should be estimated as 
well. Therefore the error in τ is the main source for the error in Φ. This 
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Figure 4.10: Variation of the measured phase Φ as a function of the 
reference translation Ad. The inset shows the relative positions of the 
lens, the reference SH-source, the window and the sample. 

estimation of τ is less critical when only the relative phase is essential like 
in MSHG. In addition the error increases towards the edges of the spectrum 
where the intensity is lower. Determination of the phase using this analysis 
is advantageous when the phase of χ is not constant within the interference 
spectrum. In this way spectroscopic information can be obtained from one 
interference spectrum alone. 

Test experiments In order to study the reliability of the results as ob
tained by the phase-determination method described above, two test exper
iments were performed. In the first experiment the relative phase Φ was 
determined for 12 different positions d of the reference in air. According 
to Eq. (4.8) in section 4.2, the phase delay Φ(ά) between SHG from the 
sample and the reference is a linear function of d. As shown in Fig. 4.10, 
our evaluation of the relative phase Φ closely follows this expected linear 
dependence. The standard deviation from the straight line is found to be 
8°, which is comparable with the estimate of the phase evaluation error ΔΦ 
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Figure 4.11: Spectral interference from a Rh/Co/Cu multi-layer for 
two opposite magnetization directions. The inset shows the relative 
positions of the lens, the reference SH-source, the window and the 
sample. 

given above. Note that the reference translation is not a necessary step for 
the phase determination but is only used here as a test of the technique. 

In the second experiment the phase of the MSHG response from a 
Rh/Co/Cu multi-layer was measured. In the longitudinal geometry the 
s-polarized SHG from this isotropic sample should be odd in the magnetiza
tion so that reversal of the magnetization direction must change the phase 
of the response by 180° as demonstrated in section 4.3 [15]. In contrast to 
the experiment with the clean nickel sample, this experiment was performed 
in air. As indicated in the inset of Fig. 4.11, a 3 mm thick glass plate was 
used to introduce the time delay τ between the SHG response from the 
sample and the reference. In addition to that, the relative position of the 
lens and the reference was reversed (see the inset in Fig. 4.11), therefore in 
this setup no delay was introduced by the lens. The interference oscillations 
measured for opposite directions of the magnetization are shown in Fig. 4.11. 
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Figure 4.12: Spectral interference measured in two different exper
imental geometries resulting in a different coherence factor a. The 
insets show the relative positions of the lens, the reference (ref.) SH-
source, the window and the sample (s.). 

The phase change introduced by the magnetization reversal is found to be 
Φ(—M) — Φ(+Μ) — 176° ± 5°, in excellent agreement with the expected π 
shift. 

Coherence Like in conventional phase measurements, the strength of the 
interference depends on the ratio between the signals generated by both 
SH-sources and on the coherence parameter a which is present in eqs. (4.9) 
and (4.14). Note that in eq. (4.9) both spatial and temporal coherence enter 
whereas in eq. (4.14) only the spatial coherence is relevant. In addition to 
the laser beam parameters and the quality of the optical components like 
the UHV window, a can for instance be affected by the fact that the focal 
length F of the lens is slightly different for the fundamental and the SHG 
light. As a result, in the test experiment (Fig. 4.10), the curvature of the 
phase front of the fundamental light after the lens differs from that of the 
SHG light from the reference. If the difference in the focal lengths SF is 
comparable or larger than F2X/d2, where d is the beam diameter before 
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the lens, the phase shift between .EsH and EÌ essentially varies within the 
beam cross section and thus leads to a loss of contrast in the interference 
pattern. In the test experiment the lens was put between the reference and 
the sample, in order to allow for the reference translation in air. The effect 
of the frequency dependence of the focal length then led to a relatively low 
value α ~ 0.2 of the coherence factor. In experimental configurations where 
no lens is placed between the sample and the reference, the coherence factor 
a ~ 1 (see Fig. 4.12). 
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Chapter 5 

MSHG on Co/Rh interfaces 

Since the discovery of interlayer exchange coupling [1, 2], Giant Magneto-
Resistance (GMR) effects [3] and Quantum Well oscillations in magnetic 
multi-layer systems, a lot of effort has been put in understanding these 
phenomena. One aspect in particular that has become clear from these 
studies is the fact that the effects are both quantitatively as well as qual
itatively very sensitive to the structure and morphology of the interfaces 
in the multi-layers. Thus, as the interfaces between these layers appear to 
play an essential role for these phenomena and consequently for the device 
properties based on them, detailed studies of the magnetic properties of the 
interfaces are required. Due to its interface sensitivity and large magneto-
optical effects Magnetic Second Harmonic Generation is a very good probe 
to study these effects, as shown Wierenga et al. [4] and Kirilyuk et al. [5]. 

This chapter discusses the results of MSHG investigations on the Co/Rh 
and Co/Rh/Co magnetic multi-layers that are test structures for possible 
sensor applications. 

5.1 Introduction 

The interlayer exchange coupling is the coupling between two ultra-thin fer
romagnetic layers that are separated by a thin non-magnetic spacer layer. 
This coupling is either ferromagnetic or anti-ferromagnetic and oscillates as 
a function of interlayer thickness [1, 2]. It was shown by Stiles [6] that the 
coupling between these ultra-thin structures may be mediated by Quantum-
Well States (QWS). In metallic thin films such quantum-well states arise 
from differences in potential and electronic structure between the neighbor
ing layers, equivalent to a potential step at the interface [6-8]. 

59 
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Figure 5.1: Quantum wells in ferromagnetically and anti-
ferromagnetically coupled systems. For both systems the potential 
step as seen by the spin up and spin down electrons is shown. F: 
ferromagnet, NM: non-magnetic spacer layer. 

In Fig. 5.1 the different quantum wells as seen by spin up and spin down 
electrons in a ferromagnetically and an anti-ferromagnetically coupled sys
tem are depicted schematically. The electronic potential discontinuities at 
interfaces lead to a reflection of the electronic wave functions, and conse
quently to a confinement of the electronic states. As a function of interlayer 
thickness the QWS's result in an oscillating density of states. The period 
of these oscillations is determined by the extremal spanning vectors of the 
Fermi surface of the spacer layer material. In magnetic structures each spin 
system experiences a different potential (as shown in Fig. 5.1) leading to 
the interlayer thickness dependent coupling [6]. The coupling strengths are 
determined by both the geometrical properties of the Fermi surface, and the 
scattering properties of the electrons reflecting from the interfaces between 
the materials. 

Important applications of magnetic multi-layer structures like Co /Rh 
systems are magnetic sensors and recording heads. A typical magnetic sen-
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Figure 5.2: Magnetic sensors based on the GMR effect. In (a) a soft 
ferromagnetic and a hard ferromagnetic layer are separated by a non
magnetic decoupling-layer. In (b) the hard layer is replaced by an 
Artificial Anti-Ferromagnetic (AAF) subsystem that serves a a hard 
layer. 

sor may be build up as shown in Fig. 5.2 (a) where a soft magnetic layer 
and a hard magnetic layer are separated by a non-magnetic decoupler (i.e. 
there is no magnetic coupling between the two layers). The magnetization 
in the soft magnetic detection layer will be parallel to the external magnetic 
field whereas the hard magnetic layer should be unaffected by the external 
field. When the thicknesses of the subsequent layers are chosen properly, the 
magneto-resistance of such a structure will depend sensitively upon the ex
ternal magnetic field (see the dicussion on the GMR effect in chapter 1). A 
slightly different scheme for a magnetic sensor is shown in Fig. 5.2 (b), where 
the hard magnetic layer is replaced by a so called artificial anti-ferromagnet 
(AAF) which now serves as a hard magnetic layer with a fixed magnetiza
tion [9]. This AAF structure consists of three ferromagnetic layers that are 
coupled strongly antiferromagnetically over the non-magnetic spacer layers. 
Because the frictional torque against rotation of the AAF magnetization 
is proportional to the total volume of the three magnetic magnetic films, 
while the torque exerted by the external field is proportional to the rela
tively small net magnetic moment of such a configuration, this system can 
withstand much higher fields than a simple hard magnetic layer [9]. As such 
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sensors may in practice be exposed to high temperatures, thermal stability 
of the devices is an important issue. 

Magnetization and magneto-transport measurements on Co/Rh systems 
[10, 11] have shown remarkable differences in the magnetic properties be
tween structures that are grown by MBE (molecular beam epitaxy) and by 
sputtering. These differences are due to the different interface structures. 
Furthermore there are strong differences between the magnetic nature of 
Co/Rh and Co/Ru interfaces which cannot be solely attributed to the ad
ditional electron in the Rh d-band but can only be explained by taking into 
account the nature and morphology of the magnetic/non-magnetic inter
faces. It is found that the magnetization of the Co at the Co/Rh interface 
is preserved in contrast to the Co/Ru interface where a 2 A thick magnet
ically dead layer is observed [10]. These differences are related to different 
intermixing at Co/Rh and Co/Ru interfaces. The experimentally observed 
preserved magnetization in the Co/Rh system is however not necessarily 
related to the existence of sharp interfaces [10]. 

The MSHG investigations presented in this chapter are performed on 
Co/Rh bilayer and a Co/Rh/Co trilayer structures which are in fact subsys
tems of a sensor device. Measuring the Rh spacer layer thickness dependence 
of the MSHG response, quantum well oscillations as well as the oscillating 
interlayer exchange coupling is observed. The temperature induced changes 
in the Co/Rh interface are studied by in situ MSHG measurements during 
annealing. 
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5.2 Results 

5.2.1 Samples and experimental se tup 

The MSHG measurements were performed on three types of multi-layer 
systems. Sample one, the magnetic trilayer system, consisted of a thin Rh 
wedge (0-30 Â) sandwiched between two 12 Â thick Co layers. The top Co 
layer was covered by a 20 Â thick Cr layer to protect the Co for oxidation. 
The second system consisted of one single Co layer of 12 Â with the Rh 
wedge (also 0-30 À) as over-layer. The third sample consisted of a much 
thicker 500 Â Co layer with a 20 Â thick Rh over-layer. The latter sample 
is used to study the thermal stability of the Co/Rh interface whereas on the 
first two the oscillating exchange coupling and the quantum well oscillations 
can be observed respectively. All three systems were grown on a Si(100) 
substrate, with a thermal oxide layer and a Cu buffer layer of 300 Â. The 
deposition was performed by dc magnetron sputtering for the Co and Cu 
layers at an Ar pressure of pAr = IO - 2 mbar and by rf diode sputtering for 
the Rh layer with pAr = 5 x 10 - 3 . The resulting uniformity of the layer 
thickness was better than 1%. 

The MSHG measurements were performed under ambient conditions 
with a standard MSHG setup in the transverse magneto-optical geometry. A 
Ti-sapphire laser was used as fundamental light source. The average power 
of the light focussed onto the sample was about 250 mW with a spot di
ameter of approximately 200 μπι. Additionally in this setup, the sample 
position could be changed automatically in the plane of the sample using a 
stepping motor and the temperature of the sample holder could be varied 
between room temperature and 500 K. 

5.2.2 Quantum well oscillations and Interlayer exchange cou
pling 

The MSHG response as measured on the Co/Rh/Co trilayer is plotted in 
Fig. 5.3 as a function of the Rh interlayer thickness. The used fundamental 
wavelength was 840 nm and the polarization geometry was pinPout- The 
four curves in Fig. 5.3 correspond to the MSHG-intensity as measured for 
four different sample magnetizations. They were obtained as follows: Firstly 
the sample was magnetized in one transverse direction (i.e. magnetization 
up), after which the external magnetic field was switched off and the in
tensity was measured in remanence (remanence up). Next, the sample was 
magnetized in the opposite transverse direction (magnetization down) and 
the intensity was measured in remanence again (remanence down). One 
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Figure 5.3: MSHG-signal as a function of Rh interlayer thickness 
measured in the pinPout geometry on the Co/Rh/Co-system. The four 
curves correspond to different magnetizations of the sample 

can clearly observe regions in Fig. 5.3 with and without magnetic contrast 
as well as regions with and without remanence. In the regions with mag
netic contrast and with full remanence, i.e. the regions 0-5 A, 10-15 A and 
> 25 Â, the Co-layers are coupled ferromagnetically. The regions 5-10 A 
and 16-21 A have no remanence and are thus antiferromagnetically coupled. 
In the region 5-10 Â this coupling is so strong that no contrast could be 
observed with our external magnetic field. 

