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Abstract

This work investigates ultrafast magnetization dynamics driven by hot carrier (HC)
transport in metallic multilayer (ML) structures using femtosecond time-resolved linear
and nonlinear optical spectroscopy. The linear magneto-optical Kerr effect (MOKE)
and magneto-induced second harmonic (SH) generation (mSHG) have been utilized
to study optically induced spin dynamics in highly excited state of matter with 20-
femtosecond (fs) time resolution approaching the time scales of underlying elementary
processes in metals. The spin transfer from a ferromagnet to a noble metal or from one
ferromagnet to another one through a non-magnetic spacer by means of HC transport
is of particular interest in this thesis. Investigation of these effects is of great impor-
tance for understanding of ultrafast spin dynamics and has a potentially high impact
on future spintronic devices. Epitaxial Au/Fe/MgO(001) and Fe/Au/Fe/MgO(001)
structures have been used as basic model systems, where in the latter case one Fe layer
serves as a spin-emitter and another Fe layer serves as a spin-collector.

As a first step towards understanding of the spin transfer in metallic MLs, HC
transport has been investigated in simpler two-layer Au/Fe/MgO(001) structures. It
has been shown that pumping the Fe film through a transparent MgO substrate leads
to the generation of a spin current (SC) flowing from the ferromagnetic film into the
non-magnetic layer. This phenomenon is an analog of the spin Seebeck effect, but in
this case the SC is dominated by non-equilibrium (NEQ) HCs propagating in Au in a
quasi-ballistic regime. According to the first principle quantum transport calculation,
the emission of majority electrons from the Fe film into the Au layer is much more
efficient than the emission of other HCs, which provides a net flux of the positive SP
into the bulk of Au. Quantitative analysis of the MOKE signals, measured from the Fe
side of Au/Fe/MgO(001) structures with different Fe thicknesses, reveals a considerable
contribution of the HC transport to ultrafast demagnetization of the Fe film, followed
by a build-up of transient magnetization in the Au layer which also contributes to the
MOKE signal.

Finally, magnetization dynamics induced in a ferromagnet by the injection of the
spin-polarized HCs has been studied on three-layer Fe/Au/Fe/MgO(001) structures.
Owing to different coercitivities of the Fe films, the magnetizations in the spin-emitter
and the spin-collector can be aligned parallel, antiparallel or orthogonal to each other.
For the orthogonal alignment, it has been demonstrated that the optically-driven SC
pulse excites standing spin waves in the spin-collector via the spatially non-uniform
spin transfer torque (STT) mechanism. Realization of different mutual orientations
of the external magnetic field and the magnetizations in the spin-emitter and the
spin-collector makes it possible to disentangle STT from laser-induced heating of the
sample. Moreover, in the analysis of the mSHG response measured in different mag-
netic geometries it has been undoubtedly proven that the SC pulse gives rise to the SH
field originating in the bulk. All data are in a good agreement with the experimental
results obtained on two-layer structures and sustains the model of spin-polarized HC
transport.






Deutsche Kurzfassung

Diese Arbeit umfasst die Untersuchung der ultraschnellen Magnetisierungsdynamik
durch Transport heier Ladungtriager (HC) in metallischen Multilayer(ML)-Strukturen
anhand zeitaufgeloster linearer und nichtlinearer optischer Femtosekundenspektroskopie.
Der lineare magneto-optische Kerr-Effekt (MOKE) und die magnetisch induzierte
Erzeugung der zweiten Harmonischen (mSHG) wurden verwendet, um lichtinduzierte
Spindynamik in hoch angeregten Zustédnden der Materie mit 20 Femtosekunden (fs)
Zeitauflosung zu untersuchen, was den Zeitskalen zugrundeliegender Elementarprozesse
in Metallen entspricht. Der Spintransfer von einem Ferromagneten zu einem Edelmet-
all, oder von einem Ferromagneten zum anderen Ferromagneten mittels HC-Transport
durch eine nichtmagnetische Zwischenschicht hindurch ist von besonderem Interesse
in dieser Arbeit. Untersuchungen dieser Effekte sind von grofler Bedeutung fiir das
Verstandnis der ultraschnellen Spindynamik, und die gewonnenen Erkenntnisse haben
moglicherweise einen groflen Einfluss auf zukiinftige Spintronik-Gerate. Als Modell-
systeme wurden epitaktische Au/Fe/MgO(001) und Fe/Au/Fe/MgO(001) Strukturen
verwendet, wobei im letztgenannten Fall eine Fe-Schicht als Spinemitter und die andere
Fe-Schicht als Spinkollektor dient.

Als erster Schritt zum Verstandnis des Spin-Transfers in metallischen MLs, wurde
der HC Transport in einfachen Zweischicht-Au/Fe/MgO(001)-strukturen untersucht.
Es wurde gezeigt, dass die optische Anregung von Fe zur Erzeugung eines Spin-Stroms
fithrt, der von der ferromagnetischen Schicht in die nicht-magnetische Schicht flief3t.
Dieses Phénomen ist ein Analogon zum Spin-Seebeck-Effekt, wobei in diesem Fall
der Spin-Strom in Gold von nicht-gleichgewichts HCs dominiert wird, die sich im
quasi-ballistichen Regime bewegen. Die quantitative Analyse der MOKE Signalen,
die von der Fe-Seite der Au/Fe/MgO(001)-Strukturen mit unterschiedlichen Fe-Dicken
gemessen wurden, zeigt den bemerkbaren Beitrag des HC-Transports zur ultraschnellen
Entmagnetisierung des Fe-Films, gefolgt von einer voriibergehenden Magnetisierung
der Au-Schicht, die zusétzlich zum MOKE Signal beitragt.

Abschlieend wurde Magnetisierungsdynamik, die in einem Ferromagneten mittels
der Injektion von spinpolarisierten HCs induziert wird, an Dreischicht-
Fe/Au/Fe/MgO(001)-strukturen untersucht. Aufgrund unterschiedlicher Koerzitiv-
krafte in den Fe-Filmen konnen die Magnetisierungen im Spinemitter und im Spinkollek-
tor parallel, antiparallel oder orthogonal zueinander ausgerichtet werden. In der or-
thogonalen Ausrichtung zeigt es sich, dass der optisch erzeugte Spinstrompuls stehende
Spinwellen im Spinkollektor erzeugt, die durch das raumlich inhomogen Spin-Transfer-
Drehmoment (STT) induziert werden. Die Realisierung verschiedener gegenseitigen
Orientierungen der aufleren Magnetfeldes und der Magnetisierungen im Spin-emitter
und im Spin-kollektor ermoglicht es, das Signal des STT unabhangig vom Signal der
laserinduzierter Erwarmung der Probe zu messen. Auflerdem in der Analyse der
mSHG-Antwort, die in verschiedenen magnetischen Geometrien gemessen wurde, kann
es deutlich bewiesen werden, dass der Spinstrompuls resultiert im SH-Feld, das im
Volum erzeugt wird. Alle Daten zeigen eine gute Ubereinstimmung mit den erhalte-
nen Versuchsergebnissen der Zweischichtstrukturen und untermauern somit das Modell
des spinpolarisierten HC-Transports.
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Chapter 1

Introduction and Motivation

1.1 Why study ultrafast spin dynamics

Since the invention of the integrated circuit in 1958 by Jack S. Kilby [I], 2] electronic
device fabrication has come a long way from a feature size of the circuit elements
above 10 microns to about few tens of nanometers in the most modern prototypes.
In August 2014 Intel announced details of the 14-nm technology [3]. During the last
ten years development of material processing and significant increase of the number
of transistors per chip made it possible to sustain 60% annual growth of the general-
purpose computing capacity [4]. However, the smaller the device gets, the harder it
becomes to combine high performance, stability and power efficiency. The data storage
is one of the variety of information technologies which have to deal with this problem.

