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Zusammenfassung

Ziel dieser Arbeit ist die Untersuchung der laser-induzierten, element-selektiven Spin-

Dynamik in ferromagnetischen Schichtsystemen auf der Femtosekunden-Zeitskala. Als

Modelsystem dienen zwischenschicht-austausch-gekoppelte Ni/Ru/Fe-Schichten, an denen

zeitaufgelöste, element-selektive, magneto-optische Messungen an der 3p Absorptionskante

von Eisen (54 eV) und Nickel (67 eV) in der Geometrie des transversalen, magneto-

optischen Kerr-Effektes (T-MOKE) durchgeführt wurden. Als Strahlquelle wurden im

Neon-Gas erzeugte Hohe Harmonische der 1.5 eV Laser-Strahlung verwendet, deren Puls-

dauer weniger als 10 fs beträgt. In Pump-Probe-Experimenten erfolgte die Anregung

durch die 1.5 eV Laserpulse und die Messung der Spin-Dynamik durch Pulse von Ho-

hen Harmonischen. Zunächst wurde die element-selektive, temperatur-abhängige Mag-

netisierungsumkehr der Eisen- und Nickel-Schicht in einem externen Magnetfeld unter-

sucht und die Energie der Zwischenschicht-Austauschkopplung J1 für die antiferromag-

netisch gekoppelten Eisen- und Nickel-Schichten aus Magnetometer-Messungen bestimmt.

Im nächsten Schritt wurde die Dynamik von J1 auf der Femtosekunden-Zeitskala in Pump-

Probe-Experimenten sowohl mit einem 3.0 eV Abfragepuls als auch mit Hohen Harmonis-

chen als Abfragepuls gemessen. Zeit-aufgelöste Messungen der magnetischen Hysteresen

haben gezeigt, dass J1 innerhalb von wenigen hundert Femtosekunden nach der Laser-

Anregung vorübergehend reduziert wird, und damit der Dynamik der Magnetisierung von

Nickel folgt. Darüberhinaus wurden zeit-aufgelöste, schicht-selektive Messungen für par-

allele und antiparallele Ausrichtung der Magnetisierung der Eisen- und Nickel-Schicht

für unterschiedliche Energiedichten der Anregung (Fluenzen) durchgeführt. Das zen-

trale und überraschende Resultat der Messungen ist, dass die (untere) Eisen-Schicht

für die parallele Ausrichtung innerhalb eines bestimmten Fluenz-Bereiches zeitweise über

ihre Gleichgewichts-Magnetisierung, die vor dem Auftreffen der Laser-Anregung gemessen

wurde, “aufmagnetisiert” wurde. Für die antiparallele Ausrichtung dagegen, wurde die

Eisen-Schicht bei gleicher Fluenz vorübergehend entmagnetisiert. Für die höchste im Ex-

periment erreichte Fluenz wurde die Eisen-Schicht sowohl für die parallele als auch für

die antiparallele Ausrichtung demagnetisiert, wenn auch die Demagnetisierung für die

i



antiparallele Ausrichtung größer ausfiel. Unabhängig von der relativen Magnetisierungs-

Ausrichtung und der Fluenz wurde die (obere) Nickel-Schicht immer demagnetisiert. Die

Spin-Dynamik in der Eisen-Schicht, die eine deutliche Abhängigkeit von der relativen Aus-

richtung zeigt, wurde als eine Folge des superdiffusiven Spin-Transports von der Ni- zu der

Eisen-Schicht interpretiert und durch Rechnungen bestätigt. Die Ursache für den Spin-

Transport liegt in der unterschiedlichen mittleren freien Weglänge für Majoritäts- und Mi-

noritätselektronen in einem Ferromagneten. Die Übereinstimmung zwischen Rechnungen

und Messungen innerhalb eines definierten Fluenz-Bereichs ist sehr gut. Die Abweichungen

zwischen Model und Experiment für die höchste im Experiment erreichte Fluenz können

darauf zurückgeführt werden, dass auch Spin-Umkehr-Prozesse zu der laser-induzierten

Spin-Dynamik auf der Femtosekunden-Zeitskala beitragen.
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Abstract

This work explores laser-induced, element-selective, femtosecond spin dynamics in ferro-

magnetic layered structures. As a model system, interlayer exchange coupled Fe/Ru/Ni

layers were investigated in time- and element-selective, magneto-optical measurements at

the 3p absorption edges of Fe (54 eV) and Ni (67 eV) in the transversal magneto-optical

Kerr effect (T-MOKE) geometry. Spin dynamics was initiated by femtosecond laser exci-

tation with 1.5 eV photon energy. The temporal evolution of magnetization was probed

by sub-10 fs pulses of laser high harmonics generated in Ne gas.

First, element-selective, temperature-dependent magnetization reversal of the Fe and Ni

layers in external magnetic field is traced and the interlayer exchange coupling energy

J1 is derived for the antiferromagnetically coupled Fe and Ni layers from magnetometer

measurements. In the next step, femtosecond dynamics of J1 is studied in pump-probe

experiments with 1.5 eV optical pump and both 3.0 eV and laser high harmonics probe.

In time-resolved measurements of magnetic hysteresis, J1 is transiently quenched on the

femtosecond timescale by the action of the pump laser, following the demagnetization of

the Ni layer. Moreover, time- and layer-resolved measurements for parallel and antiparal-

lel magnetization orientation of the Fe and Ni layers and for various pump fluences were

carried out. The central and surprising result is, that the (buried) Fe layer is transiently

magnetized above its equilibrium magnetization prior to laser excitation for parallel orien-

tation and demagnetized for antiparallel orientation for a defined pump fluence range. For

the highest fluence reached in the experiment, the Fe magnetization is quenched for both

parallel and antiparallel orientation, albeit, for antiparallel orientation, the quenching is

higher. Regardless of the relative orientation of the Ni and Fe magnetization and optical

pump fluence, the (top) Ni layer is always demagnetized. The magnetization orientation-

dependent spin dynamics in the Fe layer (magnetization for parallel, demagnetization for

antiparallel orientation) is interpreted as a consequence of superdiffusive spin transport

from the Ni to the Fe layer. The spin transport originates from the different mean free

path of majority and minority electrons in a ferromagnet.

Calculations based on the model for superdiffusive spin transport agree well with ex-
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perimental data within a defined fluence range. The deviation between the model and

measurements for the highest fluence reached in the experiment suggests, that spin-flip

processes contribute to laser-induced spin dynamics on the femtosecond timescale.
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1. Introduction

The experimental realization of a bipolar transistor by J. Bardeen and W. H. Brattain in

1947 [1] launched the era of electronic integrated circuits and microelectronic devices such

as computers. More and more, the new technology revolutionized everyday life all over the

world. An other important development is the emergence of public computer networks and

internet starting in the 1990s, which nowadays play a dominant role in economy, politics

and science as well as in everyday social and cultural life.

However, the conventional electronics has limitations regarding the power consumption,

memory size and reliability. Due to miniaturization of the electronic circuits, quantum

mechanical effects such as tunneling have to be taken into account. Therefore, to push

the performance of electronic circuits still higher, new concepts have to be explored [2],

one of which is based on the manipulation of the electron spin. The birth of a new type

of electronics, named spintronics, taking advantage of the electron spin, dates back to the

late 1980s, when groups of P. Grünberg and A. Fert independently discovered the Giant

Magnetoresistance Effect (GMR) [3, 4], that revolutionized the computer industry. Con-

sequently, the discovery was honored by the Nobel prize in Physics in 2007. Remarkably,

if a current is send through two ferromagnetic layers separated by a non-ferromagnetic,

nanometer sized metal spacer layer, the resistance depends on the relative magnetization

orientation. GMR structures have become state-of-the-art technology in the read heads

of hard disc drives, until they were replaced by more efficient magnetic tunnel junctions

in 2005.

From the scientific perspective, during the last 25 years a plethora of new physical effects

associated with the electronic spin has been discovered [5]. It was predicted [6, 7] and

demonstrated [8], that spin-polarized electrons can transfer the transverse spin compo-

nent to the magnetization and even reverse it through spin-torque transfer. Nowadays,

this effect is e.g. applied to write bits in magnetic memory (MRAM) [2]. On the other

hand, the spin Hall [9, 10] and inverse spin Hall [11, 12] effects allow the conversion of

charge to spin current and vice versa. Spin current generated in a temperature gradient

by means of the Spin Seebeck effect [13] is an active area of spintronics research as well
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1. Introduction

(spincalorics).

Therefore, it is not surprising to see a growing number of spintronic devices like magnetic

sensors [14], transistors [15], logics [16, 17] and memory [2] applied in emerging electronic

circuits. Notably, during the last ten years a significant progress was achieved in the field

of magnetic memory. To increase the areal storage density and to circumvent the super-

paramagnetic limit, the companies Seagate and Hitachi implemented the technology of

perpendicular magnetic recording in 2005-2006. For further progress, new strategies for

small magnetic bits, e.g. pre-patterned substrates or magnetic nanoparticles [18] are cur-

rently pursued. However, magnetic nanoparticles exhibit an enhanced magnetic anisotropy

resulting in higher magnetic fields necessary for the write head of the hard disc drive to

reverse the magnetization. With the help of local laser heating (heat-assisted magnetic

recording [18]) this problem can be tackled. A different concept of memory was developed

by S. S. P. Parkin et al., who introduced the principle of three-dimensional magnetic wires,

where magnetic bits are shifted by charge current pulses without any mechanical parts

[19].

Apart from the enhancement of the areal storage density of magnetic memory, there is an

intense research in progress, which aims to decrease the required time to switch, i.e. write,

a magnetic bit. The magnetization can be reversed either by external magnetic fields, by

spin-polarized charge currents or by ultrashort, intense laser pulses [20, 21]. For magnetic

field and spin-polarized current pulses, the switching time is restricted to hundreds of pi-

coseconds [22], whereas femtosecond laser-induced magnetization reversal in GdFeCo films

occurs already after about 30 ps [20].

Not only the field of spintronics is progressing. The last 20 years were also marked by

continuous improvements of the technical parameters of lasers pushing the pulse duration

to attoseconds. After the first experimental demonstration of a continuous wave ruby laser

by T. H. Maiman [23] in 1960, it took about 30 years to build the first Ti:Sapphire-based

femtosecond lasers ([24] and references therein). The advent of high peak intensity, ultra-

short pulse lasers enabled the generation of laser high harmonics in noble gases [25, 26].

A solid theoretical understanding of high harmonic generation [27] and a continuous opti-

mization of laser parameters such as pulse duration and pulse energy as well as a careful

optimization of the high harmonic light sources [28, 29] resulted in new experimental tools

taking advantage of attosecond to femtosecond time-resolution [30], photon energies up to

several hundreds of eV [31], high coherence and useful photon fluxes [29].

Since the new light sources cover the 3p absorption edges of the important ferromagnets

Fe, Co and Ni (50 eV-70 eV), magneto-optical experiments, being hitherto performed
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Figure 1.1.: This work is about element-selective, femtosecond spin dynamics in interlayer ex-

change coupled ferromagnetic layers. The element-selectivity is achieved by means of resonant

magneto-optics at atomic absorption edges using laser high harmonics. Possible applications of

femtosecond spin dynamics are ultrafast spintronic devices and magnetic memory.

at synchrotron light sources [32–36], became feasible using desktop laser sources within

the last few years. Magneto-optical experiments at the elemental absorption edges are

superior to measurements with visible light because of the high magnetic contrast (tens

of percents), element- and layer-selectivity and, important for imaging and scattering ex-

periments, the small wavelengths (< 30 nm). In addition, the femtosecond to attosecond

pulse duration enables time-resolved measurements with high temporal resolution [37].

Many electronic processes such as the dynamics of excited electrons in metals [38] take

place on the femtosecond timescale. Surprisingly, E. Beaurepaire et al. showed in 1996 [39],

that on a subpicosecond timescale the magnetization of Ni can be transiently quenched

after irradiation by an intense, femtosecond laser pulse. This discovery marked the birth

of a fascinating research field of laser-induced, ultrafast spin dynamics, which aimes to

understand the fundamental interactions among photons, electrons, spins, phonons and

magnons as well as to optically manipulate magnetic materials.

This thesis can be allocated to the research fields of magnetism and spintronics applying

femtosecond laser-based high harmonics radiation (Fig. 1.1). In particular, it is dedicated

to laser-induced, femtosecond spin dynamics in layered structures employing magneto-

optical measurements at the 3p absorption edges of the transition metals [40]. As a model
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1. Introduction

system, we focused on interlayer exchange coupled Fe/Ru/Ni layers. The thesis is struc-

tured as follows:

1. The chapter ’Theoretical Background’ covers theoretical aspects of ferromagnetism of

3d metals, interlayer exchange coupling and magnetization dynamics. It introduces differ-

ent models for laser-induced femtosecond spin dynamics in ferromagnets, being currently

controversially debated in the scientific community.

2. The chapter ’Experimental Background’ treats the fundamentals of the effects being

exploited in the experiments such as non-resonant and resonant magneto-optics and laser

high harmonic generation in noble gases. Moreover, the experimental setup and its char-

acterization are presented.

3. The chapter ’Experimental Results’ presents static and femtosecond dynamic mea-

surements on Fe/Ru/Ni -based layers. First, the static, layer-selective magnetization and

magnetization reversal of interlayer exchange-coupled Fe/Ru/Ni trilayers was investigated

using laser high harmonics. Second, femtosecond dynamics of the interlayer exchange

coupling energy J1 was measured and the relevant physical processes are discussed on a

qualitative basis. Third, time- and layer-selective spin dynamics of Fe/Ru/Ni -based layers

was measured and compared with calculations based on the superdiffusive spin transport

theory [41]. Good agreement between the theory and experiment for a moderate laser

excitation corroborates the presence of laser-induced spin transport on the femtosecond

timescale.
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2. Theoretical Background

2.1. Itinerant Ferromagnetism of 3d Metals

3d metals (Scandium to Zinc) belong to the group of technologically important materials.

It is well known, that 3d metals Fe, Co and Ni are ferromagnetically ordered at room

temperature. The ferromagnetic order is caused by delocalized (itinerant) 3d electrons

[42]. The magnetic moment per atom of Fe, Co and Ni is predominantly carried by the

spin angular momentum of the electron and amounts to 2.2 Bohr magnetons (µB) for Fe,

1.7 µB for Co and 0.6 µB for Ni, respectively [22]. In contrast to atoms and molecules,

the magnetic moment of solid state Fe, Co and Ni is a non-integer number, which reflects

the itinerant character of their ferromagnetic order [42]. The contribution to the magnetic

moment arising from the orbital angular momentum of 3d electrons amounts to about 0.1

µB [22].

The origin of magnetism in 3d metals can be understood based on the model of free elec-

trons [42]. Initially, the density of states is equally filled with spin-up and spin-down

electrons. A transfer of spin-down to spin-up density results in an increase of the total

kinetic energy. On the other hand, this also results in a reduction and gain of the Coulomb

energy, because the average distance between the spin-up electrons is increased [42, 43].

The physical origin of that is the Pauli principle. In the case of two electrons with parallel

spin, the spatial part of the two particle wave function must be antisymmetric when the

two electrons are exchanged, which doesn’t allow two electrons with equal spin quantum

number to be very close to each other [44]). Thus, ferromagnetism arises from the com-

petition between the kinetic and the Coulomb energy.

Ferromagnetism can be explained from the perspective of the band structure (Stoner-

Wohlfarth model [44]), where the d bands of spin-up and spin-down electrons are shifted

with respect to each other by the Stoner exchange energy, which is about 1 eV for Fe, Co

and Ni [22]. Spin-up and spin-down bands are filled according to the Fermi-Dirac statistics

and the magnetization reads

M = µB
n↑ − n↓
V

, (2.1)

5



2. Theoretical Background

where n↑,↓ denotes the total number of spin-up and spin-down electrons, respectively, and

V denotes the volume of the sample. In the Stoner-Wohlfarth model, the temperature-

dependence of the magnetization is due to the temperature-dependence of the Fermi-Dirac

distribution [22, 44].

The basic idea, that one-electron energies E(k) are reduced due to the Coulomb interaction

with other electrons, can be expressed in a mean-field approach by [44]

E↑ = E(k)− I · n↑/N (2.2)

E↓ = E(k)− I · n↓/N , (2.3)

with I being the material-specific Stoner parameter (in eV) and N the total number of

atoms. The Stoner parameter I represents the exchange interaction and describes the

reduction of the one-electron energies due to electron correlations [44]. It can be shown,

that ferromagnetism occurs, if the product of the density of states at the Fermi level,

D(EF ), and I is sufficiently high [44], which is expressed by

I · V
2N

D(EF ) > 1 . (2.4)

For 3d metals, Eq. 2.4, which is called the Stoner criterion, is only satisfied for Fe, Co

and Ni.

Due to the Pauli principle, the probability to find two electrons with equal spin quantum

number at the same spatial coordinate is zero. Consequently, two electrons with the same

spin are spatially separated and therefore, they gain Coulomb energy. From the point

of view of one arbitrary electron, the surrounding charge density is reduced due to the

reduced probability to find electrons with the same spin in its neighbourhood (exchange

hole) [42, 44].

Reaching the Curie temperature TC , the macroscopic, spontaneous magnetization MS

vanishes and the material undergoes a phase transition from the ferromagnetic to para-

magnetic state. The Curie temperatures of Fe, Co and Ni are 1043 K, 1388 K, 631 K,

respectively [22]. The Stoner model greatly overestimates TC and predicts, that MS and

atomic magnetic moments vanish simultaneously [42]. In itinerant ferromagnets Fe, Co

and Ni, MS is strongly reduced close to TC because of randomization of the direction of

atomic magnetic moments, but their magnitude is nearly preserved [42]. The temperature-

dependence of MS is well described in mean-field models, where the interaction between

spins is mapped onto the problem of non-interacting spins placed in a effective magnetic

field, which arises from the surrounding spins [42]. At temperatures close to TC , long-

range spin fluctuations have to be considered [42, 45], whereas at low temperatures, MS
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2.2. Interlayer Exchange Coupling

is reduced by spin waves [22, 44].

Spin waves are collective excitations of a large number of spins, which can be excited at

very low energies and exhibit a quadratic dispersion relation [22, 44]. Like phonons, spin

waves are quasi-particles, which carry the angular momentum of ±h̄. On the average over

the whole sample, they reverse one single spin [44]. In contrast to collective excitations,

one single spin can also be reversed, if one spin-up electron from the filled majority band

is excited to empty minority band above the Fermi level (Stoner excitation) [45].

2.2. Interlayer Exchange Coupling

Interlayer exchange coupling (IEC) occurs between the magnetization of two or more

ferromagnetic layers, which are separated by a non-ferromagnetic interlayer. Considering

two ferromagnetic layers FM1 and FM2, which magnetization vectors M1 and M2 enclose

the angle Θ, the energy term due to IEC can be written as a series [46]

E = −J1 cos Θ− J2 cos2 Θ + ... , (2.5)

where higher order terms are usually negligible. If J2 is negligible and J1 < 0, M1 and M2

are aligned antiparallel to minimize E. For J1 > 0, M1 and M2 are aligned parallel. In

case J1 is negligible, 90◦-coupling of M1 and M2 is established for J2 < 0.

For metallic interlayers, oscillations of J1 as a function of the interlayer thickness d are

Figure 2.1.: Trilayer comprising two ferromagnetic layers FM1 and FM2 and a non-ferromagnetic

interlayer IL. The magnetizations M1 and M2 of FM1 and FM2 enclose the angle Θ. According

to Eq. 2.5, the interlayer exchange coupling between M1 and M2 can be either parallel, antiparallel

or 90◦-coupling [46].
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2. Theoretical Background

observed [46, 47]. These oscillations are attributed to spin-polarized, standing electron

waves inside the interlayer IL perpendicular to the interfaces [46] (quantum interferences

[48]). The condition for the standing electron waves to occur reads [46]

2|k⊥| = n
2π

d
, n = 1, 2, 3, ... , (2.6)

where k⊥ denotes the wave vector component inside the interlayer perpendicular to the

layers and k = k‖ + k⊥ is located on the Fermi surface of the interlayer material. As a

consequence of Eq. 2.6, the oscillation period of J1 is 2|k⊥|. The highest contribution

to standing electron waves arises from those k⊥ from the Fermi surface, which are most

occupied. In real materials of the spacer layer, multiple |k⊥| with a high density of states

may exist simultaneously depending on the Fermi surface, which results in superposition

of multiple oscillation periods.