The MSHG magnetic asymmetry ρ = ( I ( + M ) - I ( - M ) ) / ( I ( + M ) + 

I(—M)) as measured on the Co/Rh bilayer-system is shown in Fig. 5.4. 

As a function of thickness the magnetic asymmetry oscillates with a period 

of approximately 12 Â. These oscillations are due to the periodic appear
ance of the quantum well states at certain energies with increasing film 



5.2 Results 65 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
Rh thickness [nm] 

Figure 5.4: MSHG-magnetic asymmetry as a function of Rh over-
layer thickness as measured on the Co/Rh-system in the polarization 
geometries pinPout and Sjnpout respectively 

thickness. The transitions involving these QWS are resonantly enhanced 
and thus resulting in oscillations in MSHG response [5, 12]. As the involved 
states are spin polarized as well, the oscillations may be observed in the 
magnetic asymmetry signal as well as in the direct MSHG intensity. Upon 
tuning the incident laser frequency in the range 750 and 850 nm, no changes 
in the phase and the period of the oscillations were observed. It can be 
seen that the QWS oscillations in Fig. 5.4 coincide with the oscillation of 
the exchange coupling as observed in Fig. 5.3 proving the strong relation 
between the Quantum Well States and the oscillatory exchange coupling. 
Note however that there in not necessarily a one to one relationship be
tween the obserevd period in the magento-optical effects and the period of 
the exchange coupling because in general the period in the magneto-optical 
signal will depend on wavelength at which it is probed [13]. 
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5.2.3 Interdiffusion and magnet i sm of the C o / R h interface 

The strength of the coupling between the Co layers strongly depends on the 

Co/Rh interface morphology [10, 11]. To investigate the relation between 

interface morphology and the interface magnetization, an MSHG-annealing 

study was performed on a 500 Â thick Co film with a 20 À Rh top layer. At 

temperatures > 100oC the morphology of the Co /Rh interface will change 

as the Co and Rh atoms will interdiifuse resulting in possible changes in the 

interface magnetization. Such a diffusion or mixing process is characterized 

by an activation energy. By studying the temperature induced changes at 

the interface as a function of time at several different temperatures this 

energy may be derived. 

The MSHG response of the Co/Rh system as measured at Τ = 130oC, 

Γ = 160°C and Γ = 180°C as a function of time is shown in Fig. 5.5 

where the magnetic asymmetry ρ is plotted for the polarization geometries 

PinPout and Sinp o ut respectively. As can be seen in Fig. 5.5 the magnetic 

asymmetry ρ exhibits an exponential decay as a function of annealing time, 

with a decreasing decay time for increasing temperatures. The solid curves 

are the least-square fits to a single exponential function, ρ ~ exp(-at). 

As the Co layer is relatively thick (50 nm), the MSHG response will 

mostly originate from the Co/Rh interface. In addition linear MOKE mea

surements show no changes upon annealing indicating that the changes ex

clusively take place at the interfaces. These arguments support the as

sumption that the changes observed in Fig. 5.5 are changes of the Co/Rh 

interface. 

The temperature dependent decay times obtained from the fits can be 

plotted in an Arrhenius plot as shown in Fig. 5.6. The data in the Arrhe-

nius plot can be fitted to a = α$βχρ(—ΕΆα/k^T) yielding values for the 

activation energy of the diffusion process for both polarization geometries 

respectively. In the PmPout geometry E a c t = 0.85 ± 0.1 eV whereas in the 

SinPout geometry E a c t = 0.6 ± 0.1 eV. 

The apparent difference between the two independent results as obtained 

in two different polarization geometries must be related to the fundamental 

questions on the interface sensitivity and microscopic origin of the MSHG 

response. As discussed already in chapter 2, the MSHG or more generally 

the SHG response can macroscopically be described by an effective surface 

or interface susceptibility. Though this tensor is nonzero at interfaces due 

to the symmetry breaking, the exact thickness of the interface region from 

where the MSHG response originates is still a fundamental issue in micro

scopic theoretical models for SHG as an interface sensitive probe. Petukhov 
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Figure 5.5: MSHG-magnetic asymmetry as a function of anneal time 
at three different temperatures. Top graph: pinPout geometry and 
bottom graph: s m p o u t geometry. Squares: 130°C (403 K), circles: 
160oC (433 K), triangles 180° (453 K). 
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Figure 5.6: Arhenius plot obtained from the data in Fig. 5.5 (for 
difference in slopes see text). 

et al. have shown that the nonlinear optical response for s-polarized funda
mental light can be affected by a deeper layer (~ 10 - 50 Â) than that for 
p-polarized fundamental light [14]. Assuming that a possible bulk contribu
tion is unaffected (or much less affected) by changes at the interface, this 
effectively reduces the interface sensitivity of MSHG for this polarization. 
To correct for this effect, a bulk contribution of about 15 % must be assumed 
for the SinPout-geometry. 

The different response observed in the two polarization geometries also 
illustrates the fact that the above estimation of the activation is only valid if 
the MSHG response only probes changes at the Co/Rh interface and not the 
possible changes in the bulk and at the air/Rh interface. Furthermore these 
changes should be related to morphology changes rather than to changes in 
the electronic structure. It is however unlikely that changes in the electronic 
structure of the interface will have such a purely exponential dependence 
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as observed in Fig. 5.5. Thus, because the response exhibits a consistent 
exponential behavior as a function of time and because the found activations 
energies are of the same order of magnitude as literature values for Rh/Au 
(0.93 eV) [15] and for Co/Pt (0.8 eV) [16], it may be concluded that the 
MSHG in this experiment predominantly probes the Co/Rh interdiffusion 
process. 

Now the question is whether the decrease of the measured magnetic 
asymmetry is directly related to a decrease of the magnetization at the 
Co/Rh interface. The magnetic asymmetry ρ in the transverse geometry can 
be written in terms of odd and even tensor components and their relative 
phase (as in chapter 2): 

j k k J Z k ^ L L c o s ( A $ ) . (5.1) 

Thus to derive the ratio between the odd and even elements, the relative 
phase ΔΦ has to be determined in addition as well. This can either be done 
by direct phase measurements as shown in chapter 4 and 6 or indirect by 
measuring the MSHG response as a function of the angle of incidence. In 
the latter case, the response as a function of the angle of incidence can be 
fitted using the multiple reflection model for MSHG in multi-layers as intro
duced by Wierenga et al. [17]. This method has been applied in the Sinpout-
geometry and the results for the ratio Xefrd/Xeffen a s a function of anneal time 
are shown in Fig. 5.7. It can be seen that the ratios show approximately 
the same exponential behavior as observed in Fig. 5.5, indicating that the 
relative phase remains constant upon annealing. Now the question remains 
whether the ratio XeffVXeff6" ^s proportional to the interface magnetization. 
To answer this question it should be noted that the changes in the mor
phology are reflected in both x°^d as well as χ^ 6 " whereas the changes in 
the interface magnetization are only reflected in χ ° ^ . Thus when the odd 
and even contributions depend in the same way upon morphology changes 
at the interface, their ratio will be proportional to the magnetization. The 
location of this magnetization depends on the spatial origin of the MSHG 
response. 

5.3 Conclusions 

In conclusion, the investigations on the Co/Rh magnetic multi-layer systems 
show that MSHG can directly probe the oscillating interlayer exchange cou
pling as well as the presence of quantum well states in the thin spacer layer. 
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Figure 5.7: Ratio XeffVXeff6" a s determined from angle of incidence 
dependence measurements in the s,nPout geometry. 

To get a better understanding of the relation between the interface struc

ture and these effects, an important step is made by studying the thermal 

stability of a single interface by an in situ annealing study. The latter yields 

a good estimate of the activation energy of the Co/Rh interdiffusion. Fur

thermore the decrease of the magnetic asymmetry upon annealing suggests 

a decrease of the magnetization at the Co/Rh interface. To draw however 

such a conclusion a better understanding of MSHG on a fundamental level 

is needed. This is one of the motivations of the MSHG studies on a clean 

nickel surface in UHV as presented in the next chapter. 

Τ ' I ' I ' I ' Γ 
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Chapter 6 

MSHG on Ni(llO) 

MSHG measurements on clean and well defined surfaces in ultra high vac
uum are essential in gaining more insight in this nonlinear magneto-optical 
technique on a fundamental level. This insight is necessary to relate the 
MSHG-response to surface magnetization and to spin polarized surface elec
tronic states. In this chapter the MSHG response of clean and oxygen ex
posed Ni(llO) surfaces is studied both at fixed wavelength and spectroscop-
ically. 

6.1 Introduction 

The MSHG technique is very unique in the sense that, because it is an optical 
technique, it is possible to study buried interfaces instead of just surfaces in 
UHV which also may be studied with techniques using electrons as probe. 
Therefore, MSHG is potentially a very suitable and unique technique to 
study buried magnetic interfaces of magnetic multi-layer systems. However, 
the interpretation of MSHG measurements on magnetic multi-layers is in 
general not trivial. 

As pointed out already earlier in this thesis, the reason for this is the 
fact that the MSHG response is not just sensitive to the macroscopic mag
netization of the interface but to the microscopic spin dependent electronic 
structure of the system. This means for instance that, when the MSHG-
response of a magnetic interface is studied upon annealing or upon different 
growing conditions, the changes in the response may in general originate 
from changes in the electronic structure, morphology and or magnetization 
of the interface. Although in particular cases one may be able to separate 
these contributions of different origin, at this point it is essential to gain 
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more insight in the MSHG technique itself. 
In this respect the advantage of studying clean surfaces in UHV is the 

fact that the surface may be well characterized using standard UHV surface 
techniques like AES and LEED. Furthermore the MSHG results may be 
compared with more complicated techniques like e.g. spin polarized inverse 
photo-emission (SPIPE) that can be found in the literature. 

As the (magnetic) surface of Ni(110) has been studied intensively using 
techniques like inverse photo-emission, Ni(110) is a useful system to study 
the fundamental issues of MSHG. 

6.1.1 Bulk electronic structure of nickel 

The bulk electronic structure of nickel and the other 3d ferromagnets iron 
and cobalt is characterized by the spin splitting of the electronic d-bands. 
These spin polarized bands cross the Fermi level differently and have thus 
a different occupation of the spin up and spin down bands. The result
ing magnetic moment is proportional to the difference between the number 
of spin up (majority) and spin down (minority) electrons. The exchange 
splitting Δβχ is the energy difference between the minority and majority 
electronic bands. Although there is some variation of Δβχ upon momentum 
k, Δ ε χ turns out to be an indicator of the local magnetic moment for 3d 
transition metals [1]. That is, as an empirical rule the magnetic moment is 
proportional to the exchange splitting. 