Fast growth and development of cloud services, social networks, data bases and
computational facilities have changed priorities of the companies specialized in the
production of storage devices. Because of large power costs, huge amount of tran-
sient data and demand for higher performance and instant access, for such applica-
tions non-volatility, high reliability and low latency become the most important fac-
tors. Nowadays there are three most perspective low latency memories: Phase Change
Memory (PCM or PRAM), Magnetoresistive Random-Access Memory (MRAM) and
Spin-Transfer-Torque Magnetic Random Access Memory (STT-MRAM). In Table
general characteristics of these three storage devices are shown in comparison with
other memory technologies: static RAM (SRAM), dynamic RAM (DRAM), flash
memory (NAND), ferroelectric RAM (FeRAM). PRAM is a very strong candidate
to replace flash memory due to high density and low cost per bit. However, lim-
ited endurance and long write/erase time make it unsuitable as a universal memory.
MRAM devices are fast and non-volatile, but they use Oersted field to switch bits
from one state to another. It works well for large bit sizes, but when the bit size gets
smaller, larger magnetic fields and consequently larger currents are required to switch
magnetization in one bit, resulting in higher power consumption.
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Flash STT-
SRAM | DRAM (NAND) FeRAM | MRAM | PRAM MRAM
Non-volatile No No Yes Yes Yes Yes Yes
Cell size (F?) | 50-120 6-10 5 15-34 16-40 6-12 6-20
Read time (ns) | 1-100 30 50 20-80 3-20 20-50 2-20
Write/Erase 1y 100 5050 | L ™/01 5050 | 320 50/120 | 2-20
time (ns) ms
Endurance 1016 1016 10° 1012 > 10" | 10" > 10%
. Very .

Write power Low Low high Low High Low Low
Other power Current | Refresh None None None None None
consumption leakage | current
High voltage | 2V 1620V |23V |3V 153V | 015V
required

Table 1.1: Comparison of different types of storage devices [5]. See description
in the text. Cell size is given in units of F?, where F' usually represents the metal
line width ~ 3 — 4 nm.

Point contact device Nanopillar device

I Cu
<— free layer—> N

< fixed tayer—> [

VR'TN |

C Cu
( ) = S
~10 nm ~100 nm

A N

Figure 1.1: Example of STT-MRAM devices: a point contact and nanopillar devices
which consist of two ferromagnetic layers, separated by non-magnetic Cu spacer. Green
arrows depict magnetizations of the fixed and free ferromagnetic layers. Long red arrow
depicts the direction of the current flowing through the ML structure, assuming that
it corresponds to the motion of the positive charge. Small red arrows depict SP of the
electrons. Initially the electrons in the bottom Cu layer have disordered spin, but when
they propagate through the fixed ferromagnetic layer, their spins are aligned parallel
to its magnetization. Then the spin-polarized electrons reach the free ferromagnetic
layer, where their spins become aligned parallel to its magnetization. On the other
hand, due to the conservation of the angular momentum the magnetization of the free
ferromagnetic layer tilts towards the magnetization of the fixed ferromagnetic layer
and starts to precess afterwards. This figure is redrawn after [10].
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STT-MRAM is the next development of the MRAM technology, which uses spin-
polarized currents instead of magnetic fields. STT-MRAM device is based on a ML
structure, which consists of two ferromagnetic layers with fixed and free magnetization,
separated by a non-magnetic spacer (see Figure . Upon applying electric current
through the structure, the fixed ferromagnetic layer serves as a spin filter and gener-
ates spin-polarized electric current: magnetic moments of electrons passing through the
fixed ferromagnetic layer become aligned parallel to its magnetization. In 1996 Slon-
czewski [6] and Berger [7] predicted theoretically that current of spin-polarized elec-
trons can transfer its angular momentum to the free ferromagnetic layer and thereby
exert a torque on its magnetization. It is a STT (the STT mechanism will be discussed
in Chapter [2|) which drives precession of the magnetization of the free ferromagnetic
layer and eventually can switch it parallel or antiparallel to the magnetization of the
fixed ferromagnetic layer, depending on the direction of the electrical current. In 1999
Myers employed a sample geometry suggested by Slonczewski [§] to observe the STT-
driven magnetization reversal in a stack of two Co layers, separated by a Cu spacer [9].
Typical current densities to induce magnetization reversal are 10°—10°A/cm? in point-
contact devices and < 107A/cm? in nanopillar devices [10]. In a few years after the
first observations of the current-induced magnetization reversal, time-domain experi-
ments [ITHI3] including scanning transmission x-ray microscopy [14} [15] were employed
to study spin transfer switching driven by electrical current pulses of several hundreds
of picoseconds (ps). Recently even laser-induced transfer of spin angular momentum
has been demonstrated in MLs [I6 17]. Schellekens et al. reported that optically
induced SC pulse can tilt the magnetization of a thin ferromagnetic film and launch its
precessional motion [17]. However, magnetization dynamics observed in [17] is limited
by the zero standing spin wave mode corresponding to the homogeneous precession of
the magnetization ky = 0, and it was not possible to disentangle the magnetization
dynamics induced by laser heating and the HC spin current pulse directly from the
experimental results, which made the analysis more complicated. In 2002 Kampen et
al. demonstrated two lowest standing spin modes (ko = 0 and k; = 7/d, where d is the
film thickness) excited in a permalloy film by a non-homogeneous laser heating [18].
In general, due to stronger localization in space and time, the laser-induced SC pulse
is expected to excite higher standing spin wave modes than the laser heating. One of
the possible reasons for the absence of the first standing spin wave mode in the exper-
iments performed by Schellekens et al. [I7] is that the thicknesses of the ferromagentic
films were too small and comparable to the inelastic mean free path of the majority
electrons (~ 5 nm [19]).

All theoretical and experimental studies of the STT and STT-induced magneti-
zation dynamics emphasize the role of the spin- and energy-dependent reflection and
transmission of the interface between a non-magnet and a ferromagnet [20, 21]. For
this reason, the character of the SC (ballistic or diffusive) flowing from one ferromagnet
to another is also important, especially for epitaxial MLs with a well-defined energy
band structure. Regarding laser-induced SC pulses and SC-induced magnetization
dynamics, the present work was motivated by the following questions:

e Which scattering processes are relevant for the transport of spin-polarized HCs?
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e What kind of spin dynamics can be induced in the ferromagnetic film by the
injection of spin-polarized HCs?

e What are the mechanisms governing this spin dynamics?

e How important is the ballistic character of the HC transport?

In addition to already mentioned SC-induced spin dynamics, laser-induced trans-
port of spin-polarized HCs is of particular interest as a candidate for the origin of
ultrafast laser-induced demagnetization [22H24]. One of the main break-through in
this field of the magnetization dynamics is the discovery of subpicosecond demagneti-
zation of a thin Ni film in 1996 [25]. These experiments performed by Beaurepaire et
al. started a new quest which is troubling scientists even today:

e What is the origin of ultrafast laser-induced demagnetization?

Since then ultrafast laser-induced magnetization dynamics has been observed in a
huge variety of magnetic systems, but mechanisms of underlying processes are not
well-understood yet. Complexity of different theoretical models and interpretation of
the experimental results is related to the fact that a femtosecond laser pulse brings
the system in a highly excited state, where magnetic phenomena can not be described
in terms of thermodynamics and conventional approximations applied for systems in
equilibrium [26]. Besides that, depending on a studied system, several mechanisms
may compete with each other. In order to disentangle their influence on the observed
magnetization dynamics, further systematic studies are required.

The present thesis addresses all mentioned fundamental challenges with the inves-
tigation of the optically induced HC transport in epitaxial metallic MLs. Epitaxially
grown sample ensures well-defined structure of the films and the interfaces between
them, which simplifies modelling and comparison of the experimental results with ab-
initio calculations. The next section gives an overview of the experimental approach.

1.2 Experimental approach

Experimental approach presented here is based on the idea used in STT-MRAM de-
vices, but instead of applying electric current, spin transfer is induced by optically
excited HC transport. Basic ML structure is a Fe/Au/Fe structure grown epitax-
ially on a MgO(001) substrate (see Figure [1.2). Due to the exchange-split energy
band structure of a ferromagnet, HCs with different SPs, excited in the first Fe layer
(spin-emitter) by the pump laser pulse, have different binding energies, velocities and
lifetimes. After the excitation HCs propagate through the non-magnetic Au spacer
into the second Fe layer (spin-collector), where they induce variations of the magneti-
zation, which were probed using linear and nonlinear optical spectroscopy. Typical Au
thickness is several tens of nanometers. It ensures decoupling of the two Fe layers and
suppresses direct interaction of the pump laser pulse with the spin-collector, which is a
distinct advantage in comparison with the experiments performed by Schellekens [17],
where total thickness of the samples was about 10 nm.