The oscillation of J1 as a function of d is explained in the Bruno model of interlayer

exchange coupling [48]. The interference of the electron wave reflected multiple times from

the interfaces FM1/IL and IL/FM2 induces an oscillation of the density of states in the

spacer layer depending on d. For example, the density of states is increased for constructive

interference and decreased for destructive interference. The oscillations of the density of

states are transferred to oscillations of the energy. For ferromagnetic layers FM1 and

FM2, the reflection amplitudes are spin-dependent. Consequently, J1 can be calculated as

energy difference between the parallel and antiparallel magnetization alignment of FM1

and FM2.

2.3. Magnetization Dynamics

Magnetization dynamics in ferromagnetic films, i.e. temporal and spatial changes of mag-

netization M(x, t) due to applied external magnetic fields and charge currents as well as

due to illumination with laser pulses, span a large range of timescales from years to fem-

toseconds [22]. Some examples of magnetization dynamics are thermally activated domain

wall movement on the timescale of seconds [49], magnetization precession and reversal on

the timescale of nano- and picoseconds [22] and laser-induced magnetization dynamics on

the femtosecond timescale [50].

A widely studied phenomenon is the damped magnetization precession, where the magne-

tization M(x, t) precesses around the effective magnetic field Heff (x, t) and simultane-
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2.3. Magnetization Dynamics

ously relaxes towards the orientation of Heff [51]. This phenomenon is described by the

Landau-Lifshitz-Gilbert (LLG) equation [51, 52]

dM

dt
= − γgm

1 + α2
(M ×Heff )− α γgm

|M |(1 + α2)
[M × (M ×Heff )] , (2.7)

where γgm denotes the gyromagnetic ratio, α the Gilbert damping and Heff the effec-

tive magnetic field, which contains contributions from ferromagnetic exchange, external

magnetic fields, magneto-static stray fields and magneto-crystalline anisotropy [51]. The

microscopic origin of damping and relaxation is due to electron-magnon, electron-phonon

and magnon-magnon interactions [42].

The LLG equation is useful, e.g. to model nanosecond dynamics of magnetic vortex in a

high frequency magnetic field [53]. On the other hand, the LLG theory assumes the mag-

nitude of the magnetization, |M |, to be constant in time. Contrary to that, a quenching

of |M | in 3d ferromagnets on the femtosecond timescale has been observed experimentally

[50]. Therefore, new models to explain laser-induced femtosecond spin dynamics in ferro-

magnets have been developed. Some of the most frequently used models are presented in

the next chapter.
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2. Theoretical Background

2.4. Laser-Induced Femtosecond Spin Dynamics in

Ferromagnets

Since the first studies of the interaction between laser pulses and ferromagnets by M. B.

Agranat et al. [54], G. L. Bona et al. [55] and A. Vaterlaus et al. [56, 57], many new

effects related to the manipulation of magnetization by short light pulses have been dis-

covered. Some of them together with their interpretation are summarized in the Appendix

(Tab. A.1). Despite a considerable progress in theory and modeling of femtosecond spin

dynamics, up to now, the microscopic processes are not fully understood yet. This can be

attributed to the complex interactions between photons, charge- and spin-carriers, phonons

and magnons in thermal non-equilibrium. In this chapter, a short review of the models

proposed to explain ultrafast spin dynamics is given. We start with phenomenological

models, which are the Three-Temperature Model, Atomistic Spin Models and Landau-

Lifshitz-Bloch equation. Microscopic theories including the Zhang-Hübner model, co-

herent spin-photon coupling, interaction between charge- and spin-carriers, phonons and

magnons as well as the superdiffusive spin transport are discussed in the second half of

this chapter.

2.4.1. Three-Temperature Model

The Three-Temperature Model assumes, that the solid can be described by three thermo-

dynamic, interacting subsystems, electrons, phonons and spins. They are considered to

be thermal reservoirs, which can exchange energy among each other and are in internal

but not external equilibrium [39, 54, 58]. Initially, in a typical laser-based pump-probe

experiment, the energy is deposited by the laser pulse into the electronic subsystem via

optical excitations from the valence bands to the unoccupied states above the Fermi level.

After the thermal equilibration of the electron population to the Fermi-Dirac distribution

via electron-electron interactions, which takes about 100 fs for Ni [59], the energy is trans-

ferred to the phonons and spins. Neglecting the spins for a moment, the thermal energy

flow from the electrons to the phonons is governed by the two following coupled, nonlinear

differential equations [60]

Ce(Te(t))
dTe(t)

dt
= −Gep [Te(t)− Tp(t)] + P (t) (2.8)

Cp(Tp(t))
dTp(t)

dt
= −Gep [Tp(t)− Te(t)] , (2.9)
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2.4. Laser-Induced Femtosecond Spin Dynamics in Ferromagnets

where Te(t), Tp(t) and Ce(Te(t)), Cp(Tp(t)) are the electronic and phononic temperatures

and temperature-dependent heat capacities, respectively. P (t) denotes the optical power

volume density of the laser pulse and Gep is the electron-phonon coupling constant, which

is assumed to be temperature-independent.

Given, that Ce and Cp are nearly constant within the relevant temperature range, the

electron-phonon equilibration time is

τep =
Ce · Cp
Ce + Cp

G−1ep (2.10)

and amounts to about 0.6 ps for Ni [59].

The cooling of the thermalized electron system proceeds not only via electron-phonon

coupling, but also by diffusive electron transport, which can be simulated by adding

∂/∂z (Ke ∂/∂z Te(z)) on the right side of Eq. 2.8 [62, 63]. Here, z denotes the depth

coordinate of the sample and Ke the electronic heat conductivity.

Taking the spin subsystem into account, the differential equations can be extended in a

straightforward manner to [39]

Ce(Te(t))
dTe(t)

dt
= −Gep [Te(t)− Tp(t)]−Ges [Te(t)− Ts(t)] + P (t) (2.11)

Cp(Tp(t))
dTp(t)

dt
= −Gep [Tp(t)− Te(t)]−Gsp [Tp(t)− Ts(t)] (2.12)

Cs(Ts(t))
dTs(t)

dt
= −Ges [Ts(t)− Te(t)]−Gsp [Ts(t)− Tp(t)] . (2.13)

Here, Cs(Ts(t)) is the heat capacity of the spin subsystem and Gsp and Ges denote the

temperature-independent spin-phonon and electron-spin coupling constants. In a different

approach, R. Chimata et al. [58] considered only the coupling between electrons and spins

and neglected the spin-phonon interaction.

For Ni, the heat capacities can be determined as follows. It is known, that the heat capacity

for conduction electrons is given by Ce(T ) = γT [44] with γ = 0.98 · 103 Jm−3K−2 for Ni

[61]. Furthermore, Cp(T ) can be determined from the Debye model [44] and, consequently,

Cs(T ) = Ctotal(T )−Ce(T )−Cp(T ) can be calculated from the measured total heat capacity

Ctotal(T ) (Fig. 2.2). At T = 300 K, Ce is about one order of magnitude, Cs even about two

orders of magnitude smaller than Cp, which is nearly constant in the whole temperature

range from 200 K to 1600 K (Fig. 2.2). If the temperature is rising, Ce(T ) increases linearly

with T , while Cs becomes discontinuous due to the ferromagnetic to paramagnetic phase

transition at the Curie temperature, but still stays well below Cp at elevated temperatures.

To simulate the temperature dynamics and equilibration times between the three reservoirs
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Figure 2.2.: Temperature-dependent heat capacity CP for Ni [61] decomposed into the contribu-

tions from electrons, phonons and spins. The transition from the ferro- to the paramagnetic phase

around TC=640 K is evident in the spin contribution.

Figure 2.3.: Electron, phonon and spin temperatures of Ni after heating with a 100 fs laser pulse

with 1.3 mJ cm−2 absorbed fluence, calculated using Eq. 2.11-2.13. The heat capacities are from

Fig. 2.2, whereas the coupling constants Gep, Ges and Gsp are from [39].
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for Ni, heat capacities [61] and coupling constants Gep = 8·1017 W m−3 K−1, Ges = 6·1017

W m−3 K−1 and Gsp = 0.3·1017 W m−3 K−1 [39] are used as input parameters for Eq. 2.11-

2.13, which are solved numerically. The results are shown in Fig. 2.3. First, the electron

system is heated by the laser pulse to about twice the Curie temperature. Energy is

then rapidly transfered to the spin system, which temperature rises on the sub-picosecond

time scale. Within few ps, the energy is then gradually transfered to the phonons with

moderate temperature increase due to their high heat capacity compared to the electrons

and spins (Fig. 2.2). The three reservoirs are in thermal equilibrium after about 10 ps.

On the longer time scale, the heat is conducted into the substrate, which is not included

in the model.

While the laser-induced, transient changes of the reflectivity can in some cases be related

to the electron temperature ([62] and references therein), the spin temperature cannot be

directly accessed by transient changes of the magneto-optical quantities such as the Kerr

rotation and ellipticity as well as the magnetic asymmetry. Recently, N. Kazantseva et al.

[64] raised doubts, whether the concept of the spin temperature is at all adequate for a non-

equilibrium spin system. Based on the stochastic Landau-Lifshitz-Gilbert equation with a

classical spin Hamiltonian, they showed, that the spin temperature can exceed the Curie

point without complete microscopic demagnetization. Furthermore, the recovery of the

microscopic magnetization can be much slower than the recovery of the spin temperature.

In addition, the temperature of the spin-up and spin-down subsystems is not necessarily

the same [65], which is not accounted for in the model. An alternative approach is to

consider three reservoirs comprising spin-up and spin-down electrons as well as phonons

[66].

2.4.2. Atomistic Spin Models and the Landau-Lifshitz-Bloch Equation

For future progress in magnetism and, particulary, in spin dynamics, it is desirable to

connect different theoretical approaches, starting from the Spin Density Functional Theory

(SDFT) via atomistic spin models towards macrospin micromagnetic models [58, 67]. The

parameters needed for atomistic spin models like the exchange or anisotropy constants,

can be calculated from SDFT. On the other hand, from the atomistic spin models, the

equilibrium, temperature-dependent magnetization and susceptibility can be computed

and used as input for micromagnetic models.

Recently, atomistic spin models have been applied to model laser-induced femtosecond spin
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2. Theoretical Background

dynamics in the ferromagnetic Ni [64] and in the ferrimagnetic GdFeCo alloy [20, 21, 68].

The starting point is the Hamiltonian

H = −Jatom
2

∑
ij

Si · Sj −D
∑
i

(Szi )2 − µSB ·
∑
i

Si , (2.14)

where z is the quantization axis, Si the spin on the lattice site i, Jatom the exchange

integral, D the anisotropy constant, µS the spin magnetic moment and µ0B is the external

magnetic field. The spin dynamics is calculated using the stochastic Landau-Lifshitz-

Gilbert equations [21, 64]

∂Si(t)

∂t
= − γgm

(1 + λ2LLG)µS
[Si(t)×H i(t) + λLLGSi(t)× (Si(t)×H i(t))] (2.15)

H i(t) = − ∂H
∂Si

+ hi(t) (2.16)〈
hai (t)h

b
j(t
′)
〉

= δijδabδ(t− t′)2µSλLLGkBT/γgm , (2.17)

with γgm being the gyromagnetic ratio and, important for modeling of ultrafast spin dy-

namics, λLLG is the coupling between the electron and spin bath. Thermal fluctuations

are included via Eq. 2.17, where the brackets 〈...〉 denote the thermal average [69], i,j are

the lattice sites and a,b the Cartesian coordinates.

The pump laser pulse, which heats the bath of conduction electrons, is mimicked by a

heat pulse and the coupling strength between the electron and the spin bath is deter-

mined by λLLG. Subsequently, the electron bath cools down due to the energy transfer

to the phonon bath following the Two-Temperature-Model (Eq. 2.8-2.9). Note, that al-

though electron and phonon temperatures are well defined assuming internal equilibrium,

for a non-equilibrium spin ensemble, the concept of temperature is still questionable [64].

If one considers a continuous, spatially averaged density of magnetic moments, i.e. the

magnetization, rather than single atomic spins, the usual micromagnetic approach is based

on the Landau-Lifshitz-Gilbert (LLG) equation [52], which describes the damped preces-

sional motion of magnetization in the presence of an effective magnetic field. The restric-

tion of the LLG equation is, that the magnitude of magnetization is conserved. However,

to adequately treat laser-induced femtosecond spin dynamics, first, the longitudinal relax-

ation, i.e. the change in the magnitude of magnetization, and second, the temperature

dependence of micromagnetic parameters and effective magnetic fields below and above

TC have to be taken into account [70]. Such a micromagnetic equation, called Landau-

Lifshitz-Bloch (LLB) equation, has been derived by D. A. Garanin [71]. Similar to the

stochastic Landau-Lifshitz-Gilbert equation, the coupling between the electron and spin
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bath is given by λLLB and the time-dependent electron temperature is computed from the

Two-Temperature-Model. U. Atxitia et al. showed the ability of the LLB approach to

model femtosecond spin dynamics in Ni [70, 72] as well as Co and Gd [73] and found, for

certain conditions, that their model is equivalent to the microscopic model proposed by

B. Koopmans et al. [74], which will be discussed in the second half of the chapter 2.4.3 in

more detail.

2.4.3. Microscopic Models

Zhang-Hübner Model

The Zhang-Hübner model ([75] and references therein) is a quantum-mechanical theory

to describe the laser-induced demagnetization on the femtosecond timescale. In short, the

main assumptions of the theory are [75]:

1. One monolayer of Ni is treated with a Hubbard-like Hamiltonian H, which includes the

band structure and spin-orbit coupling.

2. The wavefunction at t = 0 reads

Ψ(t = 0) =
∑
kl

ckl exp (−(ω − Ekl)2/τ2laser)φkl ,

with φkl being the eigenstate of momentum k and band l, Ekl the eigenenergy of the state

kl, τlaser the laser pulse duration, ω the central angular frequency of the laser pulse and

ckl the normalization factor. The dynamics are calculated by solving the time-dependent

Schrödinger equation

ih̄
∂

∂t
Ψ = HΨ .

Note, that only the pump and not the probe laser field is taken into account.

3. The intrinsic quantities such as the expectation value of the spin angular momentum

Sz(t) =
〈

Ψ(0)|Ŝz|Ψ(t)
〉

and the total particle number N(t) =
〈

Ψ(0)|N̂ |Ψ(t)
〉

as well as

the linear and non-linear optical and magneto-optical susceptibilities are computed.

The variation of model parameters, the exchange interaction JZH , the spin-orbit coupling

λZH , the degree of electron localization and the pulse duration of the optical pump lead

to a deeper understanding of the ultrafast charge and spin dynamics within the Zhang-

Hübner model. The main results are [75]:

1. If the exchange interaction JZH is increased, it accelerates the spin relaxation (demag-

netization) time τM . The scaling is approximately τM ∼ 1/JZH . Note, that, by chance or

not, the model proposed by B. Koopmans et al. [76] predicts the same scaling.
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2. An increase of the spin-orbit coupling λZH results in faster τM .

3. The spin response is delayed with respect to the charge response both in the intrinsic

quantities Sz(t) and N(t) as well as in the susceptibilities.

4. The more the electrons are localized, the slower is the dynamics. This remarkable

prediction can be compared to time-resolved experiments on half-metals and magnetic

dielectrics [50], where, indeed, a slowing down of the demagnetization time was observed.

5. The shorter the laser pulse, the faster is the dynamics.

Recently, G. P. Zhang et al. [77–79] addressed the question of the connection between the

magneto-optical effects and the genuine spin dynamics in femtosecond laser pulse experi-

ments, which was also disputed by some other authors (e.g. [80, 81]). For the case of Ni,

G. P. Zhang et al. showed, that the magneto-optical and the spin response for pump pho-

ton energies below 2 eV are correlated, whereas above 2 eV, the temporal evolution of the

magneto-optical and the spin response significantly deviates from each other. In addition,

if the pump laser pulses are as short as 12 fs, the magneto-optical response precedes the

genuine spin response.

Coherent Spin-Photon Coupling

In [82], J.-Y. Bigot et al. report about experimental evidence for coherent spin-photon

coupling being present in Ni and CoPt3 films during the femtosecond laser pulse excita-

tion. In single pulse experiments, they showed, that the Faraday ellipticity and rotation,

normalized to the transmitted energy density, significantly decrease, if the laser pulse is

sufficiently intense. In pump-probe experiments with parallel and perpendicular polar-

ization orientation of the linearly polarized pump and probe pulses, the authors found

coherent electronic and magnetic contributions. They noticed, referring to a relativistic

single particle Hamiltonian, that spin-photon coupling is provided by the Zeeman and spin-

orbit interaction. Following this work, H. Vonesch and J.-Y. Bigot [83] developed a model

combining the relativistic single particle Hamiltonian with the density matrix formalism

to calculate the time-resolved magneto-optical response. In eight fine-structure levels of

a hydrogen-like atom, the electron is exposed to static and pulsed laser electromagnetic

fields and, additionally, the magneto-optical response is calculated using the first and third

order polarizations of the atom. Indeed, although being a small effect, the authors found

0.2 % demagnetization induced by coherent spin-photon coupling and showed, that both,

the spin and orbital angular momentum, contribute to the population dynamics.
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Interaction between Charge-, Spin-Carriers, Phonons and Magnons

In the Three-Temperature model (Chapter 2.4.1), the energy transfer between the charge

carriers (electrons and holes), phonons and spins is considered, but no attention is payed

to the transfer of angular momentum between the three reservoirs. A sizable demagneti-

zation can be microscopically interpreted as spin-flip scattering of electrons, where plenty

of the majority electrons reverse their spin. For the reason of angular momentum conser-

vation, the spin has to be transferred to elementary excitations, e.g. phonons or magnons.

Initially, it was not clear, whether the angular momentum transfer to the lattice can occur

on the sub-ps timescale, when the electron and phonon systems are not yet in thermal

equilibrium. To address this issue, B. Koopmans et al. [84] developed a model of ultrafast

demagnetization based on electron-phonon spin-flip scattering. The assumptions of the

model are the following:

1. The electrons are spinless particles with a constant density of states. In their internal,

thermal equilibrium, the occupation number ne(E, Te) follows from the Fermi-Dirac distri-

bution. Therefore, once ne(E, Te) is known for a certain time t, the electronic temperature

Te(t) can be calculated.

2. The lattice is described as an ensemble of harmonic oscillators with a constant density

of modes with equal energy Ep being in internal equilibrium. The occupation number

np(Ep, Tp) follows from the Bose-Einstein distribution, from which Tp(t) can be derived.

3. The spin system comprises an ensemble of identical two-level systems obeying the

Boltzmann statistics. The energy between the two levels, Em, depends linearly on the

average spin density s(Ts), which is the ensemble-averaged expectation value of the spin

operator Sz. From the knowledge of s(Ts), the spin temperature Ts(t) can be derived.

Like the electrons and phonons, the spins are assumed to be in internal equilibrium.

4. Initially, the electrons with the energy E are excited by the laser pulse with the photon

energy h̄ω to the states with the energy E + h̄ω. Subsequently, the three systems can in-

teract with each other in the following way. First, electron-phonon scattering, which takes

place with a constant rate Kep, can be either spin-conserving or not, described by the

Elliot-Yafet spin-flip probability αEY [85]. If the electron reverses its spin in the electron-

phonon collision, the excess angular momentum is transferred to the lattice. Furthermore,

electron-electron collisions are also included in the model and take place with a constant

rate Kee.

The dynamics of ne(t), np(t) and s(t) is calculated using three coupled Boltzmann ”Stosszahl-

ansatz” equations [38]. Following the above points, it was found, that the demagnetization
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can be faster than the electron-phonon equilibration time.