Experimentally the spin dependent electronic structure of the low Miller 
index surfaces of nickel has been studied in detail by spin- and angle-resolved 
photo-emission (PE) for the occupied states and by spin- and angle-resolved 
inverse photo-emission (IPE) for the empty states [2]. The spin depen
dent bulk bandstructures of nickel and the other elemental ferromagnets are 
given in [1]. These bandstructures are obtained by combining calculations 
with photo-emission and inverse photo-emission data. The bandstructure 
of nickel is characterized by a region of flat d-bands embedded into a steep 
s,p band. The d-bands are narrower than the s,p band because d states are 
more localized. The experimental values for the exchange splitting Δβχ in 
nickel ranges between 0.17 and 0.33 eV depending on the momentum and 
band. The magnetic moment in solid nickel is ~ 0.6 μβ per atom, with 
/iß being the Bohr magneton number. A schematic picture of the spin-
dependent density of states for the s,p states and d-states is given in Fig. 
6.1. The maximum in the density of states for the minority electron lies just 
above the Fermi level whereas the maximum for the majority spin electron 
lies just below the Fermi level. 
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Figure 6.1: Schematic picture of the spin split d-states. 

6.1.2 Surface electronic structure of Ni(llO) 

The atoms at the surface have fewer neighbors than the atoms in the bulk 
and thus part of the chemical bonds existing in the bulk are broken. Because 
of this and because of the broken translational symmetry in the direction 
normal to the surface, the electronic properties of the surface are different 
from those in the bulk. In metals, the thickness of the surface layer in 
which the electronic properties are affected by the presence of the surface is 
typically only two or three atomic layers. Typical differences of the surface 
electronic structure with respect to the bulk electronic structure are the 
narrowing of the bands leading to a higher density of states at the surface 
and the appearance of surface state bands. The dispersion of these surface 
states as investigated by (inverse) photo-emission can be plotted along the 
high symmetry lines of the two dimensional surface Brillouin zone. This 2D 
surface Brillouin zone of Ni(llO) is depicted in Fig. 6.2 together with the 
dispersion of four surface state bands of the Ni(llO) surface as determined 
by IPE from [3-5]. The surface state band near 2.5 eV at the Y point will 
be relevant for the MSHG measurements that follow. Experimentally, the 
surface states can be distinguished from bulk states by their surface sensitive 
behavior, that is, they are very sensitive to surface contaminations. 

The effects of the surface on the local magnetic properties are related to 
the lower coordination number of the atoms near the surface with respect to 
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Figure 6.2: Dispersion of empty surface state bands from [3]. 

the bulk leading to a different interaction between the d-electrons and the sp-

conduction electrons. The magnetic moment of free nickel atoms as follows 

from the Hunds rules is 2 μβ [6] whereas the magnetic moment in bulk 

nickel is ~ 0.6 / iß [6] per atom. As expected from the lower coordination 

number at the surface the size of the surface magnetic moment is enhanced 

with respect to the bulk value but smaller than the free atom value. From 

spin density functional calculations it has been found for instance that the 

magnetic moment at a Ni(llO) surface is ~ 0.74 μβ [7] per atom and at a 

Ni(001) surface ~ 0.68 μβ [7] per atom. The magnetic moment of the (110) 

surface is higher than the moment of the (001) surface because the atoms 

at the (110) surface have a lower coordination number. More generally, this 

relation between the local magnetic moment and the coordination number 
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is also found for the other bulk ferromagnets (Fe and Co) and for other low 
dimensional magnetic (multi-)layer systems. The different local magnetic 
moments at the surface are reflected in the local exchange splitting. 

6.1.3 Magneto-crystal l ine anisotropy 

In ferromagnetic crystals the magneto-crystalline anisotropy defines the di
rections of easy and hard magnetization. For cubic crystals the magneto-
crystalline energy Uc is given by [6]: 

Uc = K^alal + afaj + afâ) + *2α?α£α§, (6.1) 

where αϊ, α2 and Q3 are the direction cosines of the magnetization rela
tive to the cube axes. The coefficients Κι and K2 are the first and second 
anisotropy constants for cubic crystals. In nickel Κι < 0 and the direction 
of easy magnetization in the bulk is (111). The intermediate direction is 
(110) and the hard direction is (100). Apart from the magneto-crystalline 
anisotropy, the direction of easy magnetization is also determined by the 
shape of the sample. For a disk shaped sample, the shape anisotropy will 
favor the magnetization along the the longest axis of the disk. The direc
tion of easy magnetization will depend on the relative strength of both the 
magneto-crystalline- as well as the shape- anisotropy of the sample. 

When the externally applied magnetic field is not strong enough to reach 
saturation magnetization, the sample will consist of magnetic domains. The 
magnetization direction within these domains does in general differ from the 
exterally applied magnetic field. 

The surface magnetic anisotropy and domain structure may be different 
from the bulk and depend sensitively upon the surface quality. 

6.1.4 Oxidation of Ni( l lO) 

Todays knowledge about the interaction of oxygen with the atomically clean 
Ni(110) surface is the result of a comprehensive study of this system with 
different surface sensitive techniques [8-13]. 

The reaction of oxygen with a clean Ni(110) surface can be roughly 
divided in three stages [9]. The first stage, which ranges on a Langmuir 
scale1 from 0 to 15 L corresponding to coverages ranging from 0 to ~ 0.8 ML, 
is the chemisorption regime. This regime is characterized by an initially 
high sticking coefficient (~ 1) that decreases linearly as the coverage of the 

4 L = l Langmuir = 1 χ IO" 6 Torr · s. 
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surface increases. The chemisorption is followed by oxide nucleation and 
lateral growth. Finally, when approximately two mono-layers of oxide are 
formed at about 40 L, the much slower process of continued oxide formation 
sets in. 

In the chemisorption range (0-15 L) the chemisorbed oxygen induces 
three different ordered superstructures on the surface that can be observed 
with e.g. LEED [10, 11] and STM [12, 14]. The observed structures in 
the low coverage regime are in order of oxygen coverage the initial (3 χ l)j 
reconstruction at ~ 0.3 L, the (2 χ 1) reconstruction at ~ 1.5 L and the 
final (3 χ l)f reconstruction at ~ 4 L respectively. Note that the (3 x 1); 
structure is not always or only poorly observed. Furthermore it is observed 
that the structures are much less well-ordered when oxygen is exposed at 
room temperature (300 K) as compared to slightly elevated temperatures 
e.g. 423 K. The corresponding coverages of these structures as determined 
by Norton et al. [11] and Eierdal et al. [12] (both measured at 423 K) are 
Θο = 1/3 ML 2 , Θο = 1/2 ML and Θο = 2/3 ML for the (3 χ 1);, 
(2 χ 1) and (3 x 1)/ structure respectively. In Fig. 6.3 the corresponding 
ball models of the added row (2 χ 1) and (3 χ l)f structure as proposed by 
Eierdal et al. are shown together with the corresponding LEED pictures as 
measured in our own system. Around approximately 1 ML (ss 15 L) oxygen 
coverage a fourth ordered structure has been observed. This structure has 
been identified by STM [12] as a (9 χ 5) sub-oxide structure when oxygen 
is exposed at 423 K. When the surface is exposed at room temperature a 
coexisting phase with the (3 x l)f, a (1 χ l)oxide and the (9 χ 5) structure is 
formed at this coverage. With LEED a (9 χ 4) pseudo oxide structure has 
been observed [8-10] for similar coverages. 

6.1.5 Surface nonlinear susceptibi l it ies of N i ( l l O ) 

The magnetization dependent susceptibility tensors that describe the MSHG 
response from the Ni(110) surface are summarized below. The nonzero ten
sor elements are found from the invariance of χ' 2) under symmetry opera
tions as shown in chapter 2. 

Non-magnetic response The Ni(110) surface has a 2-fold rotational 
symmetry and two mirror planes (point-group symmetry C2,v or mm2). 
When the sample surface is defined by the x,y- plane and the x-axis is 
in the optical plane of incidence along the [110] direction, the nonlinear 

2here 1 ML=1.14xl0 1 5 atoms/cm2 for Ni(110) 
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susceptibility can be written as: 

0 0 0 0 χχζχ 0 
0 0 0 xyzy 0 

Xzxx Xzyy Xzzz U U 

where due to the anisotropy χζχχ φ χζυυ and χχζχ φ χνζν 

xijl = I 0 0 0 x y z y 0 0 Ι , (6.2) 

Magnetic response As discussed in chapter 2, a sample magnetization 
M along the [110] direction which is along the χ axis, removes the mirror 
symmetry in the x,z- plane and the resulting nonlinear susceptibility is given 
by [15]: 

x3(M) 
/ 0 0 0 0 χ&Γ0 Ä 0 \ 

xitd) Âf xffi xÎzVyen) 0 0 · (6.3) 
\X(zZen) X%Vyen) X{zezVzen) X%?> 0 0 / 

The symmetry of the surface is reduced even further when the magnetization 
is applied along any direction in between the [Ϊ10] and [001] direction. When 
the magnetization is along the [111] direction and with the [Til] direction 
parallel to the χ axis, the tensor has no non vanishing tensor elements: 

X $ ( M ) = 

/ Jodd) 
Xxxx 

{odd) 
Xyxx 

(even) 
\ Xzxx 

(odd) 
Xxyy 

(odd) 
Xyyy 

(even) 
Xzyy 

(odd) 
Xxzz 

(odd) 
Xyzz 

(even) 
Xzzz 

(even) 
Xxyz 

(even) 
Xyzy 

(odd) 
Xzyz 

(even) 
Xxzx 

(even) 
Xyzx 

(odd) 
Xzxz 

(odd) 
Xxyx 

(odd) 
Xyxy 

(even) 
Xzxy 

(6.4) 

Note that also in this geometry the individual elements are still either purely 
odd or purely even with respect to the sample magnetization. Although this 
configuration of the (110) surface has a much lower symmetry and thus more 
non-zero elements, it is sometimes preferred in the case of Ni(110) as the 
[111] direction is the magnetic easy axis. 

6.2 Surface preparation and characterization 

The measurements presented in this chapter were performed on a disk 
shaped Ni(110) single crystal (diameter 10 mm and thickness 3 mm) that 
was placed between the magnet poles of the UHV compatible magnet in the 
UHV-system as described in chapter 3. The sample surface was cleaned by 
repeated cycles of 550 eV Ar+ sputtering and e-beam heating to 1000 K, 
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Figure 6.3: Atomic ball models of the Ni-surface and the correspond
ing LEED pictures (a) The clean (1 χ 1) surface, (b) the (2 χ 1) and 
(c) the (3 x l)f reconstruction.The large spheres correspond to the 
nickel atoms whereas the small spheres correspond to the oxygen. 
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Figure 6.4: Auger peak-to-peak ratio as a function of 02-exposure 
of Ni(110). The solid line is the fit as described in the text. 

until no contamination could be traced by Auger-electron spectroscopy and 
a sharp (1 χ 1) LEED pattern as shown in Fig. 6.3(a) could be observed. 
The final cleaning of the sample on a daily basis consisted of the same clean
ing cycle. Oxygen was exposed at ρ sa 5 χ I O - 9 Torr for exposures below 
20 L and at partial pressures ρ ~ 5 x I O - 8 Torr for exposure above 20 L. 

Upon oxygen exposure the well known surface reconstructions (2 χ 1) 
and (3 χ l)f could be observed with LEED as shown in Fig. 6.3(b) and (c). 
The ( 2 x 1 ) structure was observed for oxygen exposures ranging between 
0.8 and 2 L whereas the (3 xl)f structure was observed between 3.5 and 
10 L. The clearest LEED patterns for both reconstructions were observed 
at 1.3 L and 4.5 L respectively. 

The oxygen uptake of Ni(110) as measured by Auger Electron Spec
troscopy is shown in Fig. 6.4, with on the vertical axis the Auger peak-to-
peak-height ratio tfPP(0 KLL) /U"PP(NÌ LVV). # P P ( 0 KLL) and tfPP(Ni LVV) 
are the peak-to-peak heights of the Auger lines from oxygen at 510 eV 
and from nickel at 848 eV respectively. The primary electron energy was 
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Ep=3.5 keV. The solid line is a fit to the data with the exponential function 
R = Ae~bL. It can be seen that the peak to peak ratio changes initially 
fast and becomes almost constant above 50 L where the third stage of slow 
oxidation sets in. 