4
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MgO(001) Fe

Figure 1.2: Experimental geometry. Optical pumping of the first ferromagnetic layer
(spin-emitter) leads to the excitation of majority (non-transparent green balls) and
minority (non-transparent red balls) electrons to the states with different binding en-
ergies due to the exchange-split d-bands of Fe. Majority electrons and minority holes
(transparent red balls) carry positive SP with respect to the magnetization Mg of the
spin-emitter, while minority electrons and majority holes (transparent green balls) are
responsible for the transport of the negative SP. After the excitation spin-polarized
HCs are injected into the non-magnetic Au spacer, where they form spin current pulse.
Upon the arrival to the interface between the Au spacer and the second ferromagnetic
layer (spin-collector), spin-polarized HCs induces variations of the magnetization Me¢,
monitored by the transient MOKE and mSHG signals.

In order to distinguish the role of the HC transport in ultrafast demagnetiza-
tion, first experiments were performed on a 8-nm polycrystalline Fe film grown on
a MgO(001) substrate and capped with 3 nm of MgO (see Figure [1.3|a)). For such
system laser absorption profile is more or less homogeneous, leading to a uniform HC
distribution which in turn ensures the absence of the HC transport. It makes possible
to disentangle contributions of the state-filling effects and the magnetization dynamics
to the measured signals.

As the next step, the MgO cap layer was replaced with Au which serves as a sink of
the spin-polarized HCs excited in Fe (see Figure|1.3(b)). In this case epitaxial growth
of the two-layer Fe/Au structures increases the efficiency of the spin injection from the
Fe film into the Au layer and ensures well-defined structure which simplifies modelling
of the ballistic HC transport, based on the results of the ab-initio calculations. Using a
self-consistent 4x4 matrix method developed in [27) 28] together with the knowledge of
the spatial HC distributions, one can simulate changes of the magneto-optical response
occurring upon laser excitation of the Fe film. Dependence of the transient MOKE
and mSHG signals on the Fe thickness dp. (samples were probed through the MgO
substrate) and comparison with the results obtained on the polycrystalline thin Fe

5
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film revealed considerable role of the HC transport in ultrafast demagnetization and
allowed us to estimate its efficiency. It has been concluded that the emission of the
majority electrons is much more efficient than the emission of other HCs. This result
is in a good agreement with ab-initio calculations of the inelastic mean free path AZ¢
in Fe and the transmission THC, , = of the Fe/Au interface.

After the injection from the Fe film, spin-polarized HCs continue to propagate fur-
ther into the bulk of the Au layer. Pumping the Fe film and probing the Au side of the
Au/Fe/MgO(001) structures with different Au thicknesses, it can be observed that the
laser-induced SC pulse is formed predominantly by the majority electrons propagating
in Au in a quasi-ballistic regime. In the static regime the mSHG can be considered as
a purely surface/interface-sensitive technique. After the optical excitation of Fe, trans-
port of the spin-polarized HCs may give rise to HC-current- and SC-induced SH fields
originating in the bulk of the Fe and Au films. Nevertheless, analysis of the mSHG
data allows us to monitor arrival of the spin-polarized HCs at the Au surface, thereby
realizing a time-of-flight-like experiment (see Figure [1.3|(b)). The Fe thickness dp. also
plays a very important role for the HC transport in Au: the ratio between the light
penetration depth, the inelastic mean free path, and the Fe thickness dg. determines
the ratio between the optically excited HCs, injected into the Au layer in the ballistic
regime, and the secondary HCs.

According to the initial idea of this work presented in Figure the final stage
of the spin-polarized HCs transport is a HC propagation through the Au/Fe interface
into the second Fe layer. Typical Au thickness d 4, is several tens of nanometers and
the influence of the spin-collector on the HC excitation and the HC emission from the
spin-emitter into the Au spacer can be neglected, therefore the experimental results
obtained on the two-layer Au/Fe/MgO(001) structures can be applied for the analysis
of the magnetization dynamics induced in the spin-collector by the spin-polarized HCs.
In order to monitor incoherent magnetization dynamics in the linear and non-linear
optical responses, when the SC pulse leads only to the absolute changes of Mc, one has
to realize 8 different mutual orientations of My and Me: two parallel and two anti-
parallel magnetic configurations, when both magnetizations in the spin-emitter and
spin-collector are either perpendicular to the plane of incidence — transversal magneto-
optical geometry, or parallel to the plane of incidence and the film surface — longitudinal
magneto-optical geometry (see Figure [[.4(a)) . In all these magnetic configurations
HCs emitted from the first Fe layer are either majority or minority with respect to ]\710,
and their transport leads to the change of the relative concentration of the majority and
minority electrons in the second Fe layer, which is referred in this work as incoherent
dynamics. In the previous section it was discussed that the transport of the spin-
polarized HCs can lead to the STT effects, which is referred as coherent dynamics. In
order to maximize the STT effects, the magnetizations Mp and M¢ should be aligned
perpendicular to each other (see Figure[1.4[(b)). In this case there are also 8 orthogonal
magnetic configurations.
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probe

MOKE

MgO, 3nm

mSHG

Figure 1.3: Experimental geometries to study (a) ultrafast demagnetization of a 8-
nm polycrystalline Fe film in the absence of HC transport, and (b) injection of spin
polarized HCs from the Fe film into the Au layer of the epitaxial Au/Fe/MgO(001)
structure. In both cases samples were pumped through the MgO substrate. However,
Au/Fe/MgO(001) samples were probed either from the back side side to observe HC
emission from the Fe film or from the front side to monitor HC transport in Au

(b)

Au

HC current

q

Au

HC current

Spin current

Spin current

Figure 1.4: Experimental geometries to study spin dynamics induced in the Fe film
by the injection of spin-polarized HCs. Optical pumping of the first Fe layer (spin-
emitter) leads to emission of spin-polarized HCs into the Au layer, where they form SC
pulse, propagating towards the second Fe layer (spin-collector). When M is parallel or
antiparallel to M (a), the STT is negligibly small and one can observe only absolute
variations of Mc (incoherent dynamics), while for the orthogonal alignment of My
and Mc (b), the STT can induce standing spin waves in the spin-collector (coherent
dynamics).
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1.3 Scope of this thesis

After general introduction, magnetism and magnetization dynamics in metals and
metallic MLs will be discussed in Chapter [2] It starts with properties of the itinerant
3d ferromagnets (Fe, Co, Ni): the origin of ferromagnetism, itinerant behavior and
electron density of states. Then processes occurring in metals and metallic MLs upon
laser excitation are considered together with experimental works devoted to laser-
induced ultrafast HC and magnetization dynamics. In this overview characteristic time
constants obtained with different experimental techniques for Fe, Co and Ni, and their
dependence on experimental conditions are discussed together with microscopic and
phenomenological models describing the observations. Special attention is devoted to
superdiffusive spin transport. The last section of Chapter [2|is devoted to precessional
magnetization dynamics and stimuli which can induce it.

In Chapter |3, magneto-optical pump-probe techniques for investigation of ultra-
fast non-local spin dynamics are introduced. The MOKE and the mSHG are discussed
in terms of phenomenological description and microscopic formalism. In the last sec-
tion of Chapter (3| these two techniques are considered as a tool to probe HC and
spin dynamics. In spite of apparent simplicity there are some challenges in correct
interpretation of the experimental data, related to the appearance of so-called ’optical
artefacts’, contributions from different parts of the ML structure to the linear and
non-linear magneto-optical signal.

Pump-probe experimental setup and details concerning samples and data analy-
sis are presented in Chapter [l It starts with a brief description of the Coherent
Mantis Laser system with cavity dumper as a source of 14-fs laser pulses with central
wavelength 820 nm. Then it proceeds with a description of the experimental setup
and studied samples. Some special features of the experiments using ultrashort laser
pulses are discussed. Further I provide experimental details for the MOKE and mSHG
measurements: MOKE detectors with balanced photodiodes, different magneto-optical
geometries.

Chapter |5| presents experimental results obtained on a 8-nm polycrystalline Fe
film. Owing to homogeneous laser absorption profile and nonconducting MgO substrate
and cap layer, the HC spatial distribution is uniform, which allows us to neglect the
HC transport. In this case it is possible to evaluate real transient magnetization and
disentangle its contribution to the MOKE rotation and ellipticity signals from the
variation of the magneto-optical constants. Observed demagnetization of the Fe film
occurs on the time scale of approximately 200 fs only due to the spin-flip processes.
This time appeared to be close to the characteristic time of the electron thermalization,
meaning that ultrafast demagnetization is mostly dominated by the NEQ HCs.