In further publications [74, 76, 86, 87], the model was reformulated in the sense, that a

Hamiltonian, which describes the interactions among the three systems, was introduced

in the occupation-number representation, but the assumptions 1.-4. remained valid. B.

Koopmans et al. [76] succeeded to show, that, if the same mechanism of spin reversal in

electron-phonon collisions is responsible for subpicosecond demagnetization as well as for

the Gilbert damping of the subnanosecond macrospin oscillations, the demagnetization

time τM and the damping constant α are connected via

τM ≈ c0
h̄

kBTC

1

α
, (2.18)

where c0 = 1/8 for Ni, kB denotes the Boltzmann constant and TC the Curie temperature.

Soon after this hyphothesis was published, two groups [88, 89] attempted to test it in

rare-earth (Gd, Tb, Dy, Ho) and transition metal (Pd) doped Ni80Fe20 samples. The

doping significantly increased the Gilbert damping compared with pure Ni80Fe20 films as

measured with time-resolved MOKE [88] and FMR [89], whereas TC was not affected.

Consequently, Eq. 2.18 predicts a faster demagnetization time with increasing dopant

concentration. However, the measured τM either did not depend on the dopant concen-

tration or even increased with higher concentration of Tb, Dy and Ho. J. Walowski et

al. [88] noted, that for efficient spin-flip scattering, band-mixing of spin-up and spin-down

bands is necessary and conjectured, that this condition is not fulfilled in Dy doped sam-

ples. On the other hand, I. Radu et al. [89] observed a systematic slowing down of the

de- and remagnetization time with increasing Tb, Dy and Ho concentration and proposed

a ’slow relaxing impurity model’ to explain their findings. This model is based on, first,

the anisotropic exchange coupling of the rare earth 4f magnetic moments to the 3d mag-

netic moment of Fe and Ni and, second, on the thermal population of the exchange split

4f states. Once the 3d magnetic moment changes, the anisotropy of the 4f-3d exchange

interaction causes a modulation of the 4f exchange splitting. The thermal population of

the 4f levels does not follow these changes instantaneously, but rather delayed by the rare-

earth spin-lattice relaxation time.

In a recent publication, B. Koopmans et al. [74] derived an analytical equation for magne-

tization dynamics m(t) on the basis of the aforementioned assumptions. m(t) is coupled

to the Two-Temperature Model (Eq. 2.8,2.9) via Te and Tp and reads

dm(t)

dt
= R ·m(t)

Tp(t)

TC

(
1−m(t) coth

(
m(t)TC
Te(t)

))
, (2.19)
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with m = M/M(T = 0 K). The demagnetization rate R ∼ αEY T
2
C/µat depends on the

Elliot-Yafet spin-flip probability αEY , Curie temperature TC and the atomic magnetic

moment µat. It has to be noted, that, recently, U. Atxitia and O. Chubykalo-Fesenko [73]

showed, that Eq. 2.19 is a special case of Landau-Lifshitz-Bloch equation for S = 1/2,

λLLB = λ0,LLB · Tp/Te without the precessional term. B. Koopmans et al. [74] distin-

guish between the two limits, R · τE >> 1 (type I dynamics) and R · τE << 1 (type II

dynamics), where τE is the electron-phonon equilibration time. Type I dynamics shows

up as one step, fast demagnetization process, as observed e.g. in Ni and Co, and type II

dynamics is associated with a fast demagnetization at the beginning followed by a second

slow demagnetization, as measured e.g. in Gd. Thus, the model succeeds in describing

both dynamics with an appropriate set of parameters. Depending on the fluence of the

pump pulse and the initial sample temperature, a transition from type I to type II dy-

namics is possible. Furthermore, the authors obtained αEY = p
〈
b2
〉

for Ni, Co and Gd

from fitting the experimental data and compared it with ab initio calculations of the spin-

mixing parameter
〈
b2
〉

[90]. For reasonable values of the material-dependent parameter p,

ab initio calculations compared well with measured data. In other words, to explain the

femtosecond laser-induced demagnetization of Ni by spin-flip electron-phonon collisions,

the model of B. Koopmans et al. [74] requires αEY ∼ 0.1, which is supported by ab initio

calculations from D. Steiauf and M. Fähnle [90]. An other ab initio work by K. Carva et

al. [91] confirmed the results of [90] for Ni in the Elliott approximation [92]. In addition,

the authors calculated the spin-flip probability by a more general approach yielding some-

what smaller values. More important, they noted, that a large demagnetization is not

necessarily a consequence of a large spin-flip probability, but rather a difference between

the transition rates of spin-up to spin-down compared to spin-down to spin-up scattering.

They found the difference to be negligible for low electronic temperature Te, but higher

for thermalized electrons with Te of several thousands of K and significantly higher for a

non-equilibrium electron distribution. A rough estimate of demagnetization per Ni atom

is given by about 0.1 µB/200 fs.

In addition to the above-described phonon-assisted demagnetization, other collective exci-

tations, magnons, are considered to play an important role in femtosecond spin dynamics

of ferromagnets. In time-, energy- and spin-resolved Two-Photon-Photoemission studies

on Co films, M. Cinchetti et al. [93] observed time-dependent oscillations in the spin-

polarization for E −EF = 0.4 eV. They attributed a transient increase in the normalized

spin- polarization about 120 fs after the laser excitation to magnon creation in the spin-flip

electron-magnon collisions of minority electrons. Thus, this process leads to a transient
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increase of the net magnetization and cannot explain demagnetization. On the other hand,

E. Carpene et al. [94] performed time- and probe-photon energy-dependent reflectivity

and L-MOKE studies on Fe films and found slower electron-phonon thermalization time

τep = (240±10) fs than the fluence-dependent demagnetization times τM = 50−75 fs. They

proposed, that the conservation of angular momentum is fulfilled due to the creation of

magnons and estimated the electron-magnon equilibration time on the basis of a theory for

electron-phonon relaxation [95], replacing the phonon by the magnon dispersion relation.

Indeed, in a time-, energy-, momentum- and spin-resolved Two-Photon-Photoemission ex-

periment on Fe films combined with ab initio many-body calculations, A. B. Schmidt et al.

[96] showed, that magnons can be excited on the timescale of few femtoseconds. Therefore,

it is necessary to further explore the connection between ultrafast demagnetization and

magnon creation in specially designed experiments as well as in devoted theories.

Superdiffusive Spin Transport

The previous section described local interactions between charge carriers, spins, phonons

and magnons after femtosecond laser excitation. However, hot electrons in metals with en-

ergy E above the Fermi level and spin σ move through the sample with a velocity v(E, σ)

and lifetime τ(E, σ), until they decay to lower energy levels via electron-electron and

electron-phonon collisions. It has to be noted, that, due to the strong dielectric screening

in metals [43], the time-averaged, net charge flow is zero. The dielectric screening is in-

corporated into theories of femtosecond laser-induced, non-equilibrium electron dynamics

in noble metals, e.g. by N. Del Fatti et al. [97] (see also references therein).

Model systems to study excited charge carrier transport on the femtosecond timescale are

metals having exclusively sp-bands above EF , like Au and Cu, with high velocities and

lifetimes [38, 98]. S. D. Brorson et al. [99] measured the transient reflectivity of Au films

on sapphire by optical pumping from the front side and probing from the backside through

the transparent substrate in a time-of-flight approach. They detected the arrival of hot

electrons, the delay time of which increased linearly with the film thickness. Similarly, J.

Hohlfeld et al. [62] observed thickness-dependent transport effects in transient reflectiv-

ity measurements on Au films. Moreover, R. Knorren et al. [38] included charge carrier

transport in their model to adequately describe results from time- and spin-resolved Two-

Photon-Photoemission (2PPE) from Cu and the transition metal ferromagnets Fe, Co

and Ni. The time-of-flight experiment from [99] was extended to measure spin transport

by A. Melnikov et al. [100], who optically excited spins in a layer of Fe, which subse-
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quently traveled through a layer of Au and were detected on the Au surface by means of

magnetization-induced, second harmonic generation.

It is known, e.g. from 2PPE measurements [38] and ab initio GW+T calculations [101],

that the lifetimes and velocities for hot electrons in Fe, Co and Ni are spin-dependent. In

particular, the lifetime-velocity-product is usually higher for majority than for minority

electrons [101]. In 2010, M. Battiato et al. [41, 102] proposed the superdiffusive spin trans-

port model to explore the role of spin-dependent transport effects for the laser-induced

demagnetization.

The main assumptions of the model can be summarized as follows.

1. Electrons are excited by photons or other electrons to states above EF . The spin-

dependent electronic structure of the material is taken into account. The dynamics of the

excited holes is not considered due to their low velocities.

2. The excited electron moves in a random direction in a straight trajectory with velocity

v(E, σ, z) (the z coordinate is perpendicular to the film surface) until, with a probability

of 1/τ(E, σ, z) per unit time, it collides with a phonon, impurity or other electron. Before

the first collision, the electrons are named first generation electrons, before the second

collision, second generation electrons, etc.. The z-dependence of the velocity becomes im-

portant for inhomogeneous films and multilayers.

3. The electrons scatter elastically on phonons and impurities, but inelastically on other

electrons. The inelastic scattering is treated in a classical two-particles collision theory.

The electron momentum after scattering is assumed to be not correlated to the momentum

before scattering.

The input parameters for the model are the excitation rate of the first generation electrons

by photons and the ratio of excited majority to minority electrons as well as the energy-

and spin-dependent electron lifetimes τ(σ,E) and velocities v(σ,E). All parameters are

taken from ab initio calculations [81, 101, 103] apart from the extrapolation of the lifetimes

and velocities to E = EF .

The starting point is the electron flux φ(z, t; z0, t0) in (z, t) caused by an electron generated

at position z0 at the time t0:

φ(z, t; z0, t0) =

[
∆̃t
]

2 (t− t0)2
exp

(
−(t− t0)

[
∆̃t

τ

]
1

[∆̃t]

)
Θ((t− t0)− |[∆̃t]|) , (2.20)

where [
∆̃t

τ

]
(z; z0) =

z∫
z0

dz′/(τ(z′)v(z′)) (2.21)
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and [
∆̃t
]

(z; z0) =

z∫
z0

dz′/v(z′) . (2.22)

Here, Θ((t − t0) − |[∆̃t]|) is the unit step function. The lifetime τ and velocity v are

material-dependent parameters, and are therefore dependent on the z position for a mul-

tilayer structure. Replacing the single electron by a distribution of laser-excited electrons

Sext(σ,E, z, t), the resulting electron flux can be written as

Φ(z, t) =

+∞∫
−∞

dz0

t∫
−∞

dt0 S
ext(z0, t0)φ(z, t; z0, t0) . (2.23)

Now, the first generation electron distribution n[1](σ,E, z, t) can be calculated by solving

the continuity equation
∂n[1]

∂t
+
n[1]

τ
= −∂Φ

∂z
+ Sext. (2.24)

Replacing the source term Sext by

S[2](σ,E, z, t) =
∑
σ′

∞∫
0

p(σ, σ′, E,E′, z)
n[1](σ′, E′, z, t)

τ(σ′, E′, z)
dE′ (2.25)

in Eq. 2.23 and 2.24, it is possible to calculate the distribution of the second generation

electrons n[2]. The elastic and inelastic scattering contributions and generation of cascade

electrons from the initial distribution n[1] are taken into account by the transition prob-

ability p(σ, σ′, E,E′, z). For inelastic electron-electron scattering, the maximum energy

transfer is treated within classical physics of collisions. Although spin-flip scattering can

be included in p, it is assumed to be negligible.

By subsequent solving Eq. 2.24 with the correct source term, the electron distribution

n(σ,E, z, t) =
∑∞

i=1 n
[i] can be derived. Given, that every majority (minority) electron

carries a magnetic moment of µB (−µB), the magnetization reads

M(E, z, t) = µB [n(↑, E, z, t)− n(↓, E, z, t)] . (2.26)

For comparison with time-resolved, magneto-optical reflectivity (P-, L-, T-MOKE) or

transmission (Faraday effect, MCD) measurements, the spatial averaging is accomplished

by

Q(t)−Q(t < 0)

Q(t < 0)
=

∫ d
0 dz M(z, t) exp (−z/λopt)∫ d

0 dz M(z, t < 0) exp (−z/λopt)
− 1 , (2.27)
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where Q denotes the magneto-optical quantity of interest, d is the film thickness and λopt

the optical penetration depth of the probe light.

Lastly, superdiffusion can be classified as a mode of transport in between the diffusive and

ballistic transport, which, in addition, incorporates the electron thermalization. Conve-

niently, the variance of the displacement of the particle distribution σ2(t) ∼ tγtr is used to

classify the mode of transport. For γtr = 1 the transport is diffusive, whereas for γtr = 2 it

is ballistic. However, in the case of the superdiffusive spin transport γtr = γtr(t) starting

in the ballistic regime with a continuous transition to the diffusive regime.

23





3. Experimental Background

3.1. Non-Resonant and Resonant Magneto-Optical Effects

This chapter will review the fundamentals of resonant as well as non-resonant magneto-

optical effects with a special focus on the transversal magneto-optical Kerr effect (T-

MOKE) being applied in this work. We call ’resonant magneto-optics’ all the effects,

where transitions between the atomic core levels and valence bands with the highest unoc-

cupied density of states are involved, whereas the transitions within the bands close to the

Fermi energy are referred to as ’non-resonant magneto-optics’. We start with the classical

electrodynamics and the Lorentz-Drude model of the dielectric tensor and continue with

the quantum-mechanical models, which show the importance of the spin-orbit splitting

and spin-polarization for magneto-optical effects. Subsequently, magneto-optics at the

core level absorption edges of the 3d ferromagnets Fe, Co and Ni will be discussed and

some important experiments will be reviewed. Moreover, we will show the close relation

between MOKE and resonant magnetic scattering. This work is about magneto-optics of

stacked ferromagnetic and non-magnetic layers and therefore, the magneto-optical simu-

lation of (multi)layers will be discussed at the end of this chapter.

We start with the classical continuum electrodynamics to derive the transversal magneto-

optical Kerr effect (T-MOKE). From the Maxwell equations [104], the wave equation for

the electric field E,

k(k ·E)− k2E +
ω2

ε0c2
ε E = 0 , (3.1)

can be deduced. Here, k denotes the wave vector, ω the angular frequency, ε0 the permit-

tivity of free space, c the vacuum velocity of light and

ε = ε0 ·


εxx εxy 0

−εxy εxx 0

0 0 εzz

 (3.2)

is the dielectric tensor, the specific structure of which can be understood from the classical

oscillator model (Lorentz-Drude model [105], see below). Note, that Eq. 3.1 is only valid
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Figure 3.1.: Transversal MOKE geometry. The magnetization M , located simultaneously per-

pendicular to the incidence plane of light and in the sample’s plane, changes the amplitude and

phase of the p-polarized electric field. Ei denotes the incident and Er the reflected electric field.

for wavelengths much larger than the lattice constant, which is not the case for X-rays,

where scattering has to be treated on the atomic level [106]. For the chosen coordinate

system, the magnetic field H and the magnetization M point into the z-direction (Fig.

3.1). For the wave vector being perpendicular to H, the solution of Eq. 3.1 consists of

two orthogonal modes with perpendicular (p) and parallel (s) polarization with respect

to H. The resulting refractive indices are ns =
√
εzz and np =

√
εxx + ε2xy/εxx. In the

Lorentz-Drude model, it can be shown, that only εxy depends on the magnetization [105]

and therefore, T-MOKE is only observed for p-polarized light.

In the next step, the Fresnel reflection coefficient rpp can be determined, applying the

continuity condition for the electric field E and the electric displacement field D at the

sample-vacuum interface. Given, θ is the angle of incidence with respect to the sample’s

normal andM± the magnetization either oriented in the +z- or−z-direction, the reflection

coefficient reads [105]

rpp(M
±) =

n2p cos θ −
√
n2p − sin2 θ ± εxy/εxx · sin θ

n2p cos θ +
√
n2p − sin2 θ ± εxy/εxx · sin θ

. (3.3)

Expanding rpp in the first order of εxy/εxx yields [107, 108]

rpp(M
±) ≈ εxx cos θ −

√
εxx − sin2 θ

εxx cos θ +
√
εxx − sin2 θ

(
1± sin 2θ

ε2xx · cos2 θ − εxx + sin2 θ
· εxy

)
(3.4)
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3.1. Non-Resonant and Resonant Magneto-Optical Effects

or

rpp(M
±) ≈ X(εxx, θ)(1± Y (εxx, θ) · εxy) (3.5)

X(εxx, θ) =
εxx cos θ −

√
εxx − sin2 θ

εxx cos θ +
√
εxx − sin2 θ

(3.6)

Y (εxx, θ) =
sin 2θ

ε2xx · cos2 θ − εxx + sin2 θ
, (3.7)

where X(εxx, θ) and Y (εxx, θ) are the non-magnetic contributions, which depend on θ as

well as εxx and thus the photon energy.

Note, that εxx, εxy and rpp(M
±) are complex numbers.

Conveniently, the magnetic asymmetry

A =
1

2

|rpp(M+)|2 − |rpp(M−)|2

|rpp(M+)|2 + |rpp(M−)|2
=

2 <(Y (εxx, θ) · εxy)
1 + |Y (εxx, θ) · εxy|2

≈ 2 <(Y (εxx, θ) · εxy) (3.8)

is measured in the experiments. By scanning the photon energy and the angle of incidence,

it is possible to derive εxx(h̄ω) and εxy(h̄ω) from measurements [105].

The two other, in the visible spectral range even more frequently applied MOKE geome-

tries, are the longitudinal (Fig. 3.2) and polar MOKE (Fig. 3.3). In general, the reflected

Figure 3.2.: Longitudinal MOKE geometry. The magnetization M , located simultaneously in

the incidence plane of light and the sample’s plane, turns the polarization direction of the incident,

linearly polarized light and induces an elliptical polarization. Ei denotes the incident and Er the

reflected electric field.
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Figure 3.3.: Polar MOKE geometry. The magnetization M , located simultaneously in the

incidence plane of light and perpendicular to the sample’s plane, turns the polarization direction

of the incident, linearly polarized light and induces an elliptical polarization. Ei denotes the

incident and Er the reflected electric field.

electric field vector Er is connected to the incident linearly polarized electric field vector

Ei via

Er = REi , (3.9)

and the reflection matrix reads

R =

(
rss rsp

rsp rpp

)
. (3.10)

Due to the non-diagonal matrix element rsp, which is zero for T-MOKE, the polarization

state of the initially linearly polarized electric field is changed according to

tan (θK + i · εK) =
rsp
rpp,ss

, (3.11)

where θK denotes the rotation of the main polarization axis and εK the phase shift or

the ellipticity. Thus, the reflected light is elliptically polarized and its polarization axis is

rotated.

In analogy to P-MOKE, the likewise effect with linearly polarized light in transmission

geometry is called Faraday effect. The magnetization-induced intensity modulation, as

observed in the T-MOKE geometry with linearly p-polarized light, is also present for

circulary polarized light in the Faraday geometry (Fig. 3.4) and is referred to as magnetic
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Figure 3.4.: MCD geometry. The transmission of the circularly polarized light depends on the

direction of the magnetization M or, alternatively, on the helicity of light indicated by the two

circles. Ei denotes the incident and Et the transmitted electric field.

circular dichroism (MCD). Given one fixed light helicity, the sample thickness d, the

transmission coefficient T and magnetization M oriented either in +x- or in −x-direction,

the MCD asymmetry reads

A =
T (M+)− T (M−)

T (M+) + T (M−)
≈ 2

ωd

c
<
(
εxy√
εxx

)
. (3.12)

Like all the hitherto discussed magneto-optical effects, MCD is, in first approximation,

linear in εxy and thus the magnetization. Furthermore, it has to be noted, that keeping

the magnetization fixed and reversing the helicity of light produces the same MCD asym-

metry.