Biedermann [16] has given a quantitative analysis to determine the oxy
gen coverage from the Auger data, including the relative Auger sensitivity 
factors of nickel and oxygen as can be found in [17] and also backscattering 
and electron escape depths. Using this Biedermann method it can be found 
that the relation between the Auger ratio and the relative coverage is given 
by Θ = F · Hfj/H^ with F m 2. Applying this factor to the results in 
Fig.6.4 yields a relative oxygen coverage in the saturation regime (i.e. above 
50 L) of approximately two mono-layers, which is in agreement with litera
ture values [8, 12]. For 4.5 L the coverage is 0.60 ±0.05 ML which is slightly 
lower than the expected 2/3 ML. The measured Auger ratios as a function 
of exposure are also qualitatively in good agreement with those obtained by 
Rieder et al. [8] and Masuda et al. [10]. 

6.3 Single frequency (M)SHG 

6.3.1 Non-magnetic SHG-response 

The non-magnetic SHG response from the Ni(110) surface was measured 
continuously upon oxygen exposure. These measurements reveal the sub-
mono-layer sensitivity of the SHG response from a nickel surface. The ob
served changes in the response should be related to both changes in the sur
face morphology as well as changes in the surface electronic structure. The 
SH-response Ι(2ω) was measured in the two polarization geometries PinPout 
and SinPout with the the [Ϊ10] direction in the optical plane of incidence. 
The used wavelength of the fundamental light from the Ti-sapphire laser 
was 820 nm. The average power at the sample was approximately 750 mW, 
with a spot diameter of approximately 200 /xm. The sample temperature 
was 310 ± 10 K. 

The results are shown in Fig. 6.5, with in panels (a) and (b) the SHG-
response as obtained in the PinPout polarization geometry (pp-signal) and 
in (c) and (d) the response as obtained in the Sjnpout-geometry (sp-signal). 
For clarity the results are plotted on both linear and logarithmic scales. 
From the results it can be seen that in both geometries the SH-response 
exhibits strong variations upon oxygen exposure. The pp-signal for instance 
has clear maxima at 0.6 L and 10 L, a minimum around 3 L and another 
minimum at 15 L where the pp-signal almost vanishes followed by an almost 
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Figure 6.5: Measured SH-signal as a function of O2 dosage: (a), (b) 
in the PmPout geometry and (c), (d)in the s l np o ut geometry. 
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linear increase of the signal upon further exposure till a saturation value is 
reached above 50 L. The behavior of the sp-signal upon exposure is different 
and exhibits a minimum at approximately 0.1 L, followed by a maximum at 
1 L and a gradual decrease to almost a constant intensity above 40 L. 

It is obvious from the results that the SHG-response is very sensitive 
to the adsorbate induced changes at the surface. Remarkably, however, 
this sensitive coverage dependence is also strongly non-monotonic (in both 
polarization geometries) even though the coverage of oxygen on the surface 
depends monotonically upon exposure. Such non-monotonic behavior of 
the SH-response upon adsorbate coverage has also been observed by Zhu 
et al. who measured CO on Ni(110) [18] and by Vollmer et al. for O2 
on Fe(llO) [19]. Zhu et al. have been able to explain the non-monotonic 
behavior in terms of interference of tensor elements having either a linear 
or a non-linear coverage dependence. Vollmer et al. have related the non
monotonic behavior to the presence of adsorbate induced superstructures 
on the surface. Also in the present case of O2 on Ni(110) the complex non
monotonic behavior is likely related to the oxygen induced superstructures. 
In general however, a quantitative as well as a qualitative analysis of the 
behavior of the SH-signal upon exposure is complicated as the oxidation 
both changes the structure of the surface as well as the surface electronic 
bandstructure of the Ni surface and in addition adsorbate induced states 
are introduced. Furthermore the total SH-signal is the result of a sum of 
different tensor elements that may interfere as they have different relative 
phases. For a discussion of the data on a phenomenological level it is useful to 
describe the total response as a function of exposure L = pi by an effective 
susceptibility which is a sum of contributions with a different origin (as 
in [18]): 

Xeff(i) = Xeff(0) + Axoxide(L), (6.5) 

where Xeff(0) is the response from the clean Ni surface and Axoxjde(£) de
scribes all oxygen induced changes to the surface. This Ax0Xjde(Z/) can be 
roughly divided into three contributions each having a different physical ori
gin. Firstly, the chemisorption of the oxygen on the surface will modify the 
Ni(110) surface electronic structure including for instance the disappearance 
of surface states. Especially the first monlolayer of oxide will affect the nickel 
surface most. Secondly, the chemisorbed oxygen and the bonds it forms with 
the nickel atoms on the surface will introduce additional electronic states 
that give rise to an additional response. And finally the third contribution 
is related to the oxygen induced modifications of the surface morphology 
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or the atomic ordering of the surface. In the total effective response the 
different contributions add up either constructively or destructively. 

In the sp-geometry, the effective response is proportional to the single 
tensor component χζυν which includes the different contributions described 
above. As can be observed in Fig. 6.5 (c) and (d), there is no significant 
difference between the amplitude of the sp-response from the clean surface 
and the sp-response from the fully oxidized (saturation 50 L) surface. Fur
thermore, the saturation value of the response is reached just above 20 L 
although the full oxidation of the surface is not yet reached at this expo
sure. From this it can be concluded that the two additional NiO layers do 
not contribute significantly to the sp-response. In the chemisorption regime 
however there is a very obvious oxygen induced contribution resulting in a 
maximum at 1 L. The coincidence of the maximum at 1 L with the observa
tion of the (2 χ 1) superstructure as observed with LEED, indicates a strong 
relation between these features. Note however that the (3 χ l)r structure 
is not observed in the sp-response. The question is how this ( 2 x 1 ) su
perstructure leads to an enhancement of the SHG response. One possible 
explanation is the following. As the oxygen chemisorbs onto the surface, 
initially small islands are formed with the (2 χ 1) structure as shown in Fig. 
6.3. When the (2 χ 1) structure is maximally developed at 1/2 ML, ideally 
the surface is completely covered with the structure shown in Fig. 6.3 (b). 
The response from this fully covered surface will be more coherent than the 
response from the islanded surface. This can however not explain why the 
(3 x l)f structure does not lead to a peak in the response. The enhancement 
can also be explained by the fact that the (2x1)- structure is characterized 
by the presence of additional adsorbate induced states as has been observed 
with Inverse Photo Emission [2] where these additional states were found 
around 3.5 eV above Ep, which is quite close to the SH-energy (~ 3 eV). 
These states disappear upon further exposure till NiO formation sets in, 
which is characterized by the introduction of additional states around 3 eV 
above Ep. The latter states apparently do not affect the SH-response in the 
sp-geometry. 

SHG in the pp-geometry probes the different surface tensor elements 
XZZZÌXZXX and χ Χ Ζ Ι i.e. the induced polarization and the incident funda
mental field have a component along the surface normal and along the [HOJ" 
direction. The different tensor components as compared to the sp-geometry 
together with the possible interference of the three components account for 
the differences observed between the effects in both polarization geometries. 
In the pp-geometry in contrast to the sp-geometry there is on average (ig
noring the two minima) a continuous increase of the SH-signal as a function 
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of coverage. The pp-signal of the oxidized surface (in saturation > 40 L)is 
approximately 5 times higher than the initial signal. The total response 
consists thus of a contribution that is proportional to the coverage and a 
contribution that depends nonlinearly upon coverage. The non-monotonic 
features can be related to the oxygen induced super structures. The mini
mum in the pp-signal around 4 L is related to the (2 χ 1) and the (3 x 1) 
structures and the feature near 20 L is related to the formation of the first 
full mono-layer of NiO or the ordered (9 x 5) pseudo oxide structure [12]. 
Because there is no direct correlation between the observation of the sur
face super-structures and the peaks in the response, the observed response 
should be explained in terms of interference between different contributions. 

The possible influence of interference effects and phase changes is demon
strated in the following model. In this model Xeff(0) in eq· 6.5 is constant 
whereas ΔχθίΓ (L) and its relative phase depend upon exposure. When both 
the amplitude and the phase of Axe^(L) change linearly upon coverage the 
total signal as a function of oxygen coverage can be written as: 

/(Θ) α |xeff(O) + AX e f r(0)| 2 = |xeff(O) + |Axef f(0)|e i*| (6.6) 

= |χβ1τ(0) + α Θ ^ θ - φ ° ) | 2 

where the parameters α and b determine the rate of change of respectively 
the amplitude and phase of Δχβίτ(Ζ<) upon coverage. The SH-signal as a 
function of exposure can now be obtained using the relation between rela
tive coverage and exposure as obtained from the fit to the Auger data in 
Fig. 6.4. The result of this simple model is shown in Fig. 6.6. As can 
be seen, the model reproduces qualitatively the main features like the two 
maxima and the two minima very well. This shows that interference ef
fects may very well be responsible for the observed oscillatory behavior of 
the response. The specific behavior of the phase upon exposure as assumed 
in the model is related to the successive appearance of the ordered oxygen 
superstructures and the formation of the first mono-layer of nickel oxide at 
20 L. Although the model is a little bit too simple to also quantitatively 
fit the relative positions and amplitudes of the measured features, it shows 
that such interference effects may explain the oscillatory behavior of the 
response. 

In summary, in the pp-geometry the additional nickel oxide on the sur
face leads to an additional response that interferes with the response from 
the nickel surface. This interference depends on the relative phase between 
the two contributions which is determined by the order of the nickel oxide 
on the surface. Furthermore, the oxidation does also change the response 
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Figure 6.6: Calculated intensity according to the simple interference 
model in eq.(6.6). 

of the nickel surface as the surface electronic structure is affected by the 
contamination. These changes will take place mainly in the first stage of 
the exposure (0-1 L). In the sp-geometry above 20 L there is not a large con
tribution from the nickel-oxide. Below 20 L there is one clear feature upon 
exposure at 1 L which is related to the (2 χ 1) oxygen induce superstructure. 

6.3.2 Magnet ic S H G response 

Hysteresis loops 

The magnetic anisotropy of the Ni surface and the coercive field were deter
mined from the MSHG and MOKE hysteresis loops. 

The magnetic hysteresis loops as measured on clean and oxidized Ni(110) 
surface with the magnetic field applied along the flO] are shown in Fig. 
6.7, with in panel (a) the loops obtained with the linear Magneto Optical 
Kerr Effect (MOKE) and in panel (b) those obtained with MSHG. The 
loops were measured in the longitudinal configuration i.e. with the magnetic 
field applied in the plane of incidence. The MOKE loops are measured as 
described in chapter 3 with the polarization of the incomming light being 
45° with respect to p. The MSHG loops in Fig. 6.7 were obtained in the p-in 
450-out polarization configuration. Before discussing the results it should be 
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Figure 6.7: Hysteresis loops of clean and O2 exposed Ni(llO) as mea
sured with H applied parallel to the [TlO] direction: (a) MOKE, (b) 
MSHG. 

noted that MOKE has a probing depth of approximately 18 nm and probes 
thus the magnetization of the whole near surface region whereas MSHG 
probes the surface magnetization. 

In Fig. 6.7 it can be seen that on the clean surface both the MOKE 
and the MSHG measurements yield square hysteresis loops whereas upon 
oxygen exposure with both techniques a more hard-axis like hysteresis shape 
is observed. Oxidation of the surface thus influences the magnetic properties 
of the surface (as probed by MSHG) as well as the near surface area (as 
probed by MOKE). Because the bulk magnetization of the crystal will not 
be influenced significantly by the small amount of oxygen at the surface, 
the switching of the magnetization is therefore still determined by the bulk 
anisotropy. This explains that sharp transitions at the coercive field Hc ^ 
0.7 kG are observed in all loops. Further exposure (>1 L) of the surface to 
oxygen did not lead to any more qualitative changes of the loops than those 
already observed between 0 and 1 L. 