Results presented in Chapter [5/have been used for the analysis of the HC injection
from the Fe film into Au, discussed in Chapterf6] Pump-probe experiments have been
performed on the Au/Fe/MgO(001) structures probing and pumping the Fe side of
the samples. Static MOKE data are in a good agreement with theoretical calculations
according to the method described in Chapter [3] Simple model of the ballistic HC
transport has been developed to estimate demagnetization of the Fe film and evaluate
the magneto-optical constant of Au. Analysis of the transient MOKE signals reveals
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considerable role of the HC transport in the ultrafast demagnetization of the Fe film.

In Chapten7]it is demonstrated that the HC injection from the Fe film into the Au
layer results in the SC pulse with a steep leading part, formed by the optically excited
HCs, leaving the ferromagnetic film in the ballistic regime, and a shallow trailing part,
formed by the secondary HCs. Analyzing the MOKE and mSHG data, it can be seen
that the HC transport in Au has a quasi-ballistic character. Besides that, comparison
of the mSHG response measured in the transversal (p-in/p-out) and longitudinal (p-
in/45° — out) magneto-optical geometries has brought us to the conclusion that the
SC pulse gives rise to the SH field originating in the bulk of Au. At the same time in
the static regime the mSHG can be considered as a purely surface/interface sensitive
technique.

Chapter8|is devoted to spin dynamics induced in the Fe film by the HC injection.
At the beginning of Chapten8] it is demonstrated that if two Fe films in a three-layer
Fe/Au/Fe structure have different coercitivities, their magnetizations can be aligned
parallel, antiparallel or orthogonal to each other. Using the MOKE and the mSHG,
it is possible to identify the directions of the static magnetizations Mp in the spin-
emitter and M in the spin-collector. Because of a larger variety of the magnetic
configurations in comparison with two-layer Au/Fe/MgO(001) structures, the mSHG
data obtained on three-layer Fe/Au/Fe structures provide an undoubtful evidence of
the appearance of the SC-induced SH field. At the same time, the MOKE is exclusively
sensitive to the magnetization. Depending on the initial orientation of Mp and MC, the
injection of the laser-induced SC pulse into the spin-collector can lead to the absolute
changes of M¢ (incoherent dynamics) or even drive its precessional motion (coherent
dynamics). These results illuminate the role of spin-dependent HC scattering at the
Fe/Au interface.






Chapter 2

Magnetism and magnetization
dynamics in metals

The field of magnetization dynamics includes a large variety of processes occurring
on different spatial and time scales [29]: from few angstroms to microns, from fem-
toseconds to picoseconds (see Figure . This chapter introduces the fundamental
concepts for magnetic interactions and magnetization dynamics in metals, providing
an overview of theoretical and experimental works.

In the first section the main attention is focused on itinerant ferromagnetism of
3d metals iron (Fe), cobalt (Co) and nickel (Ni). These materials have been under
investigation for years, but there is still no basic model which describes all magnetic
phenomena. Mostly this problem is related to the fact that such model should include
both collective and local aspects of the interactions in the electronic subsystem and
between the electronic and lattice subsystems.

Then an overview of laser-induced dynamics in metals and metallic MLs will be
given in the second section. In particular, possible mechanisms of ultrafast demagneti-
zation of ferromagnetic films are considered. Typical time scales reported in literature
vary from several tens of femtoseconds to few picoseconds. In this case electronic,
lattice and spin subsystems are far from equilibrium, and contributions of different
processes to the HC and magnetization dynamics can depend on the excitation condi-
tions and vary with time.

Electron transport through an interface between a ferromagnet and a non-magnetic
metal may lead to spin wave emission [7]. For this reason, the final section is devoted
to precessional magnetization dynamics and mechanisms which can induce such dy-
namics. Particular interest is related to the excitation of the standing spin waves in
ferromagnetic films by injection of spin-polarized HCs.

2.1 Itinerant ferromagnetism of 3d metals
The 3d metals Fe, Co, and Ni are known to be ferromagnets because of spontaneous
magnetization in the absense of the external magnetic field and large magnetic suscep-

tibility x s which characterizes the ratio of magnetization M to the external magnetic

11
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Figure 2.1: Time and length scales in magnetism. Above the axis there is an overview
of magnetic phenomena occuring on different spatial scales. Below the axis there is
an overview of typical time scales in magnetization dynamics. The data about typical
time and length scales were taken from [29)].

field H. Magnetic properties of these elements are mostly defined by 3d electrons.

2.1.1 Magnetization and magnetic interactions

State of each electron in a single atom is characterized by four quantum numbers:
principal quantum number n, orbital quantum number [, magnetic quantum number
my and spin quantum number m; [30]. Electrons with the same principal quantum
number n form an electronic shell. The lowest energy state corresponds to n = 1. For
a given value of the principal quantum number n, the orbital quantum number [ has n
possible values ranging from 0 to (n—1) and gives the magnitude of the orbital angular
momentum |I| = \/R2I(I+ 1), where i &~ 6.582 - 1076 eV - s is the reduced Planck
constant. Electrons with the same principal quantum number n and orbital quantum
number [ form a subshell. Subshells with orbital quantum numbers [ = 0,1,2,3,4
are usually called s, p, d and f subshells, respectively. Magnetic quantum number
m; describes an orbital within a subshell and gives projection of the orbital angular
momentum [ on a specified direction

12



2.1. ITINERANT FERROMAGNETISM OF 3D METALS

Possible values of m; range from —[ to [ with integer steps between them. Each electron
in atom has a magnetic moment [°"* associated with its orbital motion around the
nucleus. Projection of this magnetic moment on a specified direction is determined by

magnetic quantum number m;

pet = —EEE (2.2)
where pp = QSZC =0.9274-10"2°Erg - G~! is the Bohr magneton, e is the elementary
charge, m, is the electron mass, and c is the speed of light. In addition to the orbital
angular momentum, each electron has an intrinsic angular momentum or spin §. Spin
quantum number my gives a projection of spin on a specified direction, which can be
either /2 or —h/2. Electrons are fermions and obey the Pauli exclusion principle
formulated by Pauli in 1925. It forbids two identical fermions to occupy the same
quantum state simultaneously. Thus electrons with the same values of n, [ and m;
should have opposite spins, which means that only two electrons can sit on the same
atomic orbital. Electron spin § is associated with spin magnetic moment °, and m;

gives a projection of fi* on a specified direction

s KBTS
H= =g (23)

where g, ~ 2 is the spin g-factor. Protons and neutrons in the atomic nucleus also have
magnetic moments, but they are about 1000 times smaller than that of an electron
and can be neglected in our consideration.

In the ground state of single Fe, Co and Ni atoms the first (n = 1) and second
(n = 2) shells are completely filled as well as the 3s, 3p and 4s subshells E], therefore
their resultant orbital L = le: and spin S = >, §; angular momenta are equal to
zero. Occupation of the different orbitals in the 3d subshell follows the empirical rules
suggested by Hund in 1925. According to the first and second Hund’s rules, electronic
configuration with the lowest energy has maximum resultant spin S and orbital L
angular momenta. The third Hund’s rule is about spin-orbit interaction which couples
spin S and orbital L angular momenta to a total angular momenta J=L+8 , where
|IL -S| < J < L+ S. Spin-orbit interaction is a pure relativistic effect. In the rest
frame of the nucleus a given electron moves in the Coulomb electric field E , but in the

rest frame of the electron there is a magnetic field H ~ [U X E] /c interacting with

the spin magnetic moment z*. In the self-consistent field approximation Hamiltonian
operator of the spin-orbit interaction Hgy, is

Hsp = A\o(S - L), (2.4)

where 5’, L are the operators of the resultant spin and orbital momenta, A, is a
constant depending on S and L, but not on the total angular momentum J. The
constant A, can be either positive or negative. In the ground state of a single atom
with one incompletely filled shell, J = |L — S| (A, > 0) if this shell contains not
more than half the greatest possible number of electrons for that shell or J=L+§5

!The 3d subshell has higher energy than the 4s subshell due to the centrifugal potential h2I(l +
1)/(2mer?), where 7 is the distance between the electron and the nucleus.

13
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Element | Ground state | Term | myq [up] | m20 [us]
Fe(bcc) 3d%4s? °D, 2.216 0.0918
Co(hcp) 3d"4s? ‘Fy;p | 1.715 0.1472
Ni(fec) 3152 ’F, | 0.616 | 0.0507

Table 2.1: Electronic configurations, terms of the ground state of single Fe, Co and
Ni atoms, experimental values of the total m,, and orbital m2” magnetic moments
normalized to the number of atoms per a unit volume in the solid state of Fe, Co and
Ni. Values for my, and m2?% were obtained from saturation magnetization and the
combination of the Einstein-de Haas magnetomechanical and ferromagnetic resonance

data [31].