In a simple, classical oscillator model, the so-called Lorentz-Drude model [105], it is pos-

sible to derive expressions for εxx(ω) and εxy(ω), which exhibit a resonant behaviour with

respect to the oscillation frequency. The starting point is the equation of electron motion

in the presence of the electric field E of light and static magnetic field B. If B is oriented

in the z-direction, the Lorentz force FL = e · dx/dt×B will act in the x-y-plane and the

electron will perform a rotational motion about the z-axis. In this sense, the dielectric

tensor, which represents the electron response to the electric field of light, rotates the

electric field vector E about the z-axis.
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Moreover, for ωL << ω and for the linear approximation in ωL, the Lorentz-Drude model

predicts εxy to be highest at the inflexion points of the resonance peak, which reads

εxy = iωL
dεzz
dω

, (3.13)

with ωL = e|B|/(2m) being the Larmor frequency, e and m the electron charge and mass.

For ferromagnets, the approximation is valid for photon energies in the visible spectral

range and higher, since h̄ωL is in the range of 10 to 100 meV for magnetic fields inside a

ferromagnet (Weiss fields).

Although the Lorentz-Drude model provides some basic understanding of magneto-optical

effects, the correct microscopic description can be only given in the quantum mechanical

picture. It has been known since 1932 [109, 110], that the spin-orbit interaction is essential

for magneto-optical effects. P. N. Argyres estimated the order of magnitude of the Faraday

and polar Kerr effect for Fe and Ni from first principles in 1955 [111]. He included the spin-

orbit interaction in the Hamiltonian and, using perturbation theory, derived expressions

for the optical conductivity and polarizability in the first order of the spin-orbit energy.

Despite the crude estimation of the transition matrix elements, he achieved an order of

magnitude agreement between the theory and experiment. It has to be noted, that a net

magnetization is needed for a non-zero Kerr effect. In the approximation of [111], the

Faraday and polar Kerr effects are both linear in the magnetization.

In the following paragraph, the fundamentals for ab initio calculations of the optical

conductivity will be presented. In short, the optical conductivity tensor σ(ω) is related

to the dielectric tensor ε(ω) via

σ(ω) =
ω

4πi
(ε(ω)− 1) . (3.14)

There are two contributions to the elements of σ(ω), which arise from the intraband and

interband transitions. The intraband contribution can be described by a phenomenological

Drude model [112]

σintra(ω) = iσ0δD/(ω + iδD) , (3.15)

with σ0 being the DC conductivity and δD the inverse of the phenomenological relaxation

time. The interband conductivity, on the other hand, can be calculated from first principles
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[113], for instance using the expression derived by C. S. Wang and J. Callaway [114] from

linear response theory

σxx(ω) =
ie2

m2h̄

∑
k

∑
l,occ.

∑
n,unocc.

1

ωnl(k)

(
|Πx

ln|2

ω − ωnl(k) + iδ
+

|Πx
ln|2

ω + ωnl(k) + iδ

)
(3.16)

σxy(ω) =
ie2

m2h̄

∑
k

∑
l,occ.

∑
n,unocc.

1

ωnl(k)

(
Πx
lnΠy

nl

ω − ωnl(k) + iδ
+

(Πx
lnΠy

nl)
∗

ω + ωnl(k) + iδ

)
. (3.17)

The summation has to be done over the Brillouin zone, the occupied states with the index

l as well as the unoccupied states with the index n. Furthermore, h̄ωnl(k) = En(k)−El(k)

is the energy difference of the optical transition between l and n and δ is the inverse of the

phenomenological relaxation time, which accounts for finite lifetimes of the excited states.

The transition matrix elements Πx,y
nl of the momentum operator p are defined by

Πnl(k) =

∫
ψ∗n,k(r) p ψl,k(r) dr , (3.18)

with ψn,k being the Bloch electron wave functions.

The described formalism was employed by P. M. Oppeneer et al. in 1992 [113] to calculate

the polar Kerr rotation for the valence bands of Fe, Co and Ni. In this work, only the

intraband conductivity and the parameter δ were not derived from ab initio calculations.

For Fe, the agreement between the theory and experiment is excellent, whereas for Ni and

Co, it is still quite good. In addition, P. M. Oppeneer et al. exemplified on Ni, that Kerr

rotation scales linearly with the spin-orbit coupling strength, but the dependence on the

exchange splitting appears to be more complicated.

Magneto-optical effects are certainly not only limited to the visible spectral range and

therefore, they have been predicted [115] and observed at the 3p core levels of Fe, Co and

Ni [32–36, 116–121]. After the discovery, that magneto-optical sum rules can be applied

to X-Ray Magnetic Circular Dichroism (XMCD) spectra to separate and determine the

spin and orbital magnetic moments [122], many studies have been performed at the 2p

absorption edges of Fe, Co and Ni [22], where the 2p1/2 and 2p3/2 core levels are well

separated. But also other magneto-optical effects like T-MOKE and Faraday effect have

been studied at the 2p [123–127] and even 1s [128, 129] core levels of transition metal

ferromagnets. In particular, at the 1s core levels, the wavelength of the X-Rays becomes

smaller than the lattice constant and Bragg peaks from atomic scattering are detected. In

this case, the wave equation (Eq. 3.1), derived from the macroscopic Maxwell equations,

is not valid any more and magneto-optical effects are treated in a scattering theory [106].

Since the spin-orbit (SO) splitting is necessary for the existence of magneto-optical effects,
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it is not surprising, that due to the SO splitting of the 3p and even larger SO splitting

of the 2p core levels, magneto-optical effects are significantly enhanced compared to the

transitions between the valence bands. In particular, J. L. Erskine and E. A. Stern pre-

dicted in 1975 [115] a large magneto-optical absorption at the Ni 3p states, which can be

attributed to the joined effect of the final state spin-polarization and large initial state

spin-orbit coupling.

Surprisingly, the first experimental evidence for resonant magnetic scattering in the T-

MOKE geometry was found at the Ni 1s absorption edge [128, 129] with no spin-orbit

splitting. Similar to that, the first XMCD data were obtained at the Fe 1s absorption

edge [131]. Furthermore, the allowed dipole transitions are to the 3p valence states with

much less spin-polarization than the 3d states. According to that, the magnetic asymme-

try reached 10−3 at most [128], which is two to three orders of magnitude lower than at the

2p and 3p absorption edges. The experimental findings were explained by superposition

of resonant and non-resonant magnetic scattering. The magnetic asymmetry for elastic

resonant magnetic scattering in the T-MOKE geometry (Fig. 3.1) can be derived from

scattering theory [106] and reads

A(E, θ) =
3

2π

h̄c

re

tan (2θ)

E

F zm
|Fc|2

[
F

′
c=(F 1

−1 − F 1
+1)− F

′′
c <(F 1

−1 − F 1
+1)
]

, (3.19)

with re being the classical electron radius, E the photon energy, θ the angle of incidence,

F zm the z-component of the resonant magnetic structure factor, Fc = F
′
c + iF

′′
c the charge

structure factor and F 1
±1(E) the dipole transition strength. Eq. 3.19 can be considered as

the quantum-mechanical analogon to Eq. 3.8. Interestingly, if θ approaches the Brewster

angle of about 45◦, the magnetic asymmetry in Eq. 3.19 increases rapidly as observed in

experiments.

At the 2p absorption edges of Fe, Co and Ni, the condition for the wavelength to be

smaller than the lattice constant doesn’t hold any more and therefore, no Bragg peaks are

observed. Nevertheless, the magnetic asymmetry can be measured in specular reflection

from a smooth surface, as it was accomplished by C. Kao et al. in 1990 [123] for an Fe

thin film. The progress in X-ray optics enabled magneto-optical polarization spectroscopy

in the soft X-ray region and the determination of εxx(E) and εxy(E) for Fe, Co and Ni at

their respective 2p absorption edges [124–127].

In parallel, the research at the 3p absorption edges started in the 1990s. Among the first

groups, T. Koide et al. [32] measured XMCD spectra at the 3p edges of Ni, which could

be reproduced by calculations [132].
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Figure 3.5.: Schematic view of spin-resolved valence bands as well as spin-orbit and exchange

split 2p and 3p core levels of a 3d ferromagnet (after [22] and [130]). At the 2p core levels, the spin-

orbit splitting energy ∆SO is one order of magnitude larger than the exchange splitting, whereas

at the 3p core levels, they have the same magnitude.
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F. U. Hillebrecht at al. [117] showed dichroism effects with linearly p-polarized light

in Co and Fe thin films, both in absorption (photocurrent) and reflection (T-MOKE),

and employed the dichroism effects for domain imaging of Fe(100) single crystals using

photoelectron microscopy.

In contrast to the 2p absorption edges, where the spin-orbit coupling for Ni is about 17

eV, at the 3p edges, it is a factor of ten smaller and therefore, it is comparable to the core

level exchange splitting being present in ferromagnets (Fig. 3.5). Consequently, ab initio

calculations of optical conductivity at the 3p absorption edges are challenging, because

neither the spin-orbit nor the exchange splitting can be treated as a perturbation.

Coming back to the brief historical review, systematic studies of photon energy and angular

dependence of T-MOKE [33, 34] as well as element-specific, magneto-optical hysteresis

loops [120] followed later on. In the Ph.D. thesis of M. Pretorius from 1999 [105], εxx(E)

and εxy(E) for Fe, Co and Ni at the 3p absorption edges are derived from T-MOKE

measurements. On the other hand, S. Valencia et al. [35] obtained the diagonal as well

as the non-diagonal components of the dielectric tensor for the same elements from the

Faraday effect. These εxx(E) and εxy(E) from Ref. [35] have been used in this work for

magneto-optical simulations of Ni/Ru/Fe layers (Chapter 4.1.1).

It is interesting to note, that, recently, the same group discovered a magneto-optical

effect being quadratic in the magnetization [133] (in contrast to T-MOKE being linear

in magnetization), which analogue in the visible spectral range is referred to as Schäfer-

Hubert effect. Moreover, in the same work, the computational problems due to the before

mentioned comparable size of the spin-orbit and exchange splitting were solved. Ab initio

calculations of the magneto-optical spectrum show, that hybridization between the 3p

states has to be taken into account [133].

T-MOKE studies have not only been carried out on single layers, but also on interlayer

exchange coupled Co/Si/Ni/Fe- and Ni80Fe20/Cr/Co40Fe60 layers by P. Grychtol et al.

[36, 121, 134], where layer-selective magnetization rotation and magneto-optical crosstalk

have been observed. Moreover, R. Adam et al. [135] performed time- and layer-resolved

measurements of magnetization precession in Ni80Fe20/MgO/Co layers.

At the end of this chapter, the simulation of MOKE in magnetic layers will be briefly

discussed. S. Vǐsňovský [136] extended P. Yeh’s formalism for optical simulations of layered

structures [137] to absorbing, anisotropic, magnetic layers. This approach is based on the

solution of Eq. 3.1, incorporating the boundary conditions for the electric and magnetic

fields at every interface. The derived formalism was adopted by M. Buchmeier, who wrote a

program, which, in particular, requires the values of εxx(E) and εxy(E) as input parameters
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[138]. This program was used to calculate the magnetic asymmetry for Ni/Ru/Fe layers

at the 3p absorption edges with εxx(E) and εxy(E) from [35] (Chapter 4.1.1). In general,

for small enough wavelengths, the scattering from the rough surface has to be considered

too [105], but for the wavelengths (> 17 nm) and samples used in this work, this effect

was neglected.
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3.2. Laser High Harmonics in Noble Gases

The process of laser harmonic generation from crystals in the visible spectral range (e.g.

second harmonic and third harmonic generation), being discovered in 1961 by P. A.

Franken et al. [139], is well-known and broadly used in laser technology. Contrary to

that, the field of laser- generated high harmonics in the gas phase, which nowadays can

reach photon energies as high as 1.6 keV [31], is much younger. In the second half of 1980s,

several groups observed a plateau of odd high harmonics of the laser frequency generated

in noble gases with a distinct cut-off energy [25, 26]. Furthermore, the spatial [140] and

temporal [141] coherence of the high harmonics radiation was demonstrated. A feature,

that was not immediately understood, was a constant intensity of the harmonics in a

broad spectral range, which cannot be explained in a perturbation theory of non-linear

optics. The latter predicts an exponential intensity decrease with increasing order of high

harmonics [142].

The laser intensities required for high harmonic generation are typically in the order of

1014− 1015 W/cm2 with corresponding electric fields of 1010− 1011 V/m (for comparison,

the electric fields generated in a flash of lightning are about 104 V/m [143]), which com-

pare to or even exceed the intra-atomic electric fields. Consequently, the potential of the

laser electric field, which is superimposed on the Coulomb barrier, can reduce the overall

potential within a certain time. The initially bound electron can tunnel from the highest

energy level through the potential into the continuum states 3.6. This process is called

tunnel ionization and is important for high harmonic generation. On the other hand, if

the electric field does not reduce the Coulomb barrier, the ionization can occur through

multiphoton absorption.

Once the atom is ionized by an electric field E(t) = E0 cos (ωt+ φ) at any arbitrary phase

φ, the strength of the Coulomb potential at the electron position is strongly reduced, and

thus, the motion of the electron wave packet can be classically described by Newton’s

equation of motion [142, 144]

m
d2x(t)

dt2
= −eE(t) , (3.20)

with the general solution

x(t) =
eE0

mω2
[cos (ωt+ φ)− cos (φ)] +

eE0

mω
sin (φ) · t . (3.21)

The phase φ is important, because, first, it determines, whether, at all, the electron will

return back to the position of the atom at x = 0 and, second, the velocity of the elec-

tron at x = 0 depends strictly on φ. The highest velocity and thus the kinetic energy is
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Figure 3.6.: Schematic presentation of the process of high harmonic generation [142]. The red line

represents the electric field of the laser at the position of the gas atom, which Coulomb potential

is plotted in blue. At time t1, the electric field E(t) is zero. Between t1 and t2, E(t) continuously

grows and the corresponding potential eE(t) · r, where r denotes the distance from the atom and e

the elementary charge, superimposes on the Coulomb potential. Consequently, a tunnel barrier is

formed, through which the bound electron occupying the highest energy level (red sphere) is able

to tunnel to the continuum states and therefore, escape the gas atom. Between t2 and t3, E(t)

reverses sign, which results in back acceleration of the electron towards the atom. At time t4, the

electron recombines with the atom, which leads to emission of extreme ultraviolet (XUV) and soft

X-ray radiation.

about 3.17 · Up for φ ≈ 18◦, 198◦, etc., where we introduced the ponderomotive potential

Up = e2E0
2/(4mω2).

Once the electron returns back to the atom, it can either scatter from the atom or re-

combine and emit the excess energy as a photon. In the latter case, the photon energy

will be the sum of the kinetic energy and the ionization potential I, which can be at most

3.17 ·Up+I. Here, we heuristically showed the existence of the so-called cut-off law, which

is indeed observed in experiments. In fact, this law was first derived from calculations

[145] and, shortly after that, explained in the presented semi-classical [144] as well as a

quantum mechanical model [27], where it is slightly modified due to quantum effects. For

the typical experimental parameters in this work, the calculated cut-off energies are in the
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range between 70 eV and 150 eV for noble gases. Nevertheless, in practical applications,

they are reduced due to propagation effects, which will be discussed later in this chapter.

It is interesting to note, that the spectrum of high harmonics from noble gases comprises

odd harmonics. Noble gases are isotropic and therefore, high harmonics are emitted once

in half a period of the electric field oscillation. This, in turn, translates into the spectrum

via the Fourier transform, where the harmonics are separated by twice the laser frequency.

The above described model, being also called the Three-Step-Model of tunnel ionization,

propagation and recombination, was published by P. B. Corkum in 1993 [144] and is

capable of explaining two other experimental findings, which are non-sequential double

ionization [146] and above-threshold ionization [147]. In the former case, a coupling be-

tween the ion yield of single and double charged ions is observed. This can be explained by

the Three-Step-Model as inelastic scattering of the returning electron, which ionizes the

parent atom. In the above-threshold ionization experiments, electrons with high kinetic

energies being multiple integers of the laser frequency are detected. In the picture of the

Three-Step-Model, the returning electron scatters elastically from its parent atom and is

further accelerated in the electric field of the laser. Therefore, albeit simple, the model

nicely describes the experimental findings. On the other hand, it mixes the classical and

quantum mechanics, which is resolved in a fully quantum theory by M. Lewenstein et al.

[27].

So far, a single atom response was considered. But since the harmonics from a large num-

ber of atoms are superimposed, the effects of propagation and phase matching need to

be taken into account. The phase matching condition for co-propagating radiation reads

∆k = qk(ω) − k(qω) = 0, where q is the harmonic order, k the wave number and ω the

laser angular frequency [142]. The most important dispersion contributions arise from the

neutral gas atoms, the free electrons and the particular experimental geometry, which,

in the simplest case, can either be free focusing or waveguiding [142]. The wavevector

mismatch between the laser light and the qth harmonic due to the neutral gas dispersion,

∆kng, and due to the free electrons, ∆kel, are [142]

∆kng = [n(ω)− n(qω)]
qω

c
(3.22)

∆kel =
ω2
p(1− q2)

2cωq
, (3.23)

with n being the real part of the refractive index and ωp the plasma frequency. In general,

due to ∆kng > 0 and, clearly, ∆kel < 0, both contributions can cancel each other.

Experimentaly, the laser light is either focused into the gas emitted from a nozzle [148–
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152] or it is focused inside a hollow, gas-filled capillary to guide the fundamental frequency

[153–156]. It is known, that a focused Gaussian beam acquires a Guoy phase shift while

passing the focal point, which approximately scales with the inverse Rayleigh length zR

[157]. Thus, the wavevector mismatch between the laser light and the qth harmonic is

∆kf = (q − 1)/zR > 0. Consequently, to achieve phase matching in the free focusing

geometry, the free electron contribution must balance the neutral gas and Guoy phase

contributions. This is different for the waveguide situation, where a step-index waveguide

of radius a reduces the free space wave number by kw = −u2nlc/(2a2ω), with unl being the

lth zero of the Bessel function Jn−1. Therefore, the phase difference is [142]

∆kw =
u2nlc(1− q2)

2qa2ω
< 0. (3.24)

In the waveguide geometry, the neutral atom dispersion has to balance the free electron

and waveguide dispersion. It was shown, that partial phase-matching can be achieved in

both geometries [149, 153].

Furthermore, for few cycle pulses, an additional effect called the non-adiabatic self-phase

matching becomes important [158] and enables the generation of photon energies up to

1.3 keV [159]. Different from the non-linear optics in the visible range, reabsorption of

high harmonics by the gas limits the efficiency of phase matching [160].

At the end of this chapter, some optimization methods for high harmonics generation will

be discussed. There are several optimization goals such as the photon flux, spectral shape

and extension of the cut-off energy. The photon flux can be increased by appropriate

temporal and spatial shaping of the driving laser pulses either using deformable mirrors

or liquid crystal-based spatial modulators [161]. The closed-loop optimization procedure

usually uses a genetic algorithm due to the large number of parameter combinations. In the

same way it is possible to select harmonics with a high contrast ratio [161]. Additionally,

in the waveguide geometry, a careful excitation of well-defined laser modes using a spatial

light modulation increases the photon flux of high harmonics [162]. But also a tuning of

the laser wavelength towards the blue part of the visible spectrum is predicted to increase

the conversion efficiency due to a λ−x, x = 5−6, scaling of the high harmonics yield [163].

Clearly, the wave packet of the free electron is less spread for a rapidly oscillating electric

field and therefore, the recombination probability is higher than for a slowly oscillating

field [31].