The full remanence exhibited by the clean surface implies that for the 
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Figure 6.8: Plate like domain-structure according to [21], and the 
crystallographic axes lying in the Ni(110) surface plane. 

clean surface the domain structure and the average magnetization are the 

same in remanence as in the saturation field. This full remanence does how

ever not necessarily imply that the direction of magnetization within the 

domains is along the direction of the applied field. For Ni(110) the so called 

plate like domain structures have been observed by Donath et. al. [20] and by 

Schwink et. al. [21]. This plate like structure with the magnetization within 

the domains along the (111) directions is sketched in Fig. 6.8. The typical 

size of these domains as observed by Schwink et.al. is of order 0.1 mm which 

is of the same order of magnitude as the laser spot diameter. Therefore there 

will be a transversal magnetization component giving rise to a transversal 

contribution in the MSHG response. This additional transversal contribu

tion will depend upon the size and shape of the domains. That is, to obtain 

reproducible MSHG results it is necessary to apply the magnetization along 

the (111) direction of easy magnetization. 

The MSHG hysteresis loops measured with the magnetic field applied 

along the [HI] direction are plotted in Fig. 6.9. The polarization configu

rations used were PinPout for the clean surface and pi n 30° u t for the exposed 

surface. On the exposed surface Pin30°u t was used because the magnetic 

contrast in the PmPout configuration was to low. 

Similarly to the previous configuration, the clean surface exhibits a full 

remanence (square) loop whereas the exposed surface does not. Combining 

this observation with the observations in Fig. 6.7 it may be concluded that 

the direction of easy magnetization of the exposed surface is neither the 

[111] nor the [ÏIO] direction. 

A remarkable feature of the exposed-surface-MSHG-loop in Fig. 6.9 is 
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Figure 6.9: MSHG hysteresis loops of clean and O2 exposed Ni(110) 
with the external magnetic field Η applied parallel to the f 11] direc
tion. 

its asymmetry with respect to Η = 0. This asymmetry is not specific to 
this configuration and can also be observed in Fig. 6.7 (b). It can be shown 
that this asymmetry is due to the fact that the measured MSHG response 
contains both terms that are linear as well as terms that are quadratic in the 
magnetization M. The MSHG intensity as a function of the magnetization 
M in terms of odd and even effective tensor components can be written as: 

/(2ω,Μ) oc | x e v e n + x o d d ( M ) | 2 (6.7) 

= lx e v e n | 2 + lx o d d (M) | 2 + | x e v e n | | x o d d ( M ) | cos(0), 

where φ is the relative phase difference between χ θ ν ε η and x o d d ( M ) . That is, 
when the odd contribution is not small with respect to the even contribution, 
the response is not linear in the magnetization. This is illustrated in Fig. 
6.10 where in panel (a) the magnetization as a function of external field that 
follows from the MOKE hysteresis in Fig. 6.7 (a) is shown. The MSHG 
hysteresis shapes as calculated according to eq. 6.7 using the magnetization 
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Figure 6.10: (a) Magnetization as a function of external field ac
cording to the MOKE data in Fig. 6.7 (b),(c) and (d) MSHG loops 
calculated according to eq. 6.7 using the magnetization from (a). 

from panel (a) are shown in the other three panels, where the different 

values for the relative phase and the ratio between the odd and even tensor 

components are indicated. The ratio x o d d / x e v e n is the ratio for saturation 

magnetization. As can be seen, the MSHG loop becomes asymmetric when 

either the relative phase between the odd and even components is large or 

when their ratio is large. In fact the contribution quadratic in M becomes 

comparable to the linear term when the ratio x o d d / ( x e v e n · cos((t>)) is large. 

Thus both the relative phase between the odd and even components as well 

as their ratio may influence the hysteresis shape significantly. 

How this shape is exactly changed is shown in Fig. 6.11 where the MSHG 

loops are calculated according to schematic magnetization curves. It can be 
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Figure 6.11: Top graphs: schematic magnetization curves. Six 
graphs below: the corresponding MSHG hysteresis loops calculated ac
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seen that the coercive field and the remanence that follows from the MSHG 
loops may differ from the original curves. This is of course a very unwanted 
effect. The problem can be solved however relatively easy by using an addi
tional reference source as used for the phase measurements as described in 
chapter 4. As the intensity and the relative phase of this reference source 
can be tuned, the ratio Xodd/(xeven · cos(</>)) may be reduced easily. In Fig. 
6.11 this can be seen where just increasing the even contribution leads to 
loops with the right shape. 
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Oxidation dependent Magnetic SHG-response 

Whereas the MSHG hysteresis curves were measured only at certain expo
sures, in this section the MSHG response as measured continuously upon 
exposure is presented. Figure 6.12 shows the oxygen exposure dependence 
of the MSHG-signal in the pp-geometry. The fundamental wavelength was 
A=840 nm and the magnetic field was applied along the easy [fll] crystal 
axis which was in the plane of incidence i.e. the sample orientation is differ
ent with respect to the non-magnetic results discussed in section 6.3.1. The 
non zero odd tensor elements probed in this particular geometry for Ni(llO) 
^re Χχχχ, Xxzz and Xzxz· 

In panel (a) of Fig. 6.12 the magnetic asymmetry ρ = (/pp(-|-M) — 
/pp(-M))/(/pp(-|-M) + /pp(-M)) is shown and in panel (b) the intensities 
/pp(-l-M), /pp(-M) and the average signal (/Pp(+M) + Ipp(-M))/2 are 
plotted. The average signal has a similar behavior as the non-magnetic 
response in Fig. 6.5 that was discussed in section 6.3.1, so the different 
sample orientation does not affect this response significantly. 

The magnetic asymmetry ρ shows a very different dependence upon ex
posure as compared to the dependence of the average 'non-magnetic' signal. 
The interesting features in ρ as a function of exposure are: Firstly at low 
coverages ρ drops quickly to zero and changes sign at 0.5 L; hereafter it 
increases to an almost constant value between 5 and 12 L; secondly there is 
a sharp maximum around 18 L which corresponds to the minimum in the 
average signal thereafter it decreases to zero at 20 L and remains zero at 
higher exposures. 

For a discussion of the features in the magnetic asymmetry it is necessary 
to realize that this asymmetry can be written in terms of the even and odd 
effective tensor components as in: 

=

 2l^ffdJ/IXeiïen| cos(A<£). (6.8) 

Thus, a constant asymmetry means that the odd and even effective tensor 
components depend on exposure in the same way. This is the case between 
5 and 12 L where the average SHG has a maximum. The peak in ρ at 18 L 
on the contrary is caused by the fact that the average (even) response has a 
minimum whereas the odd response is constant near the peak. This peak is 
thus not related to a feature in the surface magnetization. Above 20 L the 
magnetic contrast disappears. This is however not due to the fact that the 
surface magnetization has become zero because in polarization geometries 
different from Pinpo ut a magnetic contrast is still observed. As the odd 
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Figure 6.12: Oxidation dependence of the MSHG response from 
Ni(110). (a) The magnetic asymmetry signal ρ and (b) the SHG-
intensity for opposite magnetization directions and the average inten
sity. 
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elements probed in this particular configuration are non-zero purely due to 
the anisotropy of the (110) surface, the disappearance of the asymmetry 
above 20 L is due to the fact that the surface becomes isotropic when the 
second mono-layer of oxide is formed. Finally also the sign change of the 
asymmetry at low exposure is due to the particular behavior of the even and 
odd tensor components upon exposure that are not directly related to the 
surface magnetization. Spectroscopic measurements that are the subject of 
the next section of this chapter show that the spectral dependence of the 
asymmetry changes considerably in this low coverage regime indicating the 
electronic structure origin of this feature. 

So in summary, between 0 and 4 L the odd and even contribution have 
a different exposure dependence, between 4 and 12 L the odd and even 
contribution have the same exposure dependence, between 12 and 18 L the 
odd contribution is constant and finally above 18 L the odd contribution 
decreases till it becomes zero at 25 L. These ranges are clearly different 
stages of the oxidation process. Both the even and odd contribution thus 
have a complicated exposure dependence that is related to the changes in the 
surface electronic structure and changes in the morphology upon exposure. 
Due to this electronic structure dependence, spectroscopic investigations 
are necessary to get a better insight is the relation between the surface 
magnetization and the MSHG response. 
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6.4 MSHG spectroscopy 

One of the major problems in the analysis of the MSHG studies as presented 
in the previous sections is that the oxygen induced changes as observed in 
the MSHG response may originate from both changes in the surface magne
tization as well as changes in the electronic structure or morphology of the 
surface. In this section it is shown that important information especially 
about the microscopic electronic structure is obtained from spectroscopic 
MSHG investigations. 

On a microscopic level, the MSHG response involves coherent electronic 
transitions between occupied and unoccupied electronic states in the spin-
polarized bandstructure [22-24]. As discussed in chapter 2, the magnetic 
effects in the MSHG response arise (like in linear magneto optics) due to 
the splitting of the energy levels by both the exchange and the spin orbit 
interaction [25, 26]. The relation between the microscopic spin dependent 
bandstructure and the nonlinear magneto-optical susceptibility can be writ
ten as 

Λ 9,,·,, ,Λητ V (a|»|c){clj|ò)(ft|fcla) (6 9) 

χφ(-2ωίω,ω) « ^ (2Λα; - Eca + ihrca)(tiw - Eba + ihrba) ' ^^ 
a,b,c 

where |o), |ò) and |c) are spin dependent initial, intermediate and final states. 

The spectroscopic measurements as will be presented in this section are 
phase resolved and it is shown that this unique feature is essential to obtain 
correct interpretation of the results in the vicinity of resonances. The spectra 
were measured in three overlapping spectral regions with three different 
laser configurations as described in chapter 3. The fundamental light pulses 
of approximately 100 fs in the spectral regions from 750 to 850 nm and 
from 815 to 940 nm could be obtained using different mirror sets in the 
Ti-Sapphire laser. The optical parametric amplifier (ΟΡΑ) pumped by the 
amplified Ti-sapphire laser was used to cover the spectral region from 850 to 
1000 nm. The corresponding Second Harmonic photon energy (SH-energy) 
ranges between 2.4 eV and 3.3 eV. The SH-energy will be used as the energy 
scale in the presented MSHG-spectra. The intensity spectra were normalized 
by the quartz reference as described in chapter 3. 