(Aso < 0) if the shell is more than half-full [30]. Electronic states of multielectron atoms
are usually called terms or multiplets and denoted as ?*Y[L ;. Terms and electronic
configurations corresponding to the ground states of single Fe, Co and Ni atoms are
shown in the table

Projection of the total magnetic moment ji’ of a single atom on a specified direction
is

pl = gJ%BmJ, (2.5)

where m ; is a projection of the total angular momentum J, and g; is the Lande g-factor
. JJ+1)+S(S+1)—L(L+1)
2J(J+1) ’

gs=1 (2.6)
The magnetization M of a solid can be introduced as the number of magnetic
dipole moments per a unit volume. If all magnetic moments are aligned parallel by
the external magnetic field, the magnetization M can be expressed as
N
M=m T (2.7)
where m is the magnetic moment of a single atom, N is the number of atoms, V is
the volume of the magnetic material. The 3d electrons are localized and conserve their
atomic properties in the solid state [29], but atomic model which works for lanthanides,
where 4f electrons are strongly localized around ion cores, gives wrong estimation for
magnetization M in 3d ferromagnets. According to the equations , ,
and orbital, spin and total magnetic moments of single atoms are multiples of
the Bohr magneton pp. Experimental values of the total magnetic moments my,,
normalized to the number of atoms per a unit volume in Fe, Co and Ni are not multiples
of the Bohr magneton up (see Table . Furthermore, interaction with strong crystal
field leads to the quenching of the electron orbits and, consequently, small values of
the orbital magnetic moment m2??. It means that the spin magnetic moments of the
electrons give main contribution to the magnetization M.
Broken Bohr magneton numbers in the ferromagnetic metals are related to the
itinerant behavior of the d-electrons, meaning that they are not strictly localized.
Figure shows 3d and 4s wavefunctions of Ni in the solid state. Overlap of the

14
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Figure 2.2: (a) The amplitude of the 3d,.- and 4s-wavefunctions [32] and a unit cell of
the fce-Ni. The half-distances to the first, second and third nearest neighbors (r;-red,
ro-green and r3-blue) are shown for comparison. The plot was redrawn after [33]. (b)
Magnetocrystalline anisotropy and a unit cell of the bee-Fe. The dependences of the
magnetization M on the external magnetic field H are shown for three crystallographic
directions: [100] (easy axis), [110] (intermediate axis), [111] (hard axis). This figure
was redrawn after [34].

3d wavefunctions of the neighboring atoms provides direct exchange interaction be-
tween the electron spins, which causes spontaneous long-range parallel alignment of
the magnetic moments. The exchange interaction has a quantum mechanical origin
and arises from the Coulomb interaction between electrons and the Pauli exclusion
principle mentioned before. It is the strongest magnetic interaction (~1 eV). Also one
of the main feature of this interaction is that it acts only on the electron spins, not on
the electron orbital magnetic moments. Hamiltonian of the exchange interaction for a
many-electron system can be written in the Heisenberg form

N N

Yy z : er — — z exr = —

HBZC"L - — Jl] * S S] - _2 J’Lj S 8]’ (2.8)
i2] i<

where J7 is the exchange integral

2
5 = [ [otrum =it e 2.9)

¥i(r), ¥;(r) are the electronic wavefunctions. Thus for J7¥ is positive for ferromagnetic
coupling, and negative for antiferromagnetic coupling.

Energy of the spin-orbit interaction (10-100 meV) is much smaller than the exchange
interaction in 3d transition metalsﬂ In spite of that the spin-orbit interaction plays

2Considering hydrogen-like atom with nucleus charge Ze, energy of the spin-orbit interaction grows
as Z*, but for multielectron atom it grows as Z?2 [30]. Since for Fe Z = 26 and for Au Z = 79, the
spin-orbit interaction in Au is over nine times larger than in Fe.
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very important role. It couples the spin system to the lattice, allowing energy and an-
gular momentum exchange and inducing magnetocrystalline anisotropy. Strong crystal
field sets the direction of the orbital angular momentum L along the lattice vectors
of translational symmetry. Then the orbital angular momentum L determines pref-
erential direction of the spin angular momentum g, corresponding to the minimum
of the energy of the spin-orbit interaction (2.4)). Figure 2.2(b) shows dependences of
the magnetization M on the external magnetic field H. Interaction of the magnetic
moments i with the external magnetic field H is called the Zeeman interaction and
its energy is given by

EZeeman = - (/j : ﬁ) . (210)

In order to align all magnetic moments in a solid parallel to the external magnetic field
H , energy of the Zeeman interaction should compensate the energy of the spin-orbit
interaction (2.4). Thus if H,qy is parallel to the [100] direction (easy axis), the energy
of the spin-orbit interaction is minimal and saturation of the magnetization can be
achieved for small magnetic fields. If H.,, is not parallel to the [100] direction, for small
magnetic fields all magnetic moments have positive projection on the direction of Heop
and become parallel to one of the easy axes. Then an increase of the external magnetic
field makes magnetic moments parallel to H: red and green curves in Figure (b)
corresponding to the [111] (hard axis) and [110] (intermediate axis), respectively. In
the case of cubic crystals energy of the magnetocrystalline anisotropy can be expressed
as

E,=K; (0082 ay cos? ay + cos? ay cos? ag + cos? ay cos? ag) 911

+ K, cos? aq cos® as cos? as, (2.11)
where cos v, cosaz, cosas are the direction cosines with respect to the [100], [010]
and [001] directions, respectively. If |Kp| < 2|K;| and K; > 0, [100] directions
correspond to the easy axes, and direction [111] corresponds to the hard axis(K{¢ =
4.6-10%erg-cm=3, K¥e = 1.5-10%erg-cm=3). If K; < 0, then the easy axis is parallel to
the [111] direction, and the hard axes are the [100] directions((K{¢ = —5-10%rg-cm =3,
KNt =23 10%rg - em™?)) [35].

In spite of the fact that the orbital angular momentum is important for the ap-
pearance of magnetocrystalline anisotropy, its average value and the orbital magnetic
moment in 3d ferromagnets (see Table are very small due to the strong interac-
tion of the d-electrons with the crystal field, which splits multielectron levels of the
d-ions. In the case of 3d metals interaction with the crystal field is comparable to the
Coulomb and the exchange interactions, which complicates development of successive
quantitative theory for these materials [36].

2.1.2 Energy band structure

In order to explain experimental value of the saturation magnetization and its tem-
perature dependence, the band theory was applied to magnetic systems in 1935 by
Mott [37], and in 1936 by Slater [38, 39] and Stoner [40, 41].

3In this case [100] is referred to a set of the directions [100], [010], [001].
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2.1. ITINERANT FERROMAGNETISM OF 3D METALS

The simplest band-like model of the ferromagnetic metals is the Stoner-model or the
Stoner-Wohlfarth-Slater-model of metallic ferromagnetism. According to this model,
electron energies are

Ey(k) = E(k) - Iny,

E,(k) = E(k) — In,, (2.12)

where E(k) are the energies in a normal one-electron band structure E|, n4, ny are the
number of electrons per a single atom with corresponding spin, and [ is the Stoner
parameter which describes the energy reduction due to the electron correlation [33].
From equations and magnetic moment m of a single atom in a solid is

m = (ny —ny)up. (2.13)
Subtracting I(n+ + ny)/2 from the one-electron energies, instead of (2.12)) we obtain

Er(k) = E(k) - 2[77”
) 1 (2.14)
BL(k) = B+ 5,

where E(k) = E(k) — I(ny +ny)/2. The pair of equations (2.14)) corresponds to a k-
independent splitting of the energy bands with different spins. It is an approximation,
but theory nevertheless says that it holds to within a factor of two. The value of
the splitting depends on m determined by the relative occupation (ny — n;) of the
sub-bands. At the absolute zero temperature 7' = 0 K all the states below the Fermi
energy Er are filled, so

Er
ne= [ Dy(E)dE,
o (2.15)
ny= [ Dy(E)E,

where D+(E) is the density of states (DOS) in the sub-band with the larger electron
population, called the majority sub-band, D|(E) is the DOS in the sub-band with the
smaller population, called the minority sub—bandﬂ In the Stoner model the detailed
dependence of the DOS on the electron energy is ignored: it is assumed to have the
shape of a semicircle. Real DOSs are more complicated. Nowadays development of the
angle-resolved photoemission spectroscopy (ARPES), one of the most direct methods
to study the electronic band structure of solids, makes it possible to test and correct
theoretical calculations [42H44].