Turning towards the last point of the cut-off extension, three strategies are pursued, which

are quasi-phase matching [164], few-cycle laser pulses [159, 165] and mid-infrared lasers

[31]. Quasi-phase matching is applied in the waveguide geometry, where the diameter
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of the hollow fiber is periodically modulated and thus, can compensate for any phase-

mismatch, if the period length is chosen properly. For few-cycle laser pulses, the change

of the electron density within one cycle is not negligible any more (non-adiabatic regime)

and the mechanism called non-adiabatic self-phase matching is activated [158], which

significantly improves the photon flux above 120 eV photon energy. The last approach

of using mid-infrared laser wavelengths is motivated by the above mentioned cut-off law

Ecut−off = 3.17 ·Up + I, with Up ∼ E2
0λ

2 and λ being the wavelength. The present cut-off

record achieved with this approach is about 1.6 keV photon energy [31].
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3.3. Experimental Setup

This work employed two similar experimental setups, one located at the Research Centre

Jülich in Germany and one at JILA, Boulder in the USA. Here, only the Jülich setup

will be described, whereas the Boulder setup is presented in the Ph.D. thesis of C. La-o-

vorakiat [166].

To start with the laser system, an oscillator (Griffin-3) and multipass amplifier system

(Dragon) from KMLabs, Inc. was used to generate ultrashort, mJ pulses. The Ti:Sapphire

oscillator produces 20-30 fs pulses with about 1 nJ per pulse at 80 MHz repetition rate.

The pulses are then amplified to about 2 mJ per pulse, 30 fs at 2 kHz using the chirped

pulse amplification technique [167]. The pulse duration is measured by means of Frequency

Resolved Optical Gating using a custom-made device [168]. To minimize the thermal lens,

the Ti:Sapphire crystal of the amplifier is cooled to 30-40 K in a closed-loop He cryore-

frigerator (PT90, Cryomech). The amplifier is pumped at 30-40 W by an intra-cavity

frequency doubled, nanosecond pulsed Nd:YLF laser (DM50, Photonics Industries, Inc.).

The output photon energy is within the bandwidth between 1.55 and 1.63 eV with the

central photon energy at 1.59 eV.

For high harmonics generation, a dedicated setup was build, comprising both commercial

and custom-made parts. The commercial part (XUUS, KMLabs) included the glass capil-

lary holder with gas inlets, a gas pressure control box with a Cole Parmer flow controller,

two XY translation stages for the capillary alignment and one linear translation stage with

a focusing lens (f=500 mm).

The schematic arrangement of the experiment is shown in Fig. 3.7. For pump-probe mea-

surements, the laser beam was split into two parts. 90 % of the power was reflected from

the beamsplitter and focused into a hollow glass capillary (150 µm inner diameter) for

high harmonics generation. The second beam with 10 % of the input power was used to

optically excite the sample. Two holes are drilled at the sides of the glass capillary to serve

as gas inlet. Laser high harmonics were generated either in Ar (phase matching limited

cut-off at about 52 eV) or Ne (cut-off higher than 72 eV) gas tuning the gas pressure inside

the glass capillary to achieve phase matching. The residual infrared light was blocked by

150-200 nm thick Al filters (Lebow Company) with and without Ni mesh, placed after the

capillary and after the sample.

Due to the high absorption of the extreme ultraviolet (XUV) radiation in air, the setup

was placed in high vacuum.
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Figure 3.7.: Transversal magneto-optical Kerr effect (T-MOKE) setup for pump-probe spec-

troscopy with infrared light pump and high harmonics probe.
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A gold-coated toroidal mirror (R1=8605 mm, R2=64 mm, ARW Optical) placed before

the sample was used to focus the divergent XUV radiation onto the detector. To achieve

a high reflectivity from the toroidal mirror (50-75 % depending on the polarization and

photon energy), the angle of incidence was set to about 10◦ grazing incidence. After the

reflection from the toroidal mirror, high harmonics beam was focused to a vertical line on

the CCD detector due to aberration (astigmatism). The signal from the CCD detector

was obtained by full vertical binning.

The laser pump pulses were temporally delayed with respect to the high harmonics probe

pulses by a motorized, linear stage (IMS-Series, Newport). The zero-delay position on the

linear stage, where the optical path lengths of the pump and probe pulses are identical

on the micrometer scale, was found by overlapping the pump and the fundamental light

transmitted through the capillary on a β-BaB2O4 crystal in a non-collinear frequency dou-

bling geometry.

A special sample holder was constructed by B. Küpper (PGI-6, Research Centre Jülich)

to meet several experimental requirements. The sample is located between two pole shoe

pieces of a ferromagnetic yoke and can be tilted for optical alignment. Moreover, the

sample is mounted on a heater for temperature-dependent measurements (Chapter 4.1.1)

and, at the same time, to avoid heating of the yoke, a water-cooling is implemented. In

addition, a linear stage for vertical movement allows to change between the sample and

the β-BaB2O4 crystal, which is fixed under the sample.

In our experiment, the magneto-optical signal was measured in the transversal magneto-

optical Kerr effect (T-MOKE) geometry (Chapter 3.1). For that purpose, the static mag-

netic field, created by a coil current and guided through the ferromagnetic yoke, was

applied perpendicular to the plane of incidence of XUV radiation and, at the same time,

in the plane of the sample, whereas the polarization of XUV radiation was set to p-

polarization. The angle of incidence was adjusted close to 45◦ to achieve the highest

magnetic asymmetry (Eq. 3.8). In this geometry, the reflectivity drops to about 5 · 10−5

at the Ni 3p absorption edge (66 eV), due to the high absorption of p-polarized light

close to the Brewster angle. The photon flux of the high harmonics source did not allow

to use an additional grating for spectroscopic measurements. To solve this problem, the

sample and grating were merged to one optical element by depositing 1 µm wide stripes

of polymethylmethacrylate (PMMA) (200-300 nm thickness) or Si3N4 (17.5 nm thickness)

with 1 µm separation on top of the magnetic layers. The spectrum of the XUV radiation

was recorded for all harmonics simultaneously by a back-illuminated X-ray CCD camera

(Andor iKon-L [169]) in the full vertical binning mode.
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Figure 3.8.: Geometry of the XUV spectrometer used to derive Eq. 3.29. The grating is located

at z = z0 and the detector is placed on the x axis.

A LabView software to control the camera, magnetic field and the delay stage position

for automated performance of the experiment was written by J. Lauer (PGI-6, Research

Centre Jülich).

The photon energy calibration, i.e. the assignment of high harmonics wavelengths to the

CCD pixel numbers, was done based on the knowledge of the 2p1/2 and 2p3/2 absorp-

tion edges of the Al filter (72.95 eV and 72.55 eV, respectively [170]) and the spectral

structure of the harmonics. A similar procedure has also been described in [166]. The

sharp 2p absorption edge of the Al filter determines the last harmonic being transmitted

through the Al filter. In addition, the harmonic spectrum is known to comprise the peak

wavelengths λ = λ0/q with λ0 being the laser wavelength and q = 1, 3, 5, 7, ... being the

harmonic order, which allows one to determine λ of every harmonic. It has to be noted,

that λ0 can differ from the free space wavelength due to the so-called blue shift ∆λ0 [171].

Blue shift of the fundamental wavelength occurs, because free electrons from ionized gas

atoms generated by the laser change the phase of the electric field of the fundamental in a

time-dependent way. The blue shift of the qth harmonic roughly equals q times the blue
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Figure 3.9.: Photon energy calibration curves for high harmonics with measured points and

corresponding linear fits (left). The correct calibration (squares) is compared to the case, where

the smallest harmonics wavelength is either shifted towards lower (circles) or higher (triangles) pixel

numbers by one harmonic. The residual sum of squares, χ2, is lowest for the correct calibration.

A typical high harmonics spectrum from Ne gas after reflection from a Si3N4 grating in the -1

diffraction order is shown on the right. The sharp cut-off of the spectrum around 73 eV is due to

the absorption of the Al filter (2p absorption edge) used to block the residual laser light.

shift of the fundamental [171]. Since, experimentally, the number of free electrons can

be controlled by the laser intensity, the photon energies of high order harmonics can be

shifted by few eV changing the laser intensity [166].

Given, x is the distance on the CCD chip (Fig. 3.8), the calibration λ(x) is obtained by

fitting λ(x) = a · x + b with a and b being constants. The validity of this expression will

be shown now, starting from the grating equation

d(sin |α| − sin |β|) = mλ , (3.25)

with the grating constant d, the angle of incidence α measured with respect to the normal,

the diffraction angle β and the diffraction order m = 0,±1,±2, .... For the chosen

coordinates (Fig. 3.8), β+ for the +mth and β− for the −mth order can be expressed as

|β+| = |α| − arctan
x

z0
, x > 0

|β−| = |α|+ arctan
x

z0
, x < 0 ,

(3.26)

or combining both equations

|β| = |α| − arctan
x

z0
≈ |α| − x

z0
, (3.27)
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harmonic order photon energy (eV)
103 photons/s

after the sample

107 photons/s

after the source

19 30.2 7 0.1

21 33.4 7 0.2

23 36.6 9 0.4

25 39.7 10 0.8

27 42.9 9 1.5

29 46.1 12 3.9

31 49.3 9 6.9

33 52.5 2 8.5

35 55.6 6 1.5

37 58.8 6 0.8

39 62.0 4 0.6

41 65.2 5 1.1

43 68.4 7 2.3

45 71.5 9 4.2

Table 3.1.: High harmonics photon flux from Ne gas measured on the X-ray CCD camera after

the Si/SiO2/Ta(3 nm)/Fe(4 nm)/Al(3 nm) sample with a Si3N4 grating of 17.5 nm thickness. The

photon flux after the source was calculated based on the reflectivity of the sample and the toroidal

mirror as well as the transmission of the Al filter [172].

because x/z0 << 1 in the experiment. Inserting Eq. 3.27 in Eq. 3.25, we obtain

x

z0
= |α| − arcsin

[
sin |α| − mλ

d

]
≈ mλ

d cos |α|
, (3.28)

using the approximation λ/d ≈ 25 nm/2000 nm << 1. Finally, the expression for the

photon energy calibration reads

λ(x) =
d cos |α|
mz0

· x . (3.29)

Calibration curves obtained with the above described method as well as a typical high

harmonics spectrum from Ne gas are shown in Fig. 3.9. Reduced χ2, defined as residual

sum of squares divided by the number of degrees of freedom (see, e.g. [173]), is used here

to compare, how well the linear equation 3.29 describes the wavelength dependence on

the pixel number for the case, where the smallest harmonic wavelength is either shifted
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Figure 3.10.: High harmonics spectrum from Ne gas for Si/SiO2/Fe/Ru/Ni/Al layers with three

different grating materials and a constant grating period of 2 µm. Note the logarithmic intensity

scale.

Figure 3.11.: Photograph of a glass/Ni/Ru/Fe/Al sample with a PMMA grating on top. The

colors originate from lamp light diffraction from the grating. Note, that during the photography

the laser is turned off. The figure illustrates the effect of XUV radiation on the PMMA refractive

index for visible light. High dosis of XUV radiation from Ar gas can even result in damage of

PMMA. The mesh structure is due to the Ni mesh supporting the Al filters.
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towards lower or higher pixel numbers by one harmonic. Only for the correct photon

energy calibration, χ2 reaches the lowest value (squares in Fig. 3.9).

From the measured number of counts on the CCD sensor as well as from the literature

values for the photon energy-resolved reflectivity of the sample, the toroidal mirror and the

transmission of the Al filter [172], it is possible to estimate the photon flux per harmonic

from Ne (Tab. 3.1). These values were estimated under the assumption of spectrally

constant grating efficiency, i.e. the spectral weight of each harmonic in the -1st diffraction

order is the same in the 0th order. The obtained harmonic-resolved photon flux has rather

to be considered as an order of magnitude estimation than exact value due to the uncertain

parameters such as grating efficiency, sample reflectivity, etc. Nevertheless, the photon

flux compares well to the available data from a similar light source [174]. The overall

photon flux from Ne gas for the harmonic orders n = 19 to n = 45 is estimated to be

3 · 108 photons/s. On the other hand, the photon flux from Ar gas was measured with a

calibrated Si p-n junction photodiode (AXUV 100, IRD, Inc.) to be 2 · 1010 photons/s,

two orders of magnitude lower than reported in [174].

Since a stable intensity of the XUV light source is important for many experiments, we

characterized the pulse-to-pulse stability of the laser harmonics from Ar gas using a gated

microchannel plate detector. Due to the detector time resolution of 2 ns, the harmonics

pulse duration below 10 fs [175] and the laser repetition rate of 2 kHz, it was possible to

record frames from single high harmonic pulses. The integrated frame-to-frame intensity

variation was measured to be 10% [176, 177]. The reason for such a relatively high variation

could be either intensity fluctuations of the laser light, which are amplified in the nonlinear

frequency upconversion process or, possibly, fluctuations of the gas density, or both.

To further optimize the photon flux in the ±1st diffraction order, we tuned the efficiency

of the grating fabricated on top of the sample by changing the grating material (Al, Si3N4,

polymethylmethacrylate (PMMA)) and the layer thickness (Fig. 3.10). The ratio between

the 0th and -1st order intensity is < 0.3 % for 10 nm and 15 nm Al, 0.3 % for 20 nm Al, 2

% for 17.5 nm Si3N4 and about 12 % for 200-300 nm PMMA gratings. To understand the

measured efficiencies, simulations are required, which are beyond the scope of this work.

It has to be noted, that PMMA can be modified or even damaged by the action of combined

XUV and intense, infrared (1.5 eV) laser radiation [178]. By excitations above the band

gap, XUV pulses generate free electrons in the dielectric material, which increase the

absorption of the intense 1.5 eV light and, consequently, PMMA is heated by the laser. In

addition, XUV radiation can create permanent defects, e.g. color centers, in the material.

Taking these effects into account, PMMA grating deposited on top of the sample is not
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suitable for measurements with infrared laser pump and high harmonics probe. The

advantage of PMMA gratings is a relatively short fabrication process compared to Si3N4

gratings and, without the infrared laser pump, they are suitable for static reflectivity

measurements.

On the other hand, the permanent modification of the PMMA refractive index for visible

light by a high dosis of XUV radiation was used to determine the beam size of high

harmonics on the sample, which is (3.19 ± 0.09) mm2 (Fig. 3.11).
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This chapter is divided in two parts. In the first part, studies of photon energy-resolved and

thus layer-selective, magneto-optical asymmetry of interlayer exchange coupled Fe/Ru/Ni

-based layers is presented. Moreover, the layer-selective and temperature-dependent mag-

netization reversal of antiferromagnetically coupled Fe and Ni layers is traced. The sec-

ond part is concerned with time- and layer-resolved measurements on the femtosecond

timescale. First, we focus on laser-induced dynamics of interlayer exchange coupling en-

ergy J1 in Fe/Ru/Ni -based layers using the pump-probe technique with 1.5 eV pump

and either 3.0 eV or high harmonics probe. Subsequently, we analyze layer-selective spin

dynamics in Fe/Ru/Ni -based layers for parallel and antiparallel magnetization orienta-

tion of the Fe and Ni layers and for various optical pump fluences. The magnetization

orientation-dependent spin dynamics in the Fe layer (transient magnetization enhance-

ment for parallel, transient demagnetization for antiparallel orientation) is interpreted as

a consequence of superdiffusive spin transport from the Ni to the Fe layer and corroborated

by calculations, which agree well with experimental data within a defined fluence range.

4.1. Static Results

4.1.1. Layer-Selective Magnetization of Interlayer Exchange Coupled

Fe/Ru/Ni -Layers

We studied the layer- and element-selective magnetization employing the transversal magneto-

optical Kerr effect (T-MOKE) with laser high harmonics radiation generated in Neon gas.

The measurements presented in this chapter were carried out at PGI-6, Research Centre

Jülich in Germany, whereas the samples were prepared by J. M. Shaw at NIST, Boulder in

the USA. Although the high harmonics spectrum exhibits intensity peaks at quasi-discrete

photon energies [179] separated by about 3 eV (Fig. 4.1, 4.3, 4.5, 4.7), it is possible to

extract a smooth, photon energy-dependent magnetic asymmetry, since the spectrum is

quasi-continuous between the harmonics.
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Figure 4.1.: Magnetic field-dependent high harmonics spectra after reflection from the

Si/SiO2/Ta(3 nm)/Fe(4 nm)/Al(3 nm) sample for ± 30 mT (red and black curves) and mag-

netic asymmetry around the Fe 3p absorption edge (green curve). The Fe 3p absorption edge is

marked by the pink box. The sample, which was illuminated at 45◦ angle of incidence, is depicted

on the right side. The Si3N4 grating is used for spectral separation of high harmonics radiation.

Figure 4.2.: Comparison between the measured magnetic asymmetry for Fe at 45◦ angle of

incidence (green curve) with a simulation for different angles of incidence for the Si/SiO2/Ta(3

nm)/Fe(4 nm)/Al(3 nm) sample. The Fe 3p absorption edge is marked by the pink box. Note,

that the peak positions in the double peak structure don’t correspond to the 3p1/2 and 3p3/2

absorption edges of Fe, which cannot be separated in our experiment.
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Figure 4.3.: Magnetic field-dependent high harmonics spectra after reflection from the

Si/SiO2/Ta(3 nm)/Ni(5 nm)/Al(3 nm) sample for ± 30 mT (red and black curves) and mag-

netic asymmetry around the Ni 3p absorption edge (green curve). The Ni 3p absorption edge is

marked by the blue box. The sample, which was illuminated at 45◦ angle of incidence, is depicted

on the right side. The Si3N4 grating is used for spectral separation of high harmonics radiation.

Figure 4.4.: Comparison between the measured magnetic asymmetry for Ni at 45◦ angle of

incidence (green curve) with a simulation for different angles of incidence for the Si/SiO2/Ta(3

nm)/Ni(5 nm)/Al(3 nm) sample. The Ni 3p absorption edge is marked by the blue box.
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Figure 4.5.: High harmonics spectra (red and black curves) and magnetic asymmetry (green

curve) for parallel alignment of the Ni and Fe magnetization for the Si/SiO2/Ta(3 nm)/Fe(4

nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3 nm) sample. Pink- and blue-coloured boxes indicate the 3p

absorption edges of Fe and Ni, respectively. The sample, which was illuminated at 45◦ angle of

incidence, is depicted on the right side. The Si3N4 grating is used for spectral separation of high

harmonics radiation.

Figure 4.6.: Measured (green curves)

and simulated (blue curves) magnetic

asymmetry for antiparallel (top) and

parallel (bottom) magnetization align-

ment of the Fe and Ni layers for the

Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(1.5

nm)/Ni(5 nm)/Al(3 nm) sample. Pink-

and blue-coloured boxes indicate the 3p

absorption edges of Fe and Ni, respec-

tively.
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Figure 4.7.: Magnetic field-dependent high harmonics spectra (red and black curves) after reflec-

tion from the Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(1 nm)/Ni(5 nm)/Al(3 nm) sample and magnetic

asymmetry (green curve) at the Ni (blue box) and Fe (pink box) 3p absorption edges. The differ-

ence between data from Fig. 4.5 and Fig. 4.7 is the thickness of the Ru interlayer, which is 1.5 nm

in Fig. 4.5 and 1.0 nm in Fig. 4.7. The sample, which was illuminated at 45◦ angle of incidence,

is depicted on the right side. The Si3N4 grating is used for spectral separation of high harmonics

radiation.

Figure 4.8.: Measured (green curve) and simulated (blue curve) magnetic asymmetry at the

Ni (blue box) and Fe (pink box) 3p absorption edges for the Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(1

nm)/Ni(5 nm)/Al(3 nm) sample. The magnetization of Fe and Ni layers is aligned parallel.
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To test our experimental technique, we first prepared Si/SiO2/Ta(3 nm)/Fe(4 nm)/Al(3

nm) and Si/SiO2/Ta(3 nm)/Ni(5 nm)/Al(3 nm) layers on Si substrate with only one fer-

romagnetic layer and a 17.5 nm thick Si3N4 grating on top of the layer stack [180] by

use of ion beam sputtering. The Si3N4 grating was used for spectral separation of high

harmonics radiation.

To prevent oxidation, the ferromagnetic layers were protected by an Al capping layer,

being transparent for photon energies between 20 and 72 eV [181]. The Ta layer was used

for a proper crystal texture of the layers.