Firstly, the MSHG response has been analyzed as shown in Fig.6.13 
where the intensity of the SH-response as generated by the p-polarized fun
damental light is plotted as a function of analyzer angle. The data /(-|-M) 
and /(—M) were measured at zero (applied) field after saturating (>0.08 
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Τ) the Ni-sample along the easy (Tll)-axis in the positive and negative di
rection respectively. In Fig. 6.13 the solid and dashed curves are fits to the 
data with a cosine function with a period of 180°: 

/p ) Q(2w,±M) = Pi cos 
180v ; + P3. (6.10) 

In this way both the amplitude and polarization of the SH-light is deter
mined. As expected from the symmetry of the Ni(110) surface with M 
parallel to the the [111] direction, the MSHG response exhibits both a polar
ization rotation as well as an intensity change upon magnetization reversal. 
Fig. 6.13 shows the results as obtained at three different laser frequencies 
which were selected from a set of measurements that have been performed 
in the energy range 2.4 eV to 2.9 eV. These three selected energies for both 
the clean as well as the oxidized (0.4 L) surface still show some of the typical 
spectroscopic features in the MSHG response. It can be seen that the magne
tization induced changes for the clean surface are strongly energy dependent 
in contrast to the energy dependence observed on the oxidized surface. Be
tween SH-energy 2.5 eV and 2.6 eV, the amplitude of the cosine is larger 
for positive magnetization (M = +) whereas above 2.6 eV the situation is 
reversed. This sign reversal of the magnetic contrast is not observed on the 
oxidized surface. The spectroscopic features are observed even more clearly 
when the magnetic contrast defined as ρ — (I+ — I~)/(I+ +I~)) is plotted as 
a function of SH-energy for specific polarization geometries as shown in Fig. 
6.14. The presented polarization geometries are PmPouti Pin30°ut, pin80°ut 

, Pinl30°ut respectively. It can now be seen that different spectral features 
in ρ are observed depending upon the polarization geometry in which the 
MSHG response is measured. It is this dependence upon geometry which 
makes the interpretation of the results difficult and therefore further analy
sis of the data is necessary. To relate the observed features to a microscopic 
model, ideally, all the independent tensor components have to be known. 
As in this experimental geometry not all individual tensor components can 
be separated, it is necessary to describe the response in terms of effective 
tensor-elements as introduced in chapter 2: 

Xeff = ^^jkXijk- (6-11) 
i,j,k 

where a^^ are the nonlinear Fresnel factors. The analyzer angle dependence 
from eq.(6.10) in terms of the effective contributions can then be written as: 

/ρ,β(2ω,±Μ) = \x±e{{\
2 cos2 a + \x±e{{\

2 sin2 a 

+ I x J e f f l l X s t e f f l c o s ^ - ^ s h ^ a , (6.12) 
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Figure 6.14: Magnetic asymmetry spectra of clean and oxidized 
(O 4 L) Ni(110) for four different polarization geometries 

wVierp \ΛΛ- I — I-(.even ι ,,oda I „ „ J 1^31 I l ieven ι . > 

wnere | x P i e f f | - | x P | e f f ± X P ) e f f | and |x S i e f f | - |χ8 ) θ Η· ± XSieff 

,odd a n d Ixtffl = |x^e

f f

n ± X ° ^ | are the effective 

tensors in the PmPout and PmSout geometry respectively. ( 0 ^ — φ^) is the rel

ative phase difference between the p- and s-polarized SH-light. In the case of 

a surface with isotropic rotational symmetry, in the longitudinal geometry, 

measuring the polarization of the response is sufficient to derive the odd and 

even contribution separately as X p ^ = 0 and Xg^1 = 0 and thus, (</>* - φ^ ) 

is the phase difference between the odd and even effective tensors. The sit

uation for the Ni(110) surface is however slightly more complicated as the 

even and odd contributions can only be obtained by performing additional 

phase measurements. In particular polarization geometries PmOout the in-
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tensity for opposite magnetizations in terms of effective tensor components 
is given by: 

Ι(2ω, ± M ) oc \χΙΓ(^) ± Xeffd(2^)|2, (6-13) 

and the magnetic asymmetry by: 

l + IXeff'/Xeff' 
J M a J ^ T L 0ο0(ΔΦ). (6.14) 

with ΔΦ the phase difference between the odd and even effective tensor 
components. From eq.(6.13) it follows that: 

4 | x ^ e n | 2 = ƒ+ + ƒ - + 2 v / F F c o s ( A ^ ) , (6.15) 

4 | x ^ d | 2 = ƒ + + ƒ " _ 2\//+/- cos(A^). (6.16) 

Here, Δ</? is the phase difference between Ε(2ω, + M ) and Ε(2ω, —M). This 
phase difference Αφ can be measured using the spectral interference tech
nique [27] as introduced in chapter 4. In the following it is shown that 
this additional phase information gives the essential additional information 
leading to a sensible interpretation of the observed effects. 

In the PinPout geometry the MSHG spectra are measured over a broader 
spectral range and with a higher energy resolution than those in Figs. 6.14 
and 6.13. In Fig. 6.15. the data measured on the clean and oxygen exposed 
surface are plotted as open circles and solid squares respectively. In panel 
(a) of Fig. 6.15 the average SH-intensity, defined as (/+ + I~)/2, is shown 
and panel (b), displaying the magnetic asymmetry, is in fact the same as 
panel (a) of Fig. 6.14 but for a more extended energy range. The spectra 
in Fig 6.15 are composed out of the spectra that were independently mea
sured in the three different spectral regions. As the spectra were measured 
in independent experiments, the intensity of the response of the oxidized 
surface may differ slightly from one region to the other, and causes e.g. the 
discontinuity around 3 eV. The spectra of the clean surface corresponded 
very well in the overlapping regions and could be "glued" together. 

The average intensity may be considered as the non-magnetic response 
because the intensity changes upon magnetization reversal are relatively 
small and thus no phase information is needed to obtain the even contribu
tion to the response ( ( / + 4- I~)/2 α |Xeffen|2)· The non magnetic spectra 
of the clean and oxidized surface have some obvious similarities and differ
ences. Both spectra exhibit a strong increase of the response above 3 eV 
where the slope of the clean spectrum is clearly steeper. A feature that 
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Figure 6.15: MSHG spectra measured in pm-Pout polarization com
bination on clean and oxygen exposed Ni(llO). (a) Average and nor
malized Second Harmonic intensity, (b) magnetic asymmetry p. 

is specific for the clean surface is the minimum around 2.7 eV which dis
appears upon exposure. On a microscopic level this disappearance of the 
minimum may be either be due to additional adsorbate induced states or by 
states specific to the clean surface. In principle transitions may increase as 
well as decrease the total observed intensity as this depends on the phase of 
the matrix elements involved. The increase of both spectra towards higher 
energies is related to the detailed energy dependence of the nickel density of 
states. 

The spectra of the magnetic response ρ of the clean and exposed surface 
differ more dramatically as observed already in Fig. 6.14(a). The magnetic 
asymmetry of the clean surface changes sign at 3.1 eV and 2.6 eV and has a 
maximum at 2.7 eV. This resonant feature, exhibited by the clean surface, 
disappears completely upon exposure of the surface to only 0.5 L oxygen. 
This clearly proves the surface specific nature of this feature. As discussed 
above, at this point additional phase information is necessary to derive the 
effective even and odd contributions to the response. The results of the 
spectroscopic MSHG phase investigations are shown in Fig. 6.16. The mea-
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Figure 6.16: MSHG phase spectra from Ni(110). (a) Original (as 
measured) spectral interference pattern, (b) The Fourier filtered pat
tern and (c) Αφ, as determined in this way, as a function of energy. 

sured spectral interference patterns for opposite magnetization directions are 

shown in panel (a) and the Fourier filtered pat tern is shown in panel (b). 

The phase difference between the two patterns in panel (b) was determined 

as described in chapter 3 and corresponds to one single data point in panel 

(c). The solid squares in panel (c) are the data points in the ps-geometry 

and the solid diamonds are the data points in the pp-geometry. The solid 

lines are fits to a polynomial to interpolate between the data points. Using 

the data from the phase spectra in Fig. 6.16 and the data from the intensity 

spectra, the effective susceptibilities are calculated according to eq.(6.15). In 

Fig. 6.17 the results for the corresponding polarization geometries PinPout-

and PinSout are shown for the even and odd susceptibilities. The indicated 
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Figure 6.17: Amplitude of the effective tensor elements ^ e v e n and 
Xüdd as derived from the phase and intensity measurements. 

error bars essentially result from the error in Αφ which is typically 5°. As 

the even response is relatively large with respect to the magnetic response, 

the spectra of the non-magnetic response |XpVeff I and IXseff11 a r e very simi

lar to the shape of the average intensity spectrum and do not depend very 

sensitively upon Αφ (/nonmagnetic oc |Xeffen|2)- The spectra of the odd sus

ceptibilities |x°ffd| on the contrary do strongly depend upon the features of 

the phase spectrum Αφ(2ω). An important feature of the spectra of the odd 

susceptibilities is the presence of the two peaks in both spectra. These peaks 

are most pronounced for the pinpout-spectrum where they are observed at 

2.82 eV and 2.55 eV respectively. The peaks in the p; n s o u t-spectrum are 

quite weak but are observed at approximately the same energies. The en

ergy difference between these peaks is ~ 300 meV which is typical for the 

spin splitting of the electron energy bands in nickel. These results can be 

analyzed using the simple model as shown in Fig. 6.18. The model involves 

the spin splitting of the d-bands around the Fermi energy Ep and an empty 

surface state band around 2.5 eV above Ep. The exchange splitting of the 

d-band leads to a maximum density of states for minority spin electrons 
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Figure 6.18: Schematic picture of the exchange split density of states 
of nickel and empty surface states. 

at Ep and a maximum for majority spins approximately 250 meV below 

Ep [2]. Several inverse photo-emission studies [2, 4, 28] have reported an 

empty surface state band at the Y point of the fee (110) surface Brillouin 

zone. As this surface state is of nearly pure p z character [4] the exchange 

splitting of this state is much smaller than the splitting of the d-states and 

can be neglected. In the following it will be shown that this model can de

scribe the data measured in the PinPout geometry very well. Including only 

the d-states and surface states into the summation of Eq.(6.9), x o d d can be 

written as 

X 
odd = Ao + + 

A2 

2hLj - Ei + ihTi 2hu} - E2 + ihT2 
(6.17) 

where the second term describes the transitions of the minority spin electrons 

from filled to empty states having energy difference Ei and the third term 

includes the transitions of the majority spin electrons. Αχ^ include the 

matrix elements and the non-resonant energy factor from eq.(6.9), AQ is a 

constant background term including all non resonant SHG contributions. 

Like in linear optics the latter are related to an integration of all possible 

vertical transitions over the complete bandstructure. The widths of the 

transitions (i.e. the widths of the bands and the experimental resolution) 

are described by Γι 2· 



106 MSHG on Ni( l lO) 

24 25 26 27 28 29 3 

SH photon energy [eV] 
22 24 26 28 30 32 34 

SH photon energy [eV] 

Figure 6.19: Left panel: fits to χ β ν ο η and x o d d , where the latter is 
fitted to the two different models as discussed in the text. Right panel: 
the calculated Asymmetry corresponding to these models. 

If the two resonant contributions in eq.(6.17) originate from transitions 

between electronic states with opposite spin as implied in Fig. 6.18, the 

matrix elements Αι and A2 should, as discussed in chapter 2, have an op

posite sign. Thus: Αι = — \x\A2, where the factor |x| ~ 1 accounts for 

the possible difference in their absolute values. Without spin-dependence 

Αι = \x\A2. The model in eq. (6.17) can now be fitted to the IXp^l data in 

Fig. 6.17 by using either the first or the latter relations between Αι and A2. 

The results of these fits with the additional restriction Ei = 2.58 eV and 

E2 = 2.85 eV are shown in panel (b) of Fig. 6.19. Once also χβνβη is known, 

it is possible to check the two models by calculating ρ according to Eq.(6.14). 

However, x e v e n cannot simply be described by only the transitions shown in 

Fig. (6.18). We assume that that the behavior of χ-6 ν 6 η is mainly determined 

by non-resonant contributions and partially by the resonances as indicated 

in Fig.(6.18). Because of this large non-resonant background its relative 

phase does not change as much as the relative phase of x o d d . Therefore 

file:///x/A2
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we can fit ^ e v e n simply to a real fourth rank polynomial as shown in Fig. 
6.19(a). With this the magnetic asymmetry can now be calculated according 
to eq.(6.14). The results are shown in Fig. 6.19(c) where the calculated ρ 
for the model with Αι = |x|yl2 is plotted as a dashed line and for the model 
with Αχ = —\x\A2 ρ is plotted as a solid line. Clearly it follows that the typ
ical features of the asymmetry like the two sign changes and the maximum 
are best described by the model including spin dependence of the involved 
transitions. Although the fits to x o d d in Fig. 6.19 are not unique, to get the 
agreement the important physical constraint in the model is Αι = —\x\A2, 
i.e., the two resonances have opposite phases. When Αχ = +\x\A2 it is also 
possible to fit xodd, however one does not obtain a reasonable agreement 
for the magnetic asymmetry. This indicates that the features in ρ do arise 
due to the difference in exchange splitting between initial and final states. 
This proves that MSHG-spectroscopy can be a powerful tool to probe the 
spin-dependent electronic structure of surfaces and also buried interfaces. 