“In the one-electron model energy levels and band structure are calculated for an electron in an
effective potential consisting of the potential of the ion cores and an average potential due to the other
electrons.

5Signs 1 and | depict parallel and antiparallel orientation of the electron spin magnetic moments
with respect to the magnetization M. Due to the negative charge of the electrons, their spins have
the opposite direction with respect to the spin magnetic moment

17



CHAPTER 2. MAGNETISM AND MAGNETIZATION DYNAMICS IN METALS

$35 $25

© (a) Fe ] (b) Co

Eﬁ 30rF__ majority Eﬁ 2 0 -—— majority

g 2.5 |----- minority g ---- minority !

920 ilogter :

= = 'l:

B B 10F ¥

%\ 05 %\ 05 ",- E
]

@ 0.0 3 0.0 ' I

o 10 -8 6 4 2 0 2080 10 -8 6 -4 2 0 2

%2.5 © N % 7 @ ©

— C | = u

8 2.0|-— majority I & °r

2 ---- minority I;. 2 5F

g 1.5+ i g 4

= L =

1] IH 1] L

10r | B z

Q 1 O B

%-. 05 | .: %-. 1L

5 DD L 5 D ' | 1 1

o 10 -8 6 -4 2 0 2 89 10 -8 6 -4 2 0 2
E-E- (eV) E-E- (eV)

Figure 2.3: Density of states of (a) bee-Fe, (b) hep-Co, (b) fee-Ni for the majority and
minority spins. There is no exchange splitting in (d) fce-Cu, and presented DOS is the
sum of DOSs for the majority and minority spins. Figures are redrawn after [45].

Figure shows DOSs calculated for Fe, Co, Ni, and nonmagnetic Cu [45]. All
four metals have similar shapes of the DOSs, but in Cu there is no exchange splitting
and the d-states are far below the Fermi energy Fr(~ 2 eV).

The structure in the DOSs is due to the overlap interactions of the d-states on neigh-
boring atoms with the atoms located on lattice points of well-defined symmetry. Using
the positions of the largest peaks in the DOSs in the majority and minority sub-bands,
one can estimate the exchange splitting A., about 2.2 eV in Fe, 1.7 ¢V in Co, and 0.6
eV in Ni, which are in a good agreement with the trend in magnetic moments shown
in the table 2.1} Although from the spin-resolved photoemission data it is known that
A, varies for different k-vectors. Himpsel et al. give a range of values for A, evalu-
ated at different points in the Brillouin zone: 1.8-2.4 eV for Fe, 0.93-1.05 eV for Co,
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MULTILAYERS

and 0.17-0.33 eV for Ni [42] 43]. Typical band width of the d-electrons is comparable
to A.., about 3-5 eV. The band width of the s-p electrons is larger, about 10 eV.

One of the most important difference between 3d ferromagnets is the position of the
Fermi energy Er with respect to the d-states in the majority and minority sub-bands
(see Figure . In static regime there are no spin-up d-holes in Ni and Co, therefore
they are called ‘strong’ ferromagnets. Fe is called a 'weak’ ferromagnet (but with larger
magnetic moment) because of the sizeable d-band contributions in the both sub-bands.
Moreover, in bee-Fe the degree of spin polarization

D' (Ep) — D* (ER)

PR = D (B + DY (En)

(2.16)

at the Fermi energy Ef is positive, while in Co and Ni it is negative. The sign of the
spin polarization at E is important for a number of experiments, where one measures
the sign of the spin polarization of electrons emitted from states near Er. However,
in the experiments with electric current, P(Er) is not the only factor determining the
sign of the spin polarization of the electric current, because conductivity o is largely
determined by the s-d scattering which is spin-dependent and also influences on the
spin polarization [29].

In the next section it will be shown that the electronic band structure is very
important in terms of light-matter interaction and relaxation processes occuring after
optical excitation.

2.2 Laser-induced dynamics in metals and metallic
multilayers

Since this work investigates optically excited HC dynamics in metallic MLs, it is worth

to summarize typical processes that HCs undergo in metals after excitation by ultra-

short laser pulses. Also this section provides an overview of the experimental and
theoretical works devoted to laser-induced HC and magnetization dynamics.

2.2.1 Absorption of light in metals

One-photon absorption in metals can be described by the refractive index n = n/(w) +
in"(w) and the dielectric function & = &’(w) + ie”(w), where

e=n’>=¢c =(n?—-n")and & = 2n'n". (2.17)

In the general case the dielectric function is a tensor, but in cubic crystals transverse
and logitudinal dielectric functions are identicall Dependence of the diagonal compo-

6Considering linear absorption, rotation of the light polarization while propagating in a magnetic
medium due to MOKE can be neglected.
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Figure 2.4: E(k) diagram of the majority (a) and minority (b) subbands in Fe. Green
arrows denote direct optical transitions. The energy band structure of Fe was calcu-
lated by Dr. Tim Wehling and Prof. Dr. Alexander Lichtenstein.

nent of the dielectric tensor £(w) on the photon energy hw is described by this formula

wQ

R PESTEA
dme? 3 : (hw + i/ 7o) (OK|pi|V'R") (0'K'|pi |bF)

m2w? k' bb! By — Ew) (B — By — hw — i/ Tyy)

[fo (Byrr) — fo (Ew)], (2.18)

where i = {x,y, 2}, w, is the plasma frequency, 7. = 7 [Ep/ (hw — Er)]” is the energy-
dependent relaxation time of the conduction electrons, (bk|p;|b'k’) is the transition
matrix element for bk — bk’ transitions, 7,y is the corresponding relaxation time, Ejy
is the energy of the state |bk), and

1

exp [—Eb’“ﬁf (Te)] +1

fo (Ew) = (2.19)

is the value of the Fermi function at this energy [46]. The electron temperature de-
pendence of the Fermi energy is given by [47]:

. 72 (kT \?
12 \ Epg

where Fpry denotes the Fermi energy at T, = 0.

Er (T.) = Ero

, (2.20)
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Figure 2.5: Dependence of the real ¢’ (a) and the imaginary ” (b) parts of the dielectric
functions of Fe and Au on the photon energy hw. £'(w) and €”(w) were calculated using
n'(w) and n”(w) taken from [4§].

The first two terms of (2.18)) describe the free-electron absorption or intraband con-
tribution, the last term corresponds to the interband contribution. The momentum
conservation condition dictates that

hky — hk; = hk. (2.21)

Since the photon wave-vector |k| = 27/ is negligibly small for optical frequencies
compared to the electron wave-vectors, one can rewrite (2.21)):

ky = ki. (2.22)

Therefore direct optical transitions are denoted with vertical arrows on the E(k) dia-
gram (see Figure [2.4).

Figure shows the dependence of the real ¢/ and imaginary &” parts of the di-
electric function on the photon energy hw for Fe and Au. Band structure of Au and
hence the density of states is similar to the band structure and the density of states
of Cu (see Fig. [2.3(d)). The upper d-band edge in Au is 1.8 eV below the Fermi level.
Thus for photon energies hw < 1.8 €V optical properties of Au are mainly determined
by collective excitations of free carriers, while for Fe due to the d-bands around the
Fermi level both intraband and interband contributions play significant role. This ex-
plains large negative value of the real part of the dielectric function ¢’,, of Au (see
Fig. [2.5[(a)), which results in higher reflectivity, and small imaginary part £, which
results in negligibly small absorption at 1.5 eV. It means that considering hot carrier
excitation in the Au/Fe/MgO(001) and Fe/Au/Fe/MgO(001) one can neglect influence
of the electrons excited in Au by the pump pulse. However, for ultrashort laser pulses
and high intensities two-photon absorption in Au may play a significant role in the HC
generation. For photon energies iw >2 eV, &, is close to 0, and £}, becomes compa-
rable to €%, which corresponds to an increase of the absorption due to the interband
transitions.
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For plane monochromatic electromagnetic wave with cyclic frequency w, propa-
gating in a medium in the positive direction of the z axis, electric field is oscillating
according to the equation

E(z,t) = Ey - e!F=wt+9), (2.23)

where Fjy and ¢ are the amplitude and phase of the electric field in the point z = 0
at the time ¢ = 0, respectively, and k = k' + ik"” = w - (n' +in”)/c is the wave vector
inside the medium. Thus the amplitude of the electric field decreases as e *"# and the
intensity of the electromagnetic wave, which is proportional to | Ey- e‘k//z|2, is governed
by the Lamber-Beer’s law

I(z) =1y - e, (2.24)

where I is the intensity of the electromagnetic wave in the point z =0, « =2 - k" =
2wn” [c is the extinction coefficient.