We recorded the magnetic asymmetry for single Fe and Ni layers as well as for Fe/Ru/Ni

layers. The magnetic asymmetry of the single Fe film shows a double peak structure with

a change of sign (Fig. 4.1) at the Fe 3p absorption edge (53-55 eV [181]). The magnetic

asymmetry reaches from 20 % to -20 %. Note, that the peak positions don’t correspond to

the 3p1/2 and 3p3/2 absorption edges of Fe, which cannot be separated in our experiment.

We performed simulations of magnetic asymmetry for different angles of incidence using

Maxwell equations with boundary conditions for a multilayer structure (Fig. 4.2). The

details of the method are described at the end of chapter 3.1. The magnitude of the asym-

metry obtained from measurements is significantly lower than predicted by simulations,

which we attribute to a partial oxidation of the Fe layer despite of the capping layer. The

experimental data were recorded at 45◦ angle of incidence and therefore, only simulated

magnetic asymmetry for 45◦ (Fig. 4.2, black curve) reproduces the spectral shape ob-

served experimentally.

Repeating the experiment for the Ni layer instead of the Fe layer, we observed one peak

in the magnetic asymmetry at the Ni 3p absorption edge (65-69 eV [181]) with a magni-

tude of about 40% (Fig. 4.3). Compared to simulations of magnetic asymmetry for 45◦

angle of incidence (Fig. 4.4), the peak is slightly shifted towards lower photon energies.

In addition, the magnitude of the peak is lower than predicted, possibly, due to partial

oxidation of the Ni layer.

In the next step, we prepared a series of Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru/Ni(5 nm)/Al(3

nm) samples containing two ferromagnetic layers and a Ru spacer layer with varying thick-

ness (0.5, 1.0 and 1.5 nm), mediating the interlayer exchange coupling between the Ni and

Fe magnetization. Ru is known to be a favourable material to achieve a strong interlayer

exchange coupling [182]. Indeed, static hysteresis curves presented later in this chapter

show antiferromagnetic coupling between the Ni and Fe magnetization for the 0.5 nm and

1.5 nm thick Ru layers, whereas, for the 1.0 nm Ru thickness, the coupling was ferromag-

netic.
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Figure 4.9.: Simple model for the interlayer exchange coupled magnetization of Ni and Fe layers

in the external magnetic field H (Eq. 4.2-4.5).

Resonant T-MOKE enables one to obtain magneto-optical signals from the Fe and Ni

layer separately (Fig. 4.5-4.8). The magnetic signal around 55 eV can be attributed to

the Fe and around 67 eV to the Ni layer. Compared to a single Fe layer, the magnetic

asymmetry is reduced for the buried Fe layer from about 20 % to 10 %. In addition, the

shape of the Fe peak changes from a double peak in a single Fe layer to a single peak in

the multilayer (Fig. 4.6). For the Ni layer located above the Fe layer in the layer stack,

the magnetic asymmetry amounts to about 40 % like in a single Ni layer.

By changing the relative magnetization alignment from parallel to antiparallel applying an

external magnetic field, the relative sign of the Fe and Ni asymmetry is reversed (Fig. 4.6).

The observed behaviour can be reproduced by simulations assuming, that the non-diagonal

elements of the dielectric tensor reverse their sign, if the magnetization is reversed, too.

We studied the interlayer exchange coupling (IEC) in our Fe/Ru/Ni layers using the com-

bination of a SQUID magnetometer and magneto-optical measurements, including layer-

selective, resonant T-MOKE.

In general, the energy term due to the IEC for two ferromagnetic layers, whose magneti-

zation is aligned under the angle Θ with respect to each other, can be written as [46]

E = −J1 cos Θ− J2 cos2 Θ + ... , (4.1)
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Figure 4.10.: Magnetic moment per area MA for the antiferromagnetically coupled Si/SiO2/Ta(3

nm)/Fe(4 nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3 nm) sample. MA(µ0HS) and MA(µ0H = 0) denote

the magnetic moment per area for the Ni and Fe magnetization, being either parallel (H = HS)

or antiparallel (H = 0).

where J1 describes the parallel or antiparallel coupling, J2 the 90◦-coupling, etc. (see

chapter 2.2) . In a simple model, the total energy E per area unit for the two parallel

or antiparallel coupled ferromagnetic layers in external magnetic field H, neglecting the

magneto-crystalline anisotropy and higher order terms Ji, i ≥ 2, can be written as [183,

184]

E = −J1 cos Θ− µ0 (MNidNi +MFedFe)H sinϕ. (4.2)

Here, M denotes the magnetization of the respective layer, d its thickness and M · sinϕ
the projection of M on the direction of H (Fig. 4.9). The procedure of the total energy

minimization with respect to ϕ is useful to derive an expression for J1. The first derivative

of E(ϕ) reads

∂E

∂ϕ
= cosϕ [−4J1 sinϕ− µ0(MNidNi +MFedFe)H] . (4.3)

The energy minimization requires

J1 = −µ0(MNidNi +MFedFe)H

4 sinϕ
. (4.4)

58



4.1. Static Results

Eq. 4.4 can be evaluated for the saturation field HS , saturation magnetization MS ,

sin (ϕ) = 1 and reads

J1 = −
µ0(MS,NidNi +MS,FedFe)HS

4
. (4.5)

It has to be noted, that a magnetometer measures the total magnetic moment, being equal

to A(MNidNi+MFedFe) , where A denotes the surface area of the sample. Nevertheless, if

the layer thickness and the total surface area are known, it is possible to determine MS,Ni

and MS,Fe separately by solving a system of two linear equations

MS,Fe · dFe −MS,Ni · dNi = MA(µ0H = 0) (4.6)

MS,Fe · dFe +MS,Ni · dNi = MA(µ0HS) , (4.7)

where MA denotes the measured total magnetic moment divided by the surface area.

Here, it is assumed, that the Fe and Ni magnetization is parallel for MA(µ0HS) and

antiparallel for MA(µ0H = 0) (Fig. 4.10). For the sample with 1.5 nm Ru thickness,

MS,Fe = (1.33± 0.07) · 106 A/m and MS,Ni = (0.42± 0.05) · 106 A/m at 290 K, which are

slightly lower than the values for crystalline bulk materials [185].

As mentioned above, we found an antiferromagnetic (AF) coupling for the 1.5 nm Ru

thickness (Fig. 4.10) with J1 = −(0.48±0.03)10−4J/m2 and, for the 0.5 nm Ru thickness,

J1 = −(1.10 ± 0.04)10−4J/m2. It is known, that the coupling strength exhibits an oscil-

latory behaviour depending on the thickness of the spacer layer [47, 182]. Therefore, we

note, that this value is not the peak value of the AF-IEC strength, which is expected to be

higher. For instance, Co/Ru multilayers show a peak AF-IEC strength of −5 · 10−3J/m2

[186]. Between the 0.5 nm and 1.5 nm Ru thickness, we found a ferromagnetic coupling

for 1.0 nm Ru (Fig. 4.11), but its magnitude could not be determined using the described

method. To determine the strength of ferromagnetic coupling between the Ni and Fe

magnetization, an additional layer with a strong AF coupling to either the Ni or Fe layer

is required [182].

Similar to the magnetometer measurements, it is possible to record M-H-curves, resolved

for the Ni and Fe layers, using a slight redefinition of the magnetic asymmetry (Eq. 3.8)

to

Aref (H) =
I(H)− I(Href )

I(H) + I(Href )
, (4.8)

where I denotes the reflected intensity of the p-polarized light and Href = 32 mT/µ0 the

reference magnetic field, which is held constant during the measurements, whereas H is

sweeped, i.e. after each field value H we applied Href to measure the asymmetry ampli-

tude. For the 1.5 nm Ru sample, we observed three magnetization reversal or switching
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Figure 4.11.: Magnetic moment per area MA for the ferromagnetically coupled Si/SiO2/Ta(3

nm)/Fe(4 nm)/Ru(1 nm)/Ni(5 nm)/Al(3 nm) sample.

events for the Ni and one switching event for the Fe magnetization, while sweeping µ0H

from positive to negative values (Fig. 4.12). Beginning with a positive magnetic field

higher than 10 mT, the magnetization of Fe and Ni is parallel and oriented in the field

direction and therefore, ANi,Feref = 0 for µ0H = +32 mT. Reducing the field to about +10

mT, the Ni magnetization rotates towards the antiparallel orientation with respect to Fe,

which results in a decrease of ANiref to about -40 %. At few mT below zero field, the Fe

magnetization reverses (jump in AFeref from 0 to 10 %) with the consequence, that the Ni

magnetization reverses, too, due to the AF-IEC. Therefore, like at the beginning, ANiref = 0.

When the external field reaches -20 mT, it is strong enough to overcome the AF-IEC and

to rotate the Ni magnetization into the field direction, which results in ANiref ≈ −35%,

comparable with ANiref around zero field. We attribute the fact, that the Fe layer reverses

first, to its lower coercitive field compared to the Ni layer.

We measured Aref (H) for three different temperatures (290 K, 420 K and 570 K) and

found, that the IEC strength, being proportional to the saturation field (Eq. 4.5), de-

creases at 420 K and vanishes completely at 570 K (Fig. 4.13-4.14). The effects contribut-

ing to the temperature dependence of the IEC, being discussed in the literature, include

the spacer layer [48, 187], interface [188] and magnetic layer [189] contributions. In the

model of P. Bruno [48], explaining the IEC due to quantum interferences in the spacer

layer, the most important contribution to the IEC comes from the electrons with energies

around EF . Because of the thermal smearing, electrons are removed from the Fermi edge
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Figure 4.12.: Fe and Ni layer-selective parameter Aref (definition see Eq. 4.8) for the

Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3 nm) sample for µ0Href = +32 mT mea-

sured at 290 K, which corresponds to the sweep direction from positive to negative magnetic fields.

While the Fe magnetization reverses once at about -5 mT, the Ni magnetization reverses three times

at -25, -5 and +5 mT as a consequence of the antiferromagnetic interlayer exchange coupling.

Figure 4.13.: Temperature-dependent parameter Aref at the Ni 3p absorption edge for the same

sample as in Fig. 4.12. The sweep direction of the magnetic field is from positive to negative values.

The antiferromagnetic coupling strength between the Ni and Fe layers decreases with increasing

temperature and vanishes at 570 K.
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Figure 4.14.: Temperature-dependent parameter Aref at the Fe 3p absorption edge for the same

sample as in Fig. 4.12. The sweep direction is from positive to negative magnetic fields. To improve

the signal-to-noise-ratio from the (bottom) Fe layer, adjacent averaging have been performed for

the data at 420 K and 570 K (lines), whereas the original data are also displayed (points).

and occupy higher energy states, thus decreasing the magnitude of the IEC with increasing

temperature in the case of a metallic spacer layer. The interface contribution originates

from the temperature dependence of the electronic reflection coefficients at the ferromag-

net/spacer interface. The last proposed mechanism involves the magnonic contribution to

the free energy of the ferromagnetic layers [189]. For the sample studied here, all three

proposed effects may contribute to the temperature dependence of the IEC.
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4.2. Femtosecond Dynamics

4.2.1. Laser-Induced Femtosecond Dynamics of Interlayer Exchange

Coupling in Fe/Ru/Ni -Layers

We studied the temporal response of the IEC energy J1 (Eq. 4.1) after the femtosecond

laser excitation, probing either with high harmonics or visible light. For a description

of the pump-probe setup using 1.5 eV pump and 3.0 eV probe, the reader is referred

to the master theses of M. Plötzing [190] and B. Heller [191]. Here, two different sets

of samples with antiferromagnetic interlayer exchange coupling between the Ni and Fe

layers were studied, namely, Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3

nm) fabricated at NIST, Boulder and Si/SiO2/Fe(4 nm)/Ru(1 nm)/Ni(5 nm) from PGI-6,

Research Centre Jülich.

Generally, the time-dependence of J1(t) can be expressed as

∂J1(t)

∂t
= −µ0

4

[(
∂MS,Ni

∂t
dNi +

∂MS,Fe

∂t
dFe

)
HS + (MS,NidNi +MS,FedFe)

∂HS

∂t

]
,

(4.9)

where t denotes the time and dFe,Ni is the layer thickness. Although HS is not an intrinsic

quantity of the sample, like e.g. the magnetization, it is easily accessible in the experiment.

From measurements of two different AF-coupled Fe/Ru/Ni samples and employing two

different techniques, namely, probing with high harmonics (Fig. 4.15-4.16) and visible

light (Fig. 4.17-4.19), the time-dependence of HS appears to be negligible and the only

contribution is due to the time-dependence of MS , in particular of MS,Ni.

Thus, experimentally, one finds (see also Eq. 4.5)

µ0HS(t) =
−4J1(t)

MS,Ni(t)dNi +MS,Fe(t)dFe
= const. , (4.10)

and hence

J1(t) ∼ −(MS,Ni(t)dNi +MS,Fe(t)dFe) . (4.11)

In the layer- and time-resolved experiment using high harmonics probe, the saturation

magnetization MS,Ni of the Ni layer is reduced by about 30% after the laser pulse exci-

tation (Fig. 4.15), whereas MS,Fe is almost unaffected (Fig. 4.16), which in total results

in transient reduction of J1(t), since HS remains constant. The normalized, transient de-

crease of J1 at t = 0.5 ps after the laser excitation, [J1(t < 0)− J1(t = 0.5 ps)] /J1(t < 0),

is measured to be (8± 6) %.
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Figure 4.15.: Normalized parameter Aref at the Ni 3p absorption edge (Aref between 0 and -1

for t < 0) for the Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3 nm) sample before and

0.5 ps after the excitation laser pulse. The sweep direction is from positive to negative magnetic

fields. While the magnetization of the Ni layer is quenched at t = 0.5 ps, the saturation magnetic

field HS (grey dashed line) doesn’t change.

Figure 4.16.: Normalized parameter Aref at the Fe 3p absorption edge (Aref between 0 and 1 for

t < 0) for the Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3 nm) sample before and 0.5

ps after the excitation laser pulse. The sweep direction is from positive to negative magnetic fields.

For H = −HS , the magnetization of Ni and Fe layers is saturated (see Fig. 4.15). To improve the

signal-to-noise-ratio from the (bottom) Fe layer, adjacent averaging have been performed for the

data (lines), whereas the original data are also displayed (points).
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Figure 4.17.: Magnetic hysteresis for the Si/SiO2/Fe(4 nm)/Ru(1 nm)/Ni(5 nm) sample, mea-

sured with visible light (1.5 eV pump and 3.0 eV probe) for t < 0 and t = 1.33 ps. The saturation

magnetic field HS is marked by the grey, dashed line. The laser pump pulse affects only the

magnitude of the Kerr rotation and not HS .

Under certain conditions, it is possible to extract layer-selective, magneto-optical signals

with visible light from magnetic hysteresis loops. In this case, the idea is to compare the

Kerr rotation ΘK at two points in the hysteresis loop, where the magnetization of Fe and

Ni is either aligned antiparallel (H = 0) or parallel (H = HS). The system of two linear

equations is given by

b ·MS,Fe − a ·MS,Ni = ΘK(H = 0) (4.12)

b ·MS,Fe + a ·MS,Ni = ΘK(H = HS) . (4.13)

For the antiferromagnetically coupled Si/SiO2/Fe(4 nm)/Ru(1 nm)/Ni(5 nm) sample, the

saturation magnetization for Fe and Ni was measured with a SQUID magnetometer to

be MS,Fe = (1.67 ± 0.01) · 106 A/m and MS,Ni = (0.427 ± 0.007) · 106 A/m at 290 K.

ΘK(H = 0) and ΘK(H = HS) were extracted from L-MOKE measurements and the co-

efficients a and b were determined from Eq. 4.12-4.13.

Recording the magnetic hysteresis curves for different delay times between the optical

pump (1.5 eV) and probe (3.0 eV), we assume a and b to be time-independent. This

assumption might be questioned, since several groups showed, that a and b indeed change

with pump-probe delay time [80, 192]. Nevertheless, it is reasonable to consider, that these

changes are small compared to the magnetization changes and therefore, it is sufficient to
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Figure 4.18.: Saturation magnetization MS for the Fe and Ni layer, derived from magnetometer

measurements and time-resolved magnetic hysteresis for different pump-probe delay times (Fig.

4.17).

determine the coefficients for t < 0. Moreover, in Chapter 4.2.2, we show, that the spin

dynamics in the Fe layer depend on the relative magnetization alignment between the Ni

and Fe layers. Therefore, Eq. 4.12-4.13 have to be considered as an approximation.

Knowing a and b and measuring ΘK(H = 0) and ΘK(H = HS) in time-dependent mag-

netic hysteresis loops (Fig. 4.17), the time-resolved magnetization of Fe and Ni was de-

termined (Fig. 4.18) from Eq. 4.12-4.13. On the other hand, the temporal behaviour of

HS itself was traced and found to be constant within the standard deviation (Fig. 4.19).

From this finding, and the fact, that the saturation magnetization of both Fe and Ni is

transiently quenched, follows, that J1 changes on the femtosecond timescale (Fig. 4.19).

Due to the demagnetization of the Fe and Ni layers, J1 is reduced by (24 ± 9) %. The

transient quenching of J1 is higher compared to the measurements with high harmonics

probe due to the higher pump fluence.

Both experiments show, that the important time-dependent quantity in Eq. 4.9, which

dominates the femtosecond dynamics of J1(t), is MS,Ni(t). At this timescale, the reduction

of MS,Ni can be interpreted as a reduction of exchange splitting energy Eex in the Ni layer.

In fact, there is experimental evidence for a transient decrease of Eex in thin Ni [193] and

Gd [65] films on femtosecond timescale from time-resolved photoemission experiments.
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Figure 4.19.: Time-resolved interlayer exchange coupling energy J1 (black curve) and satura-

tion magnetic field HS (blue curve) for the Si/SiO2/Fe(4 nm)/Ru(1 nm)/Ni(5 nm) sample. For

convenience, the error bar is displayed for one data point of J1 and HS , respectively, but is the

same for every data point. Note, that according to the sign convention of Eq. 2.5, J1 < 0 for

antiferromagnetic coupling.

In the static case, the connection between the saturation magnetization MS , and thus Eex,

and J1 was demonstrated by H. Kubota et al. [194], who studied magneto-resistance and

interlayer exchange coupling in NixCo1−x/Cu multilayers, and found a J1 ∼M2
S scaling.

Within the Bruno model of interlayer exchange coupling [48], the spin-dependent reflection

coefficient r↑,↓A,B from the layer A or B, for electrons within the spacer layer, also depends

on Eex. Thus, a transient decrease of Eex means a decrease of the difference <
(
r↑Ni − r

↓
Ni

)
and, consequently, of J1.

To the best of our knowledge, laser-induced, femtosecond dynamics of J1 have not been

previously reported in the literature. However, G. Ju et al. observed a transient decrease

of the unidirectional exchange bias field HEB in Ni81Fe19/NiO bilayers on the femtosecond

timescale [195]. Later, F. Dalla Longa et al. reproduced the transient decrease of HEB in

Co/IrMn bilayers and measured the characteristic decay time τEB = (0.7± 0.5) ps [196].

Both works explain the transient quenching of the exchange bias field due to the ultrafast

loss of the spin order in the antiferromagnetic NiO and IrMn after optical pumping.

Finally, one might argue, that all electron spin-dependent interactions like the exchange
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interaction, interlayer exchange coupling between ferromagnetic layers and exchange bias

can be optically manipulated on the femtosecond timescale.
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4.2.2. Laser-Induced Femtosecond Spin Dynamics in Fe/Ru/Ni -Layers

The microscopic picture describing the magnetization dynamics in thin ferromagnetic films

is currently under intense debate (Chapter 2.4). Therefore, studies of bi-, tri- and mul-

tilayers, comprising ferro- and paramagnetic metals can help to uncover the underlying

mechanisms. In particular, the effects of hot electron and spin transport on the femtosec-

ond timescale can be studied in these systems [40, 100, 197–201].

At the end of the 1980s, S. D. Brorson et al. carried out hot electron transport measure-

ments in thin Au films on the femtosecond timescale in a time-of-flight-like experiment.