6.5 Conclusions 

MSHG investigations on a Ni(llO) surface in a UHV environment have been 
performed both at single frequency and spectroscopically. The measure
ments show that the magnetic properties as well as the surface morphology 
and the microscopic electronic structure of the clean Ni(llO) surface de
pend sensitively upon exposure to oxygen. As the non-monotonic behavior 
of the single frequency MSHG response as a function of oxygen exposure 
shows that the nonlinear magneto-optical response is equally sensitive to all 
these three properties of the surface, the issue is to separate these different 
contributions in the total response. 

The measurements of the MOKE and MSHG magnetic hysteresis show 
that the magnetic anisotropy changes due to the chemisorption of oxygen. 
These changes take place already after less than 0.1 ML layer of oxygen is 
chemisorbed on the surface. The similarity between the MOKE and the 
MSHG results show that the magnetization changes in the near surface area 
(t ~15 nm) and at the surface are the same. Furthermore it is shown that the 
MSHG response may deviate from a linear magnetization dependence when 
the ratio ^ o d d / ^ e v e n becomes large (typically > 0.1) and when at the same 
time the relative phase difference between them is also large (typically > 
70°). In that case the MSHG hysteresis loops will have an asymmetric shape. 
Phase determination is thus also essential for studying MSHG hysteresis 
curves. 
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With spectroscopic MSHG measurements the microscopic electronic struc
ture of the surface may be studied. The Ni(llO) surface electronic structure 
is characterized by the spin-split d-bands and an empty surface state band 
around 2.5 eV above Ep. To identify these characteristics in the MSHG 
response it is necessary to derive independently the odd and even effective 
susceptibilities. Therefore, the spectroscopic measurements were phase re
solved and it turns out that this unique feature is essential to obtain a correct 
interpretation of the results in the vicinity of resonances. 

On the one hand, the results on the clean Ni(llO) surface show that in 
general the relation between the MSHG response and the surface magneti
zation is complicated whereas on the other hand it is shown that the spec
troscopic response contains valuable information about the spin-polarized 
surface electronic structure. This feature of MSHG should be taken into ac
count and used in future investigations of magnetic multi-layer structures. 
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Summary 

Magnetic Second Harmonic Generation is a new nonlinear magneto-optical 
technique that is characterized by its intrinsic interface sensitivity and huge 
magneto-optical effects. These effects are due to the simultaneous break
ing of inversion symmetry at the interface between two centro-symmetric 
media and the breaking of time-reversal symmetry by magnetization. This 
new nonlinear magneto-optical technique is the nonlinear equivalent of the 
well known linear Magneto-Optical Kerr effect (MOKE) which involves the 
intensity and polarization changes of the light upon reflection from ferro
magnetic surfaces. In MSHG the magneto-optical effects are observed in 
the Second Harmonic light that is generated at surfaces or interfaces. As 
MSHG is interface sensitive it is an ideal technique to study magnetic sur
faces and magnetic interfaces in metallic multi-layer structures that attract 
a lot of attention due to their technological applications. 

This thesis presents MSHG experiments on Co/Rh magnetic multi-layer 
structures and a Ni(llO) surface in a clean UHV environment. As the MSHG 
technique is relatively new, the focus in these studies is on the fundamen
tal aspects of the technique both on a phenomenological as well as on a 
microscopic level. 

Phenomenologically the MSHG response is described in terms of the in
terference of contributions to the total response that are either purely even or 
purely odd in the magnetization. The even contribution is described by the 
even effective susceptibility Xg^en which remains unchanged upon magnetiza
tion reversal whereas the odd contribution is described by the odd effective 
susceptibility χζβ" which changes sign (i.e. its phase changes 180°) upon 
magnetization reversal. In practice this means that the MSHG response is 
described by the polarization, intensity and the relative phase changes of the 
MSHG light upon magnetization reversal, i.e. for a full characterization all 
these three parameters should be determined. The intensity and polarization 
changes can be measured directly whereas the relative phase of the MSHG 
response can be determined with an interference technique that makes use 
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of an additional reference SHG source. MSHG phase measurements on a 
Co/Rh interface as presented in this thesis show a direct observation of the 
180° phase shift of the odd contribution to the MSHG response, which is an 
important confirmation of the phenomenological theory. In general, determi
nation of the relative phase is also essential for a correct interpretation of the 
MSHG response. Conventional phase measurement techniques can however 
not be used when the sample is placed in a UHV system and femtosecond 
lasers are used. The reason for this is the relatively large dispersion of the 
optical windows in the UHV system. Therefore we have developed a new 
UHV compatible phase sensitive technique that is based on spectral inter
ference. The features of this new technique are shown by test experiments 
and the technique is used to perform phase sensitive MSHG spectroscopy in 
UHV. 

As the aim of most MSHG investigations on magnetic multi-layer struc
tures is to probe the magnetization of the interfaces and possible changes 
therein upon any sample modification, the essential issue in MSHG stud
ies is understanding the relation between the observed MSHG response and 
this interface magnetization. According to the phenomenological theory the 
MSHG response is in first order linear proportional to the interface magne
tization. In addition however the MSHG response is also sensitive to the 
interface morphology and the detailed microscopic electronic structure. 

Investigations on the Co/Rh magnetic multi-layer systems show that 
MSHG can directly probe the oscillating interlayer exchange coupling as 
well as the presence of quantum well states in the thin spacer layer. To get 
a better understanding of the relation between the interface structure and 
these effects, the thermal stability of a single interface is studied by an in 
situ annealing study. The latter yields a good estimate of the activation en
ergy of the Co/Rh interdiffusion. Furthermore the decrease of the magnetic 
asymmetry upon annealing indicates a decrease of the magnetization at the 
Co/Rh interface. 

The phase sensitive MSHG spectroscopy measurements on Ni(110) in 
UHV show that MSHG probes the spin polarized electronic structure of the 
surface. The resonances observed in the MSHG spectra of Ni(110) can be 
explained with a model that is based on optical transitions between spin-
polarized d-states and a surface state band. 



Samenvatting 

Magnetische Tweede Harmonische Generatie (MTHG) is een nieuwe magneto
optische techniek die gekenmerkt wordt door het feit dat deze oppervlakte 
en grensvlak specifiek is en door de relatief grote magneto-optische effec
ten. Deze eigenschappen worden veroorzaakt door het gelijktijdig optreden 
van de breking van inversie symmetrie aan de grensvlakken tussen twee 
centro-symmetrische materialen en de breking van tijd-omkeer symmetrie 
door magnetisatie. Deze nieuwe niet-lineaire magneto-optische techniek is 
het niet lineaire equivalent van het lineaire Magneto-Optische Kerr Effect 
(MOKE). In het geval van lineaire MOKE is er sprake veranderingen in de 
intensiteit en de polarisatie van licht dat aan een ferromagnetisch oppervlak 
reflecteert. In het geval van MTHG, worden deze magneto-optische effecten 
waargenomen in het Tweede Harmonische licht dat gegenereerd wordt aan 
oppervlakken en grenslagen. Omdat MTHG grenslaag en oppervlakte gevoe
lig is, is het een ideale techniek om magnetische oppervlakken en grenslagen 
in magnetische multi-laag systemen te bestuderen. Dit aspect is belangrijk 
vanwege de vele technologische toepassingen van deze multi-laag systemen. 

In dit proefschrift worden MTHG experimenten aan Co/Rh magneti
sche multi-lagen en aan een Ni(llO) oppervlak in een schone Ultra Hoog 
Vacuüm (UHV) omgeving beschreven. Omdat de MTHG techniek nog re
latief nieuw is licht de nadruk in deze studies op de fundamentele aspecten 
van de techniek zowel op fenomenologisch als op microscopisch niveau. 

Fenomenologisch kan de MTHG response beschreven worden als de in
terferentie van twee afzonderlijke bijdragen aan de totale response die res
pectievelijk even en oneven zijn in de magnetisatie. De even bijdrage wordt 
beschreven door de even effectieve susceptibiliteit χζ^η die niet verandert 
wanneer de richting van het magneetveld omgekeerd wordt, terwijl de oneven 
bijdrage wordt beschreven door de oneven effectieve susceptibiliteit x°ffeven 

die van teken verandert (is 180° fase draaiing) wanneer de richting van het 
magneetveld omgekeerd wordt. In de praktijk betekent dit dat de MTHG 
response bepaald wordt door de veranderingen in de polarisatie, intensiteit 

113 



114 Samenvatting 

en de relatieve fase van het MTHG licht als gevolg van de omkering van de 
magnetisatie. Dus voor een volledige karakterisatie moet ieder van deze drie 
parameters bepaald worden. De intensiteit en polarisatie kunnen direct ge
meten worden terwijl de relatieve fase van de response bepaald kan worden 
met een interferentie techniek die gebruik maakt van een extra referentie 
bron voor Tweede Harmonisch licht. MTHG fase metingen aan een Co/Rh 
grenslaag zoals die in dit proefschrift gepresenteerd worden laten een directe 
observatie van de 180° fase draaiing van de oneven bijdrage aan de MTHG 
response zien. Dit is een belangrijke bevestiging van de fenomenologische 
theorie. Meer algemeen is de bepaling van de relatieve fase ook essentieel 
voor een correcte interpretatie van de MTHG response. Het is echter niet 
mogelijk om conventionele fase metingen te gebruiken wanneer het sample 
zich bevind in een UHV systeem en femtoseconde lasers gebruikt worden. 
De reden hiervoor is de relatief grote dispersie van de optische vensters in 
het UHV systeem. Hiervoor hebben we een nieuwe fase gevoelige techniek 
ontwikkeld die gebaseerd is op spectrale interferentie en die wel UHV com
patibel is. Test experimenten zoals gepresenteerd in dit proefschrift tonen 
de karakteristieken van deze techniek die verder gebruikt wordt om fase 
gevoelige MTHG spectroscopie in UHV uit te voeren. 

Omdat het doel van de meeste MTHG studies aan magnetische multilaag 
structuren het bepalen van de magnetisatie van de grenslagen is en het meten 
van veranderingen daarin onder invloed een bepaalde verandering van het 
sample, is het belangrijke punt bij MTHG studies het begrijpen van de 
relatie tussen de gemeten MTHG response en deze grenslaag magnetisatie. 
Volgens de fenomenologische theorie is de MTHG response in eerste orde 
recht evenredig met de grenslaag magnetisatie. Daarbij komt echter het feit 
dat de MTHG response ook gevoelig is voor de grenslaag morfologie en de 
microscopische elektronische structuur. 

Metingen aan het Co/Rh magnetisch multilaag systeem laten zien dat 
het mogelijk is om met MTHG direct de oscillerende magnetische interlaag 
uitwisselingskoppeling te meten en ook het voorkomen van quantum put 
toestanden in de dunne tussenlaag. Om een beter inzicht te krijgen in de 
relatie tussen de grenslaag structuur en deze effecten, is de warmte stabiliteit 
van een enkel grensvlak bestudeerd. Dit experiment gaf een goede indicatie 
van de activatie energie van het Co/Rh interdiffusie proces. Verder duidt 
de afname van de magnetische asymmetrie als functie van het uitgloeien 
(annealing) op een afname van de magnetisatie aan het Co/Rh grensvlak. 