In comparison to the monochromatic wave with a single frequency w, femtosecond
laser pulse has a relatively wide spectrum, different parts of which can have differ-
ent absorption coefficients a(w). However, if a(w) does not vary strongly within the
spectrum of the short laser pulse, it can be replaced with the average value.

2.2.2 Hot carrier and magnetization dynamics in metals

With the advent of pulsed femtosecond lasers, it has become possible to study a highly
excited state of metals where the electron subsystem is far not only from the equilibrium
with the lattice, but also from its internal equilibrium. A great effort was done in the
investigation of the HC dynamics in normal metals such as Au, Ag and Cu, employing
reflectivity, SHG or photoemission spectroscopy [49-71]. Processes induced by a fs
laser in normal metals are summarized in Figure It was found that hot electron

lifetime decreases with the electron energy in accordance with the prediction from the
Fermi-Liquid theory (FLT) [73 [74]:

1
TELT ~ ( (2.25)

E— Ep)?
It may vary from several femtoseconds to hundreds of femtoseconds. In spite of the
high electron-electron (e-e) collision rate for HCs with large energies, thermalization
of the electronic system is usually established within 300-500 fs. Then the electron
energy distribution can be described by the Fermi-Dirac function (2.19)) with a certain
electron temperature T,. Subsequent thermalization between the electron subsystem
and the lattice occurs on the timescale of several picoseconds via the electron-phonon
(e-ph) interaction. In the experiments with metallic films of different thicknesses, it
was observed that the hot carrier transport plays significant role in the relaxation
process, but its contribution vanishes for thin films (~ 10nm) [69]. After the optical
excitation, HCs move in the ballistic regime with velocities vpq;. ~ 10°m /s. Then due
to e-e collisions, the HC transport becomes mostly diffusive with the diffusion velocity
vaip. < 10*m/s.

In terms of the HC dynamics, one major difference between noble metals and 3d
ferromagnets is that majority e’ and minority et electrons are excited to the states
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Figure 2.6: Processes induced by a fs laser pulse in metals. This picture was kindly
provided and printed with permission from Dr. Tobias Kampfrath [72].

with different binding energies, velocities and lifetimes owing to the exchange-split
energy band structure. The second difference is the d-band which provides larger
phase space for electrons to scatter [75]. It strongly reduces efficiency of the ballistic
transport in transition metals, but leads to faster energy transfer from the electron
system to the lattice [69]. However, because of the s/p-band, electron thermalization
time constant obtained using the time-resolved photoemission spectroscopy is very
close to the values obtained for noble metals [76]. Finally, in magnetic materials one
has to consider magnons (quasi-particles of the collective excitations of the magnetic
moments). They play very important role in the electron thermalization [77], allowing
transitions between the majority and minority sub-bands. Electrons can also flip their
spins via the e-ph interaction, but the phonon energy spectrum is limited by the Debay
energy ~ 30 —40 meV, which makes the electron-phonon interaction less efficient than
the electron-magnon interaction. In general, both experimental studies and ab-initio
calculations show that in 3d ferromagnets the majority HCs have larger lifetimes and
inelastic mean free path than the minority HCs [19, [78]. However, there is still a large
quantitative difference between experimental observations [71] and different theoretical
predictions [19] 78] [79].

Regarding laser-induced magnetization dynamics, the first observation of spin dy-
namics occurring on the sub-picosecond timescale was made by Beaurepaire et al. [25]
in 1996. Pumping a 22-nm Ni film with a 60-fs laser pulse and measuring hystere-
sis loops in the MOKE signal, they demonstrated that the remanent magnetization
undergoes a fast drop by almost 50% within the first picosecond after excitation. In
1997 this result was confirmed by Hohlfeld et. al in the mSHG measurements [80], but
rapid variations of the magneto-optical signal made experimentalists call the interpre-
tation of the measured signals into question. Then it was found that the mSHG [g1]
and MOKE [82] could be affected by state-filling effects, especially in the experiments
where hwpymp = Awprope. This problem and its solution will be discussed in more detail
in the next chapter.

In order to verify previous findings and improve interpretation of the experimen-
tal data, Fe, Co and Ni were also studied by other techniques: x-ray magnetic cir-
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cular dichroism (XMCD) [83, 4] and spin-resolved two-photon-photoemission (SR-
2PPE) [77, [85]. Demagnetization time constants obtained for 3d ferromagnets are
similar and on the order of 200 fs. Systematic studies showed that the maximum
quenching of magnetization is linearly proportional to the pump fluence for all three
3d ferromagnets [80), [86H88]. Koopmans et al. reported about two demagnetization
time scales in Ni [86], while in Fe and Co only one demagnetization time scale has
been observed. Two demagnetization time scales are attributed to the situation when
coupling between the electron and spin system is weak. Initially at low ambient tem-
peratures and small pump fluence, thin Ni film exhibit only one demagnetization time
scale. Appearance of the two demagnetization time scales occurs upon an increase of
the pump fluence [86] or the sample termperature [89]. This effect has been observed
in rare-earth metals such as Gd and Tb [90], in half-metals [91] and other materials.

2.2.3 Phenomenological description of magnetization dynamics

Together with further improvement of the experimental techniques, one of the main
goals in the field of laser-induced spin dynamics is the development of a microscopic
model which can successfully describe ultrafast demagnetization. Phenomenological
models presented in this subsection, are mostly intended to describe the experimental
observations considering the energy flux and the transfer of the angular momentum
between three reservoirs: electrons, spins and the lattice (see Figure . But they do
not explicitly include certain microscopic mechanisms responsible for ultrafast demag-
netization.

Three-temperature model

In the experiments with picosecond laser pulses HC and lattice dynamics in normal
metals can be described by the two-temperature model (2TM) [92] 03] assuming that
electron and phonon distributions can be characterized in terms of electron T, and
lattice T}, temperatures, respectively.

In order to describe magnetization dynamics, in 1991 Vaterlaus et al. [94] introduced
temperature T of the spin system, which was later used by Beaurepaire et al. [25] to
develop the three-temperature model (3TM) resulting in the following rate equations
for the electron T¢, lattice T, and spin T temperatures:

dT,

Ce dt = ](t) ~ Yep - (Te _Tp) — YGes * (Te—TS)a
I,

Cp% = gep : (Te - Tp) + gsp : (Ts - Tp) ) (226)
dT

CSE = fes * (Te - Ts) —YGsp - (TS - Tp) 5

where I(t) is the source term related to the laser absorption, C., C,, Cs are the
heat capacities. Since spin is conserved in the optical transitions, the pump laser
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(a)

laser pulse [electrons

(b)

Figure 2.7: Two variants of the three-temperature model: (a) 3TM and (b) M3TM,
suggested by Beaurepaire et al. [25] and Koopmans et al. [86] for 3d ferromagnets,
respectively. Solid arrows depict the energy flows , and the dash arrow is the transfer
of the angular momentum.

pulse excites only the electron system. In all papers using the 3TM, the electron
thermalization time is usually neglected, and the electron system is heated instantly
to a thermalized distribution. The energy flows between the electron, lattice and spin
systems are proportional to the temperature differences between them, gep, Ges, gsp
are the corresponding coupling constants (see Figure 2.7(a)). The system of the rate
equations is written for the homogeneous laser excitation in the absence of HC
trasport. In more general case, one should replace total derivatives with partial time
derivatives and introduce terms describing HC and energy transport.

The 3TM is a simple and intuitively clear description of the energy equilibration
processes. But it has no predictive character, and determination of the magnetization
through 75 in a highly NEQ process is very doubtful.