The sample was optically excited through the transparent substrate and probed from the

front side of the sample [99]. The time-of-flight is the delay time between the optical exci-

tation at one surface of the sample and the transient change of reflectivity at the opposite

side due to hot electron transport. For thin Au films, the time-of-flight amounts to a few

hundred femtoseconds and depends linearly on the film thickness [99].

In such a time-of-flight experiment, spin-polarized hot electron transport can be studied

by placing a thin ferromagnetic film between the substrate and the Au layer. Recently, A.

Melnikov et al. showed by means of time-resolved, optical second harmonic generation,

that in epitaxial MgO(001)/Fe(15 nm)/Au(50 nm) samples, the Au surface is transiently

magnetized [100]. This finding can be explained by spin-polarized hot electron transport

from the Fe to the Au layer.

An other experiment suggesting femtosecond spin transport in laser pump-probe exper-

iments was reported by G. Malinowski et al. [197], showing, that the demagnetization

time and amplitude depend on the relative magnetization alignment of Co-Pt-multilayers,

being antiferromagnetically coupled through a Ru spacer layer. In the case of electrically

insulating NiO spacer, no relative orientation-dependent effects were observed.

In this work, we studied femtosecond magnetization dynamics in metallic layers, namely

SiO2/Ta/Fe/Ru/Ni/Al on Si substrate (Fig. 4.21). The samples were fabricated by J. M.

Shaw at NIST in Boulder, USA, by ion beam sputtering, except for the SiO2/Fe/Ru/Ni

samples for time-resolved measurements with visible light (Chapter 4.2.1 and Fig. 4.20),

which were prepared at PGI-6, Research Centre Jülich. Time-resolved measurements us-

ing high harmonics probe were carried out at JILA, University of Colorado (Boulder),

in the group of M. M. Murnane and H. C. Kapteyn. The static magnetic properties are

described in Chapter 4.1.1.

Conventional pump-probe measurements with femtosecond lasers employ photon energies

below 5 eV, which enable excitations from the valence bands of solids [202]. Being a useful
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Figure 4.20.: Time-resolved, normalized Kerr rotation (L-MOKE) probed with 3.0 eV light

for parallel and antiparallel magnetization alignment of Fe and Ni layers for a Si/SiO2/Fe(4

nm)/Ru(x)/Ni(5 nm) sample (x=0.7 and 1.0 nm) (after [191]). Note, that the optical pump

fluence is different in both cases. The total Kerr rotation comprises the sum of the Kerr rotations

for Fe and Ni layers, respectively. Regardless of the relative magnetic orientation, the Ni top layer

demagnetizes in both cases, but, for the antiparallel alignment, the total Kerr signal increases due

to the reduced screening of the Fe magnetization.

tool for, e.g. probing the band structure effects in spin dynamics [203], the limitations of

the technique come to light for samples comprising several layers of different materials. We

measured the dynamical response of Si/SiO2/Fe(4 nm)/Ru(x)/Ni(5 nm) layers (x=0.7 and

1.0 nm) using 1.5 eV pump and 3.0 eV probe pulses in the L-MOKE geometry [191] (Fig.

4.20). Note, that the optical pump fluence is different in both cases. The response for

parallel and antiparallel magnetization alignment of the Fe and Ni layers is very different:

in the parallel case, the total Kerr rotation transiently decreases to about 60 % of its value

before time zero, but, in the antiparallel case, the total Kerr rotation actually increases

by a factor of about 2.3. The total, time-dependent Kerr rotation for parallel alignment
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4.2. Femtosecond Dynamics

Figure 4.21.: Sample structure used for time- and layer-resolved measurements.

θ↑↑(t) and antiparallel alignment θ↑↓(t) can be decomposed into the Kerr rotation θNi(t)

from the Ni and θFe(t) from the Fe layer, respectively, and can be written as

θ↑↑(t) = θFe(t) + θNi(t) (4.14)

θ↑↓(t) = θFe(t)− θNi(t) . (4.15)

From Eq. 4.14-4.15 and magneto-optical hysteresis loops similar to the ones displayed in

Fig. 4.17 we estimate, that θFe(t) contributes 60 % and θNi(t) contributes 40 % to the

total Kerr rotation.

Based on layer-selective measurements with high harmonics probe, which are presented

later in this chapter, we assume, first, that the Ni layer is demagnetized for parallel

and antiparallel orientation. Second, we assume, that the transient decrease of θNi is

higher than the transient change of θFe. From these assumptions follows, that, for par-

allel alignment, θ↑↑(t) decreases after optical excitation, whereas θ↑↓(t) increases due the

reduced screening of the Fe magnetization by the Ni magnetization. If we assume, that

θFe(t < 0) = θFe(t) = const., the experimentally observed increase of θ↑↓ by a factor of
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2.3 (Fig. 4.20) means, that the Ni layer is demagnetized by 65 %.

The above described experiment demonstrates the problem of signal superposition from

different layers in optical pump-probe measurements, when the net magnetization is

probed. Therefore, to gain a deeper insight, it is desirable to probe the magnetization

in a layer-selective way.

A solution presented in this work is based on the upconversion of the probe photon energy

to more than 72 eV by means of high harmonic generation (Chapter 3.2). The spectral

region accessible in our experiments (20 eV-72 eV) covers the 3p shallow core levels of Fe,

Co and Ni, fulfilling the resonance condition for a layer-selective magnetic signal (Chapter

4.1.1).

Throughout this chapter, we assume, that the layer-selective T-MOKE asymmetry is pro-

portional to the magnetization of the Fe and Ni layers, respectively, which is a good

approximation for the static case (Chapter 3.1). The validity of this assumption has been

questioned for optical pump-probe experiments with femtosecond lasers due to effects

of state-blocking and non-equilibrium electron distribution [80, 81, 204], which appear

as time-dependent, non-magnetic contributions [192]. Non-magnetic artifacts can be ad-

dressed experimentally by measuring the reflectivity for two antiparallel magnetization

directions and, subsequently, subtracting the signals, as it is usually done in T-MOKE

asymmetry measurements. This approach partly removes time-dependent, non-magnetic

contributions. Effects of the pump-induced saturation of the final states (state-blocking)

and non-equilibrium electron distribution are intrinsic for pump-probe measurements, but

they can be reduced, if the pump and probe photon energies differ from each other. For

Fe and Ni thin films and the spectral region of interest (20 eV-72 eV), C. La-O-Vorakiat

et al. [205] showed, that a pump-induced change of the refractive index would transiently

affect the T-MOKE asymmetry by no more than 0.2 %, given, that the non-diagonal ele-

ment of the dielectric tensor, εxy, is hold constant. Therefore, compared to the measured

asymmetry quenching of up to 50 % due to optical pumping, the non-magnetic contri-

bution is negligible. Nevertheless, εxy itself might exhibit pump-induced, non-magnetic

contributions.

From the point of view of data treatment, the most reliable analysis of element-selective

data can be achieved by integration over the entire absorption edge [204] and we follow

this way of data analysis throughout the presented work.

Coming to the results, this chapter focuses on the laser-induced spin transport, being

aware, however, that coherent spin-photon interaction and local spin-flip scattering effects

might contribute to the magnetization dynamics. For time- and layer-resolved experiments
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pump energy density (mJ cm−2) τm (fs) τ r (ps)

↑↑ ↑↓ ↑↑ ↑↓
1.3 186 ± 45 281 ± 166 4.4 ± 1.4 0.9 ± 0.3

2.0 225 ± 25 208 ± 42 > 100 11.3 ± 6.5

2.7 217 ± 14 146 ± 44 > 100 4.8 ± 2.2

Table 4.1.: De- and remagnetization times τm and τr, extracted from time-resolved T-MOKE

asymmetry at the Ni 3p absorption edge for different energy densities of the pump, for parallel

(↑↑) and antiparallel (↑↓) magnetization orientation of the Fe and Ni layers.

on Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3 nm) layers, we first simulated

the absorption of 1.5 eV pump light for every single layer by a self-consistent 2× 2 matrix

calculation [206]. While the total absorption is 55 %, the Ni and Fe layers absorb each

about the same amount of light intensity (29 % of the total absorption in Ni and 24% in

Fe), whereas the Al, Ru und Ta layers absorb 27%, 15% and 6% of the total absorption,

respectively [207].

For spectroscopic measurements, a Si3N4 grating (17.5 nm thickness [180]), which con-

sists of 1 µm thick lines separated by 1 µm distance, is patterned on top of the sam-

ple (Chapter 3.3). At first glance, one might expect an inhomogeneous laser excitation

through the grating in pump-probe measurements. Si3N4 is a wide band-gap dielectric

with substantial absorption only above 6 eV [209] and therefore, it is transparent for 1.5

eV pump light. However, at high intensities, which are within reach with femtosecond

laser pulses, dielectrics become absorptive by means of multiphoton absorption [210]. To

observe multiphoton effects, threshold intensities in the order of 1013 W cm−2 are required

[210], whereas, in our experiment, the pump intensity is two orders of magnitude smaller.

Hence, the pump excitation through the Si3N4 grating can be safely assumed to be homo-

geneous.

We fitted the time-resolved magnetic asymmetry A(t) to a double-exponential function

A(t) = 1−∆A
[
1− e−(t−t0)/τm

]
e−(t−t0)/τr , (4.16)

adopted from [211], where ∆A denotes the quenching amplitude of the magnetic asym-

metry, t0 the offset from the time zero and τm and τr the de- and remagnetization times.

The obtained results are presented in Tab. 4.1. The temporal resolution is estimated

to about 25 fs [175], which is limited by the pump laser pulse duration of about 25 fs.

Other parameters, which have a significant impact on the temporal resolution, are the
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Figure 4.22.: Time- and layer-resolved, normalized magnetic asymmetry for the Si/SiO2/Ta(3

nm)/Fe(4 nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3 nm) sample integrated over the 3p absorption edges of

Fe (around 55 eV) and Ni (around 67 eV) for parallel magnetization alignment [40]. The excitation

energy density is about 2 mJ cm−2. The blue and red curves are fits according to Eq. 4.16.

pulse duration of the probe as well as the angle between the pump and probe beams and

thus, the temporal delay between their wavefronts, when they impinge on the sample. In

our experiment, the duration of the high harmonics probe pulses is below 10 fs [175] and

the angle between the pump and probe beams is close to zero due to their almost collinear

propagation.

We analyzed the time-resolved magnetic asymmetry data by integrating over the 3p ab-

sorption edges of Ni and Fe and normalizing the magnetic asymmetry to values obtained

prior to laser excitation. In our time- and layer-resolved experiments, we varied the energy

density (in mJ cm−2) of the pump as well as the relative magnetization alignment of the

Ni and Fe layers, which we, for simplicity, call parallel and antiparallel orientation. The

experimental findings (Fig. 4.22-4.28) can be summarized as follows.

1. The Ni (top layer) demagnetizes for parallel and antiparallel orientation for each of the

optical pump fluences (1.3, 2.0, 2.7 mJ cm−2) employed in the experiment.

2. For all fluences, the spin dynamics in the Fe (bottom layer) depends on the relative

magnetization orientation. For 1.3 and 2.0 mJ cm−2, the Fe magnetization is transiently
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Figure 4.23.: Time- and layer-resolved, normalized magnetic asymmetry for the Si/SiO2/Ta(3

nm)/Fe(4 nm)/Ru(1.5 nm)/Ni(5 nm)/Al(3 nm) sample integrated over the 3p absorption edges

of Fe (around 55 eV) and Ni (around 67 eV) for antiparallel magnetization alignment [40]. The

excitation energy density is about 2 mJ cm−2. The blue and red curves are fits according to Eq.

4.16.

enhanced compared to t < 0 for parallel orientation (Fig. 4.22, 4.24, 4.27) and quenched

for antiparallel orientation (Fig. 4.23, 4.28). The available data suggest, that the higher

the pump fluence, the more pronounced is the enhancement and quenching.

3. For the highest fluence of 2.7 mJ cm−2 reached in the experiment, the Fe magnetiza-

tion is quenched for both parallel and antiparallel orientation (Fig. 4.25, 4.26), albeit, for

antiparallel orientation, the quenching is stronger.

4. For all fluences, the remagnetization of Ni is faster for the antiparallel than parallel

orientation (Tab. 4.1, Fig. 4.29 for the lowest fluence).

We note, that the transition from 2. to 3. suggests a crossover point, where the Fe mag-

netization is constant in time. So far, this has not been observed experimentally.

We interpret the transient, orientation-dependent increase or decrease of the Fe magnetiza-

tion in terms of ultrafast, spin-polarized electron transport [40] applying the superdiffusive

spin transport (SST) theory [41, 102]. The calculations presented in this chapter were per-

formed by M. Battiato, P. Maldonado and P. M. Oppeneer from the Uppsala University

in Sweden.
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Figure 4.24.: Time- and layer-resolved, normalized magnetic asymmetry for parallel magneti-

zation alignment of the Fe and Ni layers [40]. The excitation energy density is about 1.2 mJ

cm−2. In contrast to the results of Fig. 4.22 and Fig. 4.23, the thickness of the Ru layer is 1 nm.

Only parallel magnetization alignment is possible for this sample due to ferromagnetic interlayer

exchange coupling.

Spin- and energy-resolved Two-Photon-Photoemission [38, 212], Magnetic Tunnel Tran-

sistor measurements [213] and ab initio GW+T calculations [101] provide evidence, that

the inelastic mean free path for electrons with energies between EF and EF + 1.5 eV

(1.5 eV is the pump photon energy) is higher for majority electrons than for the minority

electrons in both Ni and Fe. The inelastic mean free path is a product of the energy- and

spin-dependent lifetime τ(σ,E) and velocity v(σ,E), which are the relevant input param-

eters for the SST calculations (Chapter 2.4.3). If an external voltage was applied on our

Fe/Ru/Ni layers, the charge current would be spin-polarized. In case there is no external

voltage, like in our optical pump-probe experiments, dielectric screening in metals com-

pensates for any measurable charge flow (e.g. [43, 97, 214]) but not for the spin flow. The

majority spin transport out of the probed area is the key idea to understand the measured

data. Nevertheless, local spin-flip effects may contribute to the spin dynamics as well.

Furthermore we assume, that the demagnetization due to SST is less efficient in Fe than

in Ni [102]. Consequently, after the laser excitation, the net spin current will flow from

the Ni to the adjacent Fe layer. For the parallel alignment, the majority spins from Ni are
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4.2. Femtosecond Dynamics

Figure 4.25.: The same sample as in Fig. 4.22 for parallel magnetization alignment, but higher

excitation energy density of about 2.7 mJ cm−2 [40, 208].

Figure 4.26.: The same sample as in Fig. 4.22 for antiparallel magnetization alignment, but

higher excitation energy density of about 2.7 mJ cm−2 [208].
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Figure 4.27.: The same sample as in Fig. 4.22 for parallel magnetization alignment, but lower

excitation energy density of about 1.3 mJ cm−2 [40].

Figure 4.28.: The same sample as in Fig. 4.22 for antiparallel magnetization alignment, but

lower excitation energy density of about 1.3 mJ cm−2.
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4.2. Femtosecond Dynamics

Figure 4.29.: Time-resolved, normalized magnetic asymmetry at the Ni 3p absorption edge for

parallel and antiparallel magnetization alignment [40] (combination of data from Fig. 4.27 and

4.28). The blue and grey curves are fits according to Eq. 4.16. Clearly, the remagnetization time

τr is faster for the antiparallel orientation (grey triangles).

penetrating the Fe layer and filling the empty majority states, thus transiently increasing

the Fe magnetization (Fig. 4.30). Contrary to that, for the antiparallel alignment, the Ni

majority spins become minority spins in Fe, as soon as they reach the Fe layer. In the

latter case, the filling of the Fe minority states results in a transient decrease of the Fe

magnetization (Fig. 4.31). The curves in Fig. 4.30 and 4.31 represent spatial averages

from Fig. 4.32, where the evolution of the magnetization change ∆M in space and time

is displayed. For parallel (a) and antiparallel (b) orientation, the magnetization of Ni is

reduced at the interfaces, due to the majority spin transport into the Al and Fe layer. This

leads to a transient magnetization of the Al layer, which, in principle, can be proved in the

experiment. However, we used an Al filter to block the residual laser light, and therefore,

didn’t aquire data across the 2p1/2 and 2p3/2 absorption edges of Al. For parallel orienta-

tion (Fig. 4.32a), the Fe magnetization increases with time (∆M > 0 and the blue arrow

points upwards), whereas in the antiparallel state (Fig. 4.32b), it decreases (∆M > 0

and the blue arrow points downwards). The majority spins from Ni become minority

spins in Fe and thus, are trapped at the Ni-Fe interface. The quantitative agreement
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Figure 4.30.: Time- and layer-resolved magnetization, calculated for Fe(4 nm)/Ni(5 nm)/Al(3

nm) layers (Al on the top) from the superdiffusive spin transport theory [40, 215]. For the parallel

magnetization alignment of the Ni and Fe layers, the Fe magnetization is transiently enhanced due

to majority spin current from the Ni layer.

Figure 4.31.: Time- and layer-resolved magnetization, calculated for Fe(4 nm)/Ni(5 nm)/Al(3

nm) layers (Al on the top) from the superdiffusive spin transport theory [40, 215]. For the antipar-

allel magnetization alignment, the Ni majority spins become minority spins in Fe, as soon as they

reach the Fe layer. Hence, the Fe magnetization is transiently decreased.
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4.2. Femtosecond Dynamics

Figure 4.32.: Evolution of the Al/Ni/Fe magnetization in space and time [40, 215]. The mag-

netization change ∆M compared to the case of thermal equilibrium is displayed for the parallel

(a) and antiparallel (b) orientation of the Ni and Fe magnetization within the first 500 fs after

the laser excitation along the depth profile of the layers. The Ni spin-majority electrons move by

superdiffusion, predominantly from the interface region, into the Fe and Al layers, thus decreasing

the Ni magnetization.

between the experiment for 2 mJ cm−2 fluence (about 50 % demagnetization of Ni, 10-20

% magnetization decrease and increase in Fe) and the theory (45 % demagnetization of

Ni, 15 % magnetization decrease and increase in Fe) is very good. However, the present

version of the SST model doesn’t account for the remagnetization process, which starts

about 500 fs after the laser excitation. Moreover, in the calculations, the 1.5 nm Ru layer

and 3 nm Ta layer are neglected, assuming, that they have no significant effect on the spin

transport from the Ni to the Fe layer. Nevertheless, Ta and Ru have many d states for

EF < E < EF + 1.5 eV and, consequently, rather poor transport properties for excited

electrons [199]. Therefore, the spin current from the Ni to the Fe layer is expected to be

reduced by the Ru layer. In addition, the spin diffusion length in Ta is known to be small

[216], which can be attributed to the large spin-orbit coupling. Hence, Ta may act as a

spin sink, trapping the spins emitted from other metallic layers.

On the other hand, the Al layer, which is included in the calculations, enhances the spin

current for two reasons. First, the electrons excited in Al are spin-filtered in Ni as they

pass the Ni layer and second, they can excite electrons in Ni by inelastic electron-electron
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scattering.

We note, that the energy- and spin-dependent velocities v(σ,E) and lifetimes τ(σ,E) for

Al, Ni and Fe were taken from ab initio GW+T calculations [101], which predict a lifetime

spin asymmetry τ↑/τ↓ of about 6 for E = EF + 1 eV in Ni, whereas a spin asymmetry

of 1.5 was measured with Two-Photon-Photoemission [38]. Nevertheless, the calculated

electron inelastic mean free path from [101] agrees well with the data from Magnetic Tun-

nel Transistor measurements [213]. In addition, it is not completely clear yet, if and how

the velocities and lifetimes can be changed in a highly excited electronic state compared

to the case of thermal equilibrium.

The results from SST theory compare well with experimental data for a laser fluence of

about 2 mJ cm−2 (Fig. 4.22, 4.23) and below (Fig. 4.27, 4.28). For a higher fluence, even

a higher increase of the Fe magnetization above its thermal equilibrium value is expected

for the parallel orientation assuming only superdiffusive spin transport. Contrary to that,

a transient quenching of the Fe magnetization is observed for parallel as well as for an-

tiparallel alignment. First, this implies a saturation of the SST, because the linear scaling

with the pump fluence vanishes. Second, this is an evidence for the competition between

SST and local demagnetization processes like electron-phonon or electron-magnon spin-

flip scattering [200].