De fase gevoelige MTHG spectroscopie metingen aan Ni(110) in UHV 
tonen aan dat MTHG de spin gepolariseerde elektronische structuur van 
het oppervlak. De resonanties in de MTHG spectra van Ni(110) kunnen 
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verklaart worden met een model dat is gebaseerd is op optische overgangen 
tussen spin gepolariseerde d-toestanden en een oppervlakte toestand band. 
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Samenvatting voor 
niet-natuurkundigen 

In dit proefschrift beschrijf ik experimenten met een optische techniek die 
in het Nederlands Magnetische Optische Tweede Harmonische Generatie 
(MTHG) heet. Deze techniek gebruikt de eigenschappen van licht om in
formatie te krijgen over de eigenschappen van (magnetische-) oppervlakken 
en dunne lagen. Waarom er veel onderzoek aan magnetische dunne lagen 
gedaan wordt en hoe je licht daarvoor kunt gebruiken, zal ik in de volgende 
paragrafen proberen duidelijk te maken. 

Magnetisme en dunne lagen 

Hoewel magnetisme een van de oudste bekende fysische fenomenen is, en er 
inmiddels heel veel over bekend en begrepen is, wordt er ook tegenwoordig 
nog heel veel onderzoek aan magnetische materialen verricht. De bekend
ste magnetische vaste stoffen zijn wellicht ijzer en nikkel. Naast natuurlijk 
de nieuwsgierigheid van wetenschappers naar de fundamentele eigenschap
pen van de materie is een belangrijke reden voor het vele onderzoek aan 
magnetische materialen de vele toepassingen ervan. Een toepassing die mo
menteel nog steeds een enorme ontwikkeling doormaakt is magnetische data 
opslag. Het belangrijkste voorbeeld hiervan is natuurlijk de harde schijf in 
onze computer waarop we steeds meer informatie kunnen opslaan terwijl de 
afmetingen ervan niet groter zijn geworden. In de huidige technologie voor 
magnetische opslag media is net zoals in de elektronische halfgeleider techno
logie sprake van een continue miniaturisatie van de diverse onderdelen. Een 
magnetische sensor om data van een harde schijf te lezen is opgebouwd uit 
dunne lagen van magnetische en niet magnetische vaste stoffen. De dikte 
van deze lagen is vaak niet meer dan enkele nanometers (1 nanometer is 
een een miljoenste millimeter = ïöüfeö m m ) · 0 m z u l k e s e n soren te maken 
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is dus veel kennis vereist van de fysische eigenschappen van zulke dunne 
lagen. Verder zijn vaak met name de eigenschappen van de grensvlakken 
tussen deze lagen van bijzonder groot belang. Vandaar dat het belangrijk 
is dat we technieken ter beschikking hebben om juist de grensvlakken en 
oppervlakken van materialen te kunnen bestuderen. Magnetische Tweede 
Harmonische Generatie is zo'n techniek die heel geschikt is om fysische ei
genschappen van grensvlakken te bestuderen. 

Optica en niet lineaire optica 

Licht is een fenomeen dat waarschijnlijk nog meer tot de verbeelding spreekt 
dan magnetisme. Met onze ogen zien we dat licht een bepaalde kleur en 
intensiteit heeft. In de natuurkunde wordt licht beschreven als een elektro
magnetische golf die zich met de licht snelheid (300000 km/s) voortplant. 
Net zoals golven op het water hebben lichtgolven ook een bepaalde golflengte 
(die de kleur bepaalt) en hoogte (intensiteit/amplitude). Rood licht heeft 
bijvoorbeeld een golflengte van ongeveer 650 nm (nano meter). In het alge
meen bestaat licht natuurlijk uit vele verschillende golflengten zoals in wit 
licht. Dit is bijvoorbeeld te zien wanneer licht van de zon gebroken wordt 
door regendruppels en er een regenboog ontstaat. Wanneer je nu meet hoe 
intens elke kleur van de regenboog is, en je zet dit uit in een grafiek dan heb je 
een spectrum van de het zonlicht. Het meten van de intensiteit van het licht 
als functie van de golflengte heet dus spectroscopie. Een lichtbron zendt dus 
licht uit met een bepaald spectrum. Wanneer dit licht gereflecteerd wordt 
door bijvoorbeeld een metaal of een andere (vaste) stof, dan is het spectrum 
van het gereflecteerde licht verschillend van het oorspronkelijke licht. Dit be
tekent dat elke golflengte anders door het materiaal gereflecteerd wordt (er 
wordt meer of minder licht van een bepaalde kleur geabsorbeerd). Een ide
ale spiegel echter reflecteert natuurlijk alle kleuren even goed. De interactie 
tussen licht en materie die de reflectie, transmissie en absorptie van licht in 
materie beschrijft heet optica. Door de optische eigenschappen van materia
len te meten, bepalen we dus indirect de eigenschappen van deze materialen. 
Deze optische eigenschappen van vaste stoffen, of meer algemeen van de ma
terie, worden bepaald door de onderliggende microscopische eigenschappen 
van deze stoffen. Zo is het bijvoorbeeld geen toeval dat alle metalen een 
glimmend oppervlak hebben en dat zij zowel warmte als elektrische stroom 
goed geleiden. De reden van de overeenkomst in deze eigenschappen is het 
feit dat metalen op atomair niveau een elektronische structuur hebben die 
vergelijkbaar is. Natuurlijk zijn er ook verschillen, zo ziet het oppervlak van 
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goud er anders uit dan bijvoorbeeld dat van nikkel. Het zijn juist deze ver
schillen die je goed kunt meten met optische spectroscopie en waardoor je 
gedetailleerde informatie over de elektronische structuur in deze materialen 
kunt krijgen. 

Wanneer je in de spiegel kijkt, zie je dat het gereflecteerde licht gewoon
lijk dezelfde kleur heeft als het licht dat op de spiegel valt. In de niet lineaire 
optica is het echter mogelijk dat een klein deel van het inkomende licht wordt 
gereflecteerd met de dubbele frequentie ofwel de halve golflengte. Dit effect 
is het beste te begrijpen door de golven of trillingen van het licht te verge
lijken met de trillingen van een snaar van een muziek instrument. Wanneer 
je een snaar op een gitaar heel zachtjes in trilling brengt, dan zal deze gaan 
trillen met de frequentie van de grondtoon f, echter als de snaar harder wordt 
aan geslagen dan zal deze ook met de frequentie van de hogere harmonischen 
2f, 3f, 4f... gaan trillen. Op dezelfde manier kan een zeer intense lichtbundel 
zoals een laser straal hogere harmonischen in een vaste stof aanslaan. De 
elktronen in de vaste stof trillen dan niet alleen met de frequentie van het 
inkomende licht maak ook met de dubbele frequentie. Hierdoor wordt ook 
licht met de dubbele frequentie van het oppervlak gereflecteerd. Wanneer 
we dus met een (infra)rode laser bundel op een oppervlak schijnen, kunnen 
we waarnemen dat een klein deel van het gereflecteerde licht bestaat uit 
blauw(violet) licht dat trilt met een frequentie die twee keer zo groot is, en 
dus een golflengte die twee keer zo klein is als die van de laser. De reden 
waarom we geïnteresseerd zijn in dit tweede harmonische licht, is dat dit 
licht in tegenstelling tot het lineair gereflecteerde licht, voor veel materia
len voornamelijk gegenereerd wordt aan het oppervlak of aan een grensvlak 
en daarom informatie bevat over deze oppervlakken en grensvlakken. Het 
is hierbij belangrijk op te merken dat we een oppervlak beschouwen als 1 
of slechts een paar atoom lagen dik, terwijl het lineair gereflecteerde licht 
informatie bevat over wel meer dan honderd atoomlagen. 

Niet Lineaire Magneto-Optica 

Het principe van een Magnetisch Tweede Harmonische Generatie (MTHG) 
experiment is weergegeven in figuur 6.20. Infrarood licht (800 nm) van een 
laser genereert blauw (400 nm) tweede harmonisch licht aan een magnetisch 
nikkel oppervlak. Het laser licht bestaat uit pulsen die ongeveer 100 femto-
seconden (een miljoenste van een miljoenste van een tiende seconde) kort 
zijn. Het is nodig om zulke korte pulsen te gebruiken omdat de intensiteit in 
zo'n korte lichtpuls hoog genoeg is om tweede harmonisch licht te genereren 
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Figuur 6.20: Principe van een Magnetisch Tweede Harmonische Ge
neratie experiment zoals beschreven in de tekst. Het sample (in dit 
geval een dubbeltje) is geplaatst tussen de polen van een electromag-
neet. De grafiek geeft een magnetsische hysteresis curve weer. De 
pijlen in de grafiek geven de relatieve richting van het magneetveld 
aan. 

terwijl de gemiddelde intensiteit van het licht laag genoeg blijft om het op
pervlak niet te beschadigen. Na reflectie aan het nikkel oppervlak kan het 
licht zodanig gefilterd worden dat alleen het blauwe licht door een detector 
waargenomen wordt. De grafiek in figuur 6.20 laat zien wat het magneto 
optische effect is. In de graflek staat namelijk de hoeveelheid blauw licht 
uit gezet tegen het magnetisch veld. Te zien is dat wanneer het magne
tisch veld van boven naar beneden wijst er minder blauw licht gegenereerd 
wordt dan wanneer het magneetveld de omgekeerde richting heeft. Dit effect 
heet Magnetische Tweede Harmonische Generatie en kunnen we gebruiken 
voor het bestuderen van de magnetische eigenschappen van oppervlakken 
en grenslagen. 

Het experiment zoals weergegeven in figuur 6.20 geeft dus de essentie 
weer van de experimenten die in dit proefschrift beschreven worden. Het 
belangrijkste experiment dat ik beschrijf is Magnetische Tweede Harmoni
sche spectroscopie aan een schoon nikkel oppervlak waarbij ook de fase van 
het tweede harmonische licht gemeten wordt. Spectroscopie betekent dus 
dat ik het hierboven uitgelegde experiment als functie van de golflengte van 
het licht heb uitgevoerd. Verder is een heel belangrijk aspect van de me-
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tingen dat ik ook de fase van het tweede harmonische licht bepaald heb in 
deze experimenten. Dit aspect is heel belangrijk om voldoende informatie 
uit de metingen te kunnen halen om deze goed te kunnen vergelijken met de 
theorie. Hiervoor hebben we een nieuwe fase gevoelige techniek ontwikkeld 
die ook wordt beschreven in dit proefschrift. 
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Stellingen 

behorend bij het proefschrift: 

"Phase Sensitive Nonlinear Magneto-Optical Spectroscopy" 

door: Klaas Jelle Veenstra 

I 

Fase gevoelige Niet-lineaire Magneto-Optsche Spectroscopie is een uitstek
ende methode voor het onderzoeken van magnetische oppervlakken en grensvlakken 
[dit proefschrift]. 

II 

Meten met OPA en OMA is nodig voor succesvolle fase gevoelige Niet-
lineaire Magneto-Optische Spectroscopie [dit proefschrift]. 

III 

De uitspraak: "Nikkel is magnetisch omdat de elektronische bandstructuur 
van nikkel gesplitst is" is equivalent met: "Wind wordt veroorzaakt door 
het bewegen van de takken van de bomen". 

IV 

In principe is alles simpel zodra je het begrijpt. 

V 

Meten is (z)weten, ook met airco in het lab. 

VI 

As't net kin sa't it moat, moat it mar sa't it kin. [Fries spreekwoord] 

VII 

Er bestaat een niet-lineair verband tussen de magnetisatie en de MSHG-
response waardoor de magnetische hysterese curves een asymmetrische vorm 
hebben [dit proefschrift]. 

VIII 

De wereld is niet-lineair, gelukkig maar! 