There are two different interpretations of transient, orientation-dependent increase or de-

crease of the Fe magnetization, which need to be addressed as well. First, one may argue,

that the laser pulse increases the exchange energy in Fe, which leads to enhanced fer-

romagnetic ordering and increase in the T-MOKE signal. Indeed, such an effect was

observed in semiconducting EuO [217] and GaMnAs [218]. In EuO, it was attributed to

photoinjection of the 4f electrons into 5d bands and a subsequent reorganization of the 4f

states. In GaMnAs, the authors proposed ferromagnetic ordering due to the p-d exchange

interaction between photoexcited holes and Mn spins. However, a transient, laser-induced

increase of the MOKE signal has never been observed in Fe films [94, 192]. Moreover, the

magnetization orientation dependence cannot be explained in this picture.

Second, one can ask, what happens, if the laser pulse modifies the antiferromagnetic inter-

layer exchange coupling (AF-IEC). Given, the AF-IEC is transiently quenched, as indeed

observed in experiments (Chapter 4.2.1), it would affect the measurements for the an-

tiparallel orientation, for which the correct range of the external magnetic fields has to

be chosen carefully. On the other hand, the measurements for parallel orientation, when

the magnetization of Fe and Ni is saturated in the external field, will not be affected.

For antiparallel orientation, a transient decrease of AF-IEC would change the amplitude
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4.2. Femtosecond Dynamics

and direction of the effective magnetic field Heff . Consequently, Fe and Ni magnetization

would perform a damped oscillation around the new Heff and, finally, align with it. The

described dynamics predicted by the Landau-Lifshitz-Gilbert equation takes place on the

pico- to nanosecond timescale. Hence, our experimental findings cannot be explained by

the laser-induced change of AF-IEC. The role of AF-IEC in our experiments is to prepare

a well-defined parallel or antiparallel orientation.

An other experimental result is the spin-dependence of the remagnetization time of Ni,

being faster for the antiparallel than for the parallel alignment (Fig. 4.29, Tab. 4.1). In

close analogy to the Giant Magneto-Resistance (GMR) effect, one possible explanation

would be, that in the antiparallel case, the Ni majority electrons, reaching the Fe layer,

undergo more scattering events than in the parallel case, forcing them to return back to

the Ni layer faster. Again, not only transport but also local spin-flip dynamics contribute

to the remagnetization. However, more theoretical investigations are required, which are

beyond the scope of this work.

Lastly, we compare superdiffusive spin transport (SST) in Fe/Ru/Ni layers with the effect

of spin-transfer torque (STT) [219], which was e.g. observed in lithografically patterned

Co/Cu/Co layers [220]. In STT devices, one ferromagnetic layer is used to spin-polarize

the applied current density, whereas the transversal component of the spin relative to the

magnetization of the second ferromagnetic layer is transferred to the magnetization of the

second ferromagnet. In our experiments, the optically generated spin current density mov-

ing from the Ni to the Fe layer is not accompanied by charge current. The magnetization

of Fe is enhanced for the parallel alignment due to transient filling of available spin major-

ity states above the Fermi energy in the Fe layer. Thus, the longitudinal component of the

spin is absorbed in Fe. From about 10% transient enhancement of the Fe magnetization

(Fig. 4.22) within few hundred femtoseconds and from the known beam diameter of the

pump laser beam and the thickness of the Fe layer, a spin flux in the order of 1032 spins

m−2 s−1 was estimated. In the case of completely spin-polarized charge current, the order

of magnitude of the spin flux, which is required to observe STT, can be estimated from

the threshold current density of 107 A m−2 to be 107 A m−2/e ≈ 6 · 1025 spins m−2 s−1,

where e denotes the elementary charge. Consequently, the spin current density observed

in our experiment is 6 order of magnitude larger than the spin current density, which is re-

quired for STT. Thus, in properly designed samples, SST can be possibly used to optically

reverse the magnetization. The enormous difference in the spin current density is due to

the timescale of SST of few hundred femtoseconds. Contrary to that, the magnetization

dynamics induced by STT evolves rather on the picosecond to nanosecond timescale [221].
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To summarize this chapter, in Si/SiO2/Ta(3 nm)/Fe(4 nm)/Ru(x)/Ni(5 nm)/Al(3 nm)

samples, x=1.0 and 1.5 nm, we found evidence for spin transport on the femtosecond

timescale, predominantly from the Ni to the Fe layer. Depending on the relative magneti-

zation alignment, the spin transport from Ni can either transiently decrease (antiparallel

alignment) or increase (parallel alignment) the Fe magnetization within a certain laser flu-

ence window. The experimental data can be very well reproduced by calculations from the

superdiffusive spin transport theory. For the highest fluence reached in the experiments,

no transient magnetization enhancement in Fe is observed. Nevertheless, the quenching

of the Fe magnetization is smaller for the parallel than for the antiparallel alignment.

In addition, we found the remagnetization time of Ni to be magnetization orientation-

dependent.
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In summary, we explored laser-induced, femtosecond spin dynamics in ferromagnetic lay-

ered structures. As a model system, we focused on interlayer exchange coupled Fe/Ru/Ni

layers. We conducted time- and layer-resolved, magneto-optical measurements at the 3p

absorption edges of Fe (54 eV) and Ni (67 eV) in the transversal magneto-optical Kerr

effect (T-MOKE) geometry. We probed the magnetization using sub-10 fs pulses of laser

high harmonics (15-72 eV) generated in Ne gas.

Initially, static, layer-selective and temperature-dependent magnetization reversal of the

Fe and Ni layers was traced and the interlayer exchange coupling energy J1 was derived for

antiferromagnetically coupled Fe and Ni layers from magnetometer measurements. In the

next step, we studied femtosecond dynamics of J1 in pump-probe experiments with 1.5 eV

optical pump and either 3.0 eV or high harmonics probe. In time-resolved measurements

of magnetic hysteresis, we observed, that J1 was transiently quenched on the femtosecond

timescale due to optical pumping by the femtosecond laser, following the demagnetization

of the Ni layer. To investigate the spin dynamics in more detail, we carried out time-

and layer-resolved measurements for parallel and antiparallel magnetization orientation of

the Fe and Ni layers and for various pump fluences. The central and surprising result of

our studies is, that the (bottom) Fe layer is transiently magnetized above its equilibrium

magnetization prior to laser excitation for parallel orientation and demagnetized for an-

tiparallel orientation for a certain pump fluence range. For the highest fluence reached

in the experiment, the Fe magnetization is quenched for both parallel and antiparallel

orientation, albeit, for antiparallel orientation, the quenching is higher. Regardless of the

relative orientation and pump fluence, the Ni layer is always demagnetized. The magne-

tization orientation-dependent spin dynamics in the Fe layer (magnetization for parallel,

demagnetization for antiparallel orientation) is interpreted as a consequence of superdif-

fusive spin transport (SST) from the Ni to the Fe layer and corroborated by calculations

based on SST, which agree well with experimental data within a certain fluence range.

Does a spin transport also occur from the Fe to the Ni layer if the position of the Fe and

Ni layers are exchanged in the layer stack? This question was recently addressed by E.
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Turgut et al. [200], who found magnetization orientation dependent spin dynamics in the

buried Ni layer, i.e. higher demagnetization for antiparallel than for the parallel align-

ment. In this case, no enhancement of the Ni magnetization for the parallel orientation

was observed.

Our work on the Fe/Ru/Ni layers provides evidence for laser-induced spin transport, but

what are the remaining challenges to completely understand laser-induced, femtosecond

spin dynamics in ferromagnets? First, a clear picture of the dynamics of the spin-orbit

coupling and exchange interaction under non-equilibrium conditions as well as the conse-

quences for the band structure is required. Transient changes of the band structure cannot

be excluded a priori. To study the dynamics of exchange interaction is essential for multi-

sublattice materials, e.g. NiFe or GdFeCo alloys. Second, in pump-probe experiments, the

occurrence of magneto-optical artifacts due to non-equilibrium electron distribution right

after the excitation has to be analyzed. Third, the relative importance and magnitude of

different proposed microscopic mechanisms, which involve spin-flips, such as spin-photon,

electron-electron, electron-phonon and electron-magnon interaction, needs to be critically

addressed (see Chapter 2.4). Possibly, in different materials different mechanisms become

more prominent than others.

Recently, some evidence for spin transport on the femtosecond timescale has been found

by different research groups in multilayer samples [40, 100, 197–201]. Up to now, extended

layers have been fabricated, where the spin transport occurs in all three spatial dimensions.

In the next step, the spin current can be confined in one direction in specially designed

nanostructures. Furthermore, the velocities and lifetimes of hot electrons between two

ferromagnetic layers can be tuned by the choice of the spacer layer. Metals like Au and

Cu with s states above the Fermi energy are expected to be good spin conductors, which

is not the case for the early 3d metals like Ti or V. The metallic spacer layer can be also

replaced by a thin insulator layer, e.g. MgO, to study spin tunneling effects.

Finally, the development of scientific instruments and techniques is expected to enable

new exciting results. Time- and element-resolved magnetic imaging on the femtosecond

timescale with nanometer lateral resolution is within reach due to the fast improvement

of free electron lasers and high harmonic light sources. The progress in the attosecond

physics will potentially enable studies of laser-induced spin dynamics on the attosecond

timescale. The journey has just begun.
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In this appendix, a selection of different physical effects related to manipulation of mag-

netization of ferro-, ferri- and antiferromagnets with femtosecond laser pulses and their

interpretation is given. The motivation is to provide an overview and collection of refer-

ences for interested readers. In spite of the diversity of physical effects and materials, we

made an attempt to order the table as far as possible (e.g. timescales of demagnetization,

magnetic phase transitions, transport effects).

Physical Effect Interpretation

subpicosecond demagnetization of metallic,

ferromagnetic films of Fe [94, 192], Co [74, 93],

Ni [39, 74, 222, 223], Ni80Fe20 [37, 175],

CoPt3 [211], etc.

Phenomenological view

Three-Temperature-Model [39]

Multiscale approach

combining Spin Density Functional Theory,

atomistic spin models, Landau-Lifshitz-Gilbert-,

Landau-Lifshitz-Bloch-Equations

and Two(Three)-Temperature-Model

[20, 58, 64, 67, 72, 73]

Microscopic view

interplay between the laser electric field

and spin-orbit-coupling [224],

coherent spin-photon coupling [82, 83],

electron-magnon interaction [94, 96],

transfer of the spin angular momentum

to the lattice in spin-flip electron-electron

and electron-phonon scattering [66, 74, 225, 226],

superdiffusive spin transport [41, 102]
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Time scale of demagnetization:

below 1 ps for 3d metals Fe, Co, Ni,

several ps to tenths of ps for 4f metals

Gd and Tb [227], hundreds of ps

for ferromagnetic half-metals [228]

and dielectrics [229, 230]

Microscopic Three-Temperature-Model

(Type I and II dynamics) [74, 226]

reduced spin-flip probability [228], lattice

heating and subsequent magnon excitation

via spin-lattice interaction [228, 229]

different dynamics of the Kerr rotation and

ellipticity for t < 500 fs in Cu/Ni/Cu

samples [80] and real and imaginary part of

∆εxy/εxy for t < 150 fs in CoPt3 films [211]

laser-induced state-blocking of optical

transitions [80] due to non-equilibrium

electron distribution [81]

partial loss of exchange splitting in Ni [193]

and Gd [65] films, immediate response

of the valence bands minority electrons

in Gd films to the laser excitation,

delayed response of the majority electrons [65]

energy transfer between hot electrons,

Stoner pairs, magnons and phonons [193]

spin-flips of the valence bands majority electrons

induce spin-flips of the 4f majority electrons

via exchange interaction, magnon emission [65]

THz emission from Ni and Fe films [231, 232]
magnetic dipole radiation due to ultrafast

demagnetization [231]

quenching of the orbital and spin angular

momentum Lz(t) and Sz(t) in a CoPd

alloy on the timescale of few hundreds fs,

Lz(t) quenches faster than Sz(t) [233]

transient change of the spin-orbit coupling,

which quenches the perpendicular magnetic

anisotropy [233]

transient increase of spin-orbit interaction

in Ni films [234]

accumulation of electrons in the regions of the

Brillouin zone with strong spin-orbit coupling

(hot spots) and subsequent spin-flips [234]

spin dynamics in Cu doped Ni80Fe20: initial

demagnetization of the Fe sublattice 76 fs

prior to the demagnetization of the Ni

sublattice [175]

laser-induced demagnetization of the Fe

sublattice, Ni sublattice is demagnetized

indirectly by exchange interaction after the

characteristic delay time [175]

laser-induced magnetization reversal

in ferrimagnetic GdFeCo within about 700 fs

in an external magnetic field [235]

subpicosecond timescale: laser-induced heating

above the angular momentum compensation

temperature TA, at TA, the spin precession

frequency and domain wall velocity are

highly accelerated [235]

optical magnetization reversal in ferrimagnetic

GdFeCo [236] and TbCo [237] films

with circulary polarized, fs and ps laser pulses

combined action of heating of the spin system

and Inverse Faraday effect [236]
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pump helicity-dependent excitation of spin

oscillations in antiferromagnetic, dielectric

DyFeO3 [238] and ferrimagnetic, metallic

GdFeCo [50]

generation of ultrashort magnetic field pulses

via Inverse Faraday effect

quenching of the exchange bias magnetic field

in ferromagnetic/antiferromagnetic NiFe/NiO [195]

and Co/IrMn [196] films on the fs timescale

loss of spin order in the antiferromagnet by

laser heating [195, 196]

transient enhancement of the magnetization

in EuO films within few ps [217]

and in GaMnAs films on the timescale of

several hundreds of ps [218],

highest, transient increase

of the magnetization close to the

Curie temperature of about 80 K [218]

spin polarization of the photoexcited 5d

electrons and enhancement of the 4f-5d

exchange interaction [217]

photoexcited holes enhance the Mn-Mn

exchange interaction [218]

optically induced spin precession

in (Ga,Mn)As films on PZT piezostressor

using circularly polarized light

with photon energies above the band gap

[239]

optical spin transfer torque [239]

Magnetic phase transitions:

ferromagnetic to paramagnetic phase

in CoPt3 [240]

antiferromagnetic to ferromagnetic phase

in Fe45Rh55 [241–244]

transient ferromagnetic state

in ferrimagnetic GdFeCo [68]

Spin reorientation:

TmFeO3 [245]

(Ga,Mn)As [246]

ultrafast heating above the Curie temperature

within the thermalization time of the electrons

to the Fermi-Dirac distribution [240]

non-equilibrium ferromagnetic state [241, 242]

lattice expansion [243, 244]

different dynamics of Gd and FeCo

sublattices [68]

sub-ps change of the anisotropy axis [245]
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Transport of charge and spin carriers:

spin dynamics in interlayer exchange coupled

[Co/Pt]n/X/[Co/Pt]n (X=Ru, NiO) layers:

magnetization orientation-dependent

demagnetization time for the Ru (faster for

antiparallel than for parallel alignment),

but not for the NiO interlayer,

stronger demagnetization for the antiparallel

state [197]

transient spin-polarization of the Au surface

in a Au/Fe/MgO(001) sample by excitation

of spin-polarized, hot carriers in the Fe

layer [100]

spin dynamics in interlayer exchange

coupled Ni/Ru/Fe layers:

enhancement of the Fe magnetization

(bottom layer) for parallel magnetization

alignment of the Ni and Fe layers,

quenching for the antiparallel alignment,

Ni demagnetizes in both cases [40]

magnetic small angle scattering on Co/Pt

multilayers: transient decrease

of the linear momentum transfer by 4%,

quenching of the magnetization [198]

distinct THz emission from Au/Fe and

Ru/Fe films [199]

spin dynamics in Ni/X/Fe

(X=Ru, Ta, W, Si3N4) layers:

for parallel magnetization alignment

of Ni and Fe layers, transient increase

(Ru interlayer) and decrease (Ta, W, Si3N4

interlayers) of the Fe magnetization [200]

transfer of spin angular momentum by spin

transport [197]

competition between diffusive and ballistic

spin transport [100]

superdiffusive spin transport [40]

softening of the domain wall boundaries

due to spin transport [198]

generation of spin current pulses in the Fe

layer, conversion into charge current

pulses by Inverse Spin Hall effect,

emission of THz radiation [199]

interplay between local processes

(spin-flip scattering) and non-local

spin transport [200]
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demagnetization of the buried Ni layer

in a Au(30 nm)/Ni(15 nm) structure

without a direct optical excitation

of the Ni layer [201]

hot electron and spin transport [201]

Table A.1.: Selection of different physical effects related to manipulation of magnetization of

ferro-, ferri- and antiferromagnets with femtosecond laser pulses and their interpretation.
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Schrauth, A. Gaeta, C. Hernández-Garćıa, L. Plaja, A. Becker, A. Jaron-Becker,

M. M. Murnane, and H. C. Kapteyn, “Bright Coherent Ultrahigh Harmonics in the

keV X-ray Regime from Mid-Infrared Femtosecond Lasers”, Science 336(6086),

1287 (2012). 2, 36, 39, 40

95



Bibliography

[32] T. Koide, T. Shidara, H. Fukutani, K. Yamaguchi, A. Fujimori, and S. Kimura,

“Strong magnetic circular dichroism at the M2,3 edges in ferromagnetic Ni and fer-

rimagnetic Fe3O4”, Phys. Rev. B 44, 4697 (1991). 3, 31, 32
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and J. A. C. Bland, “Energy Equilibration Processes of Electrons, Magnons, and

Phonons at the Femtosecond Time Scale”, Phys. Rev. Lett. 101, 237401 (2008). 18

[89] I. Radu, G. Woltersdorf, M. Kiessling, A. Melnikov, U. Bovensiepen, J.-U. Thiele,

and C. H. Back, “Laser-Induced Magnetization Dynamics of Lanthanide-Doped

Permalloy Thin Films”, Phys. Rev. Lett. 102, 117201 (2009). 18
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[191] B. Heller, Studies on magnetic multilayers and alloys employing the magneto-optical

Kerr-effect in the visible and XUV ranges, Master’s thesis, Forschungszentrum Jülich
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ray absorption spectroscopy of spin and orbital angular momentum in photoexcited

Ni films during ultrafast demagnetization”, Phys. Rev. B 81, 104425 (2010). 88

[235] C. D. Stanciu, A. Tsukamoto, A. V. Kimel, F. Hansteen, A. Kirilyuk, A. Itoh, and

T. Rasing, “Subpicosecond Magnetization Reversal across Ferrimagnetic Compen-

sation Points”, Phys. Rev. Lett. 99, 217204 (2007). 88

[236] C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Kirilyuk, A. Tsukamoto, A. Itoh, and

T. Rasing, “All-Optical Magnetic Recording with Circulary Polarized Light”, Phys.

Rev. Lett. 99, 047601 (2007). 88

[237] S. Alebrand, M. Gottwald, M. Hehn, D. Steil, M. Cinchetti, D. Lacour, E. E. Fuller-

ton, M. Aeschlimann, and S. Mangin, “Light-induced magnetization reversal of high-

anisotropy TbCo alloy films”, Applied Physics Letters 101(16), 162408 (2012). 88

[238] A. V. Kimel, A. Kirilyuk, P. A. Usachev, R. V. Pisarev, A. M. Balbashov, and

T. Rasing, “Ultrafast non-thermal control of magnetization by instantaneous pho-

tomagnetic pulses”, Nature 435(7042), 655 (2005). 89

[239] P. Nemec, E. Rozkotova, N. Tesarova, F. Trojanek, E. De Ranieri, K. Olejnik, J. Ze-

men, V. Novak, M. Cukr, P. Maly, and T. Jungwirth, “Experimental observation of

the optical spin transfer torque”, Nat Phys 8(5), 411 (2012). 89

115



Bibliography
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