‘Microscopic‘ three-temperature model

Koopmans et al. [86] tried to go beyond the phenomenological 3TM and implemented a
microscopic description of the spin dynamics where the main mechanism is the Elliott-
Yafet spin-flip electron-phonon scattering discussed in the next subsection. It was
suggested that the angular momentum is transferred to the lattice (see Figure[2.7(b)).
Complete and detailed derivation of the ‘microscopic’ 3TM (M3TM) can be found
in [95] and results with certain simplifications in the set of three differential equations:

dT,
Ceﬁ = V. (kV.T,) + gep(Tp —1Te),
dT;
de_tp = gep<Te - Tp)a (227)
dm T, mT,
% = RmT—C |:]. —mcoth < Te ):| .
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This model has been proved to describe magnetization dynamics [86], but it has several
significant disadvantages:

e From the measurements of the total heat capacity it can be seen that the magnetic
contribution is comparable to the electron contribution at the room temperature,
and become comparable to the lattice heat capacity upon strong demagnetization
of the ferromagnetic film. Thus energy exchange between electron, lattice and
spin systems cannot be neglected, as it is done in the M3TM.

e In the derivation of the spin-flip rate it was assumed that the energy difference
between the initial and final electron states in the phonon-mediated spin-flip
scattering process is £A., £ E,, where £}, is a phonon energy. Since A, ~ leV
and the typical phonon energy ~ 30meV, Carva et al. [96] noted that it is not very
probable that an electron can change its energy by A., in the electron-phonon
scattering process.

e No suggestions have been made regarding the linear reflectivity.

2.2.4 Microscopic models for the origin of ultrafast demagne-
tization

Direct interaction with the electric field of the pump pulse

In 2000 Zhang and Hiibner suggested that the direct interaction with the electric field of
the pump laser pulse is responsible for ultrafast demagnetization [97]. However, there
is no experimental evidence that this mechanism really takes place [26]. For instance,
Zhang and Hiibner predicted that the demagnetization of Ni saturates at about 50 %,
but then demagnetization on the order of 70 — 80 % has been observed by Stamm et
al. [83, [84]. Also according to Zhang and Hiibner [97], laser-induced demagnetization
is almost instantaneous, and the experimental time constants should be determined by
the duration of the pump pulse. In the present thesis and some previous works it is
demonstrated that in the absence of the HC transport demagnetization time constants
are larger than the duration of the applied laser pulses.

Phonon-mediated spin-flip scattering

In a material with the spin-orbit coupling the electronic states are not purely spin-up
or spin-down, but a mixture of a dominant spin-up (spin-down) and a small spin-down
(spin-up) contribution:

Vi = lan(r)| 1) +(r)] D] e, (2.28)

where k is the wave-vector. The interaction of an electron with a phonon with the
wave-vector ¢ can be described by the potential consisting of two parts [98]:

Wy = W2 + Wipin—orbit (2.29)

26



2.2. LASER-INDUCED DYNAMICS IN METALS AND METALLIC
MULTILAYERS

where WY is the spin-independent part and W:Pn=°r* refers to the spin-dependent
part of the scattering potential. The spin-flip matrix element between a spin-up state
Y+ and a spin-down state ¢y, | is given by

Mitq, Lkt = <¢k+q,¢!WqO + W;’”’"*‘”l’“!zpk,ﬁ. (2.30)

In 1954 Elliott noticed that the first part of this matrix element, related to Wg is
non-zero, because it connects the large and small components of the two spinors [99)].
Then in 1963 Yafet demonstrated that it is essential to consider both parts of the
potential [I00]. Thus due to the spin-orbit coupling the electron in the spin-up state
Yy+ can scatter not only into another spin-up state ¢y 4+, but also into the spin-down
state ¥y ;. In the theory of Elliott and Yafet the spin-flip probability as is related to
the spin mixing parameter

(%) = man (] 1) [n), Wl D [9), (2.31)

where the bar stands for a suitable average over all involved states. If (b?) = 0, all
relevant states are pure spin states, whereas (b*) = 0.5 corresponds to fully mixed
states. The exact relation between as; and (b?) is given by:

as = p{b?), (2.32)

where p is a material specific parameter.

In 2005 Koopmans et al. [101] suggested that ultrafast demagnetization of a fer-
romagnet is accompanied with the transfer of the angular momentum to the lattice,
which proceeds by means of the Elliott-Yafet spin-flip scattering. Initially the Elliot-
Yafet spin-flip mechanism was used only for non-magnetic materials, because theoret-
ical treatment of ferromagnets is rather complex. For this reason, the value of the
Elliott-Yafet spin-mixing parameter b?, calculated for Cu, was used as an estimation
for the value of the Elliott-Yafet spin-mixing parameter b* in Ni. However, it is very
small. Then Steiauf and Fihnle performed ab initio calculations of b? for 3d ferromag-
nets [98]. It appeared that b? obtained for Fe, Co and Ni is about 25 times larger than
for Cu. This result emphasizes the role of the Elliott-Yafet mechanism in ultrafast spin
dynamics.

In the M3TM Koopmans et al. [86] assumed a thermalized electron distribution.
However, Carva et al. [96] found that the magnetization change rate calculated for
thermalized electron distribution is too small to explain ultrafast demagnetization,
and ultrafast spin dynamics is mostly governed by NEQ HCs which provide much
larger magnetization change rates. Thus a new model supplemented with NEQ HC
dynamics is required (see Chapter [5)).

Electron-magnon scattering

Electrons can slip their spins, interacting not only with phonons, but also with magnons.
In the early measurements performed to determine the heat capacity of ferromagnetic
materials [102], the signature of the electron-magnon interaction was identified from
the additional term to the total measured heat capacity of the system which should be
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accounted for in order to have a good description of the measured data. Carpene et
al. [87] suggested the electron-magnon scattering as the origin of ultrafast demagneti-
zation. Nevertheless the electron-magnon spin-flip scattering does not lead itself to the
change of the magnetization, in any case the angular momentum has to be transferred
to the lattice, which means that an interaction with a phonon is required.

Superdiffusive hot carrier transport

Superdiffusive HC transport is the most recent microscopic model for ultrafast demag-
netization, proposed by Battiato et al. [22, 23]. It does not consider transfer of the
angular momentum, i.e spin flips, but describes the demagnetization process by spin-
dependent transport of charge carriers out of a ferromagnetic layer. ‘Superdiffusive’
refers to HC transport which starts in the ballistic regime, but becomes diffusive on
the time scale of several hundreds of femtoseconds.

According to the model of the superdiffusive HC transport, electrons are excited
from quasi-localized d-bands to more mobile sp-bands. This excitation is assumed to
be spin conserving. Subsequently, electrons move away from the excited part of the
sample. Since the majority and minority electrons have different lifetimes, resulting
in a larger mean free path for majority electrons, HC transport lead to the ultrafast
demagnetization of the excited region.

2.3 Precessional magnetization dynamics

2.3.1 Homogeneous precession

Precessional motion of a magnetic moment m in an magnetic field H can be described
by the Landau-Lifshitz equation [103]:

i
dt

where 7 is the gyromagnetic ratio. For an electron with only the spin magnetic moment

— [m X ﬁ] , (2.33)

y 1B GHz

— =gs— ~ 28 . 2.34

o PTh T ( )
Considering a homogeneously magnetized ferromagnetic sample with a volume V' and

N magnetic moments, (2.33) can be written for the magnetization M = Nm JV:

% = =7 [M X ﬁeff} s (235)
dt

where Hef ¢ is the effective magnetic field, which is the sum of the external magnetic
field ﬁext, the field of the magneto-crystalline anisotropy ﬁanis, shape anisotropy, and
other sample and material dependent contributions. In the case of non-homogeneous
variations of the magnetization M , one has to consider the exchange field H.,, orig-
inating from the interaction of the neighbouring magnetic moments [104]. It will be
considered in the next subsection.
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In order to describe the relaxation of the precessional motion to the equilibrium
(Meg||Heysf), Gilbert suggested a damping term proportional to the magnetization
change rate dM /dt:

dM S a | - dM

e MxHe] S il 2.36
where « is a dimensionless damping parameter. Equation (2.36) is known as the
Landau-Lifshitz-Gilbert (LLG) equation. It is valid for low temperatures and |M| =
const.

At higher temperatures, the change of the magnitude of the magnetization vector
M can be taken into account, using the Landau-Lifshitz-Bloch (LLB) equation:

dM . . (M'ﬁeff) . M [M X [M X ﬁeff:H
= —y [M X Heff} + |M|2 — YAl ‘]\2|2 . (2.37)

where A\ and A, are the dimensionless longitudinal and transversal damping parame-
ters [20].

2.3.2 Spin waves

The previous subsection is devoted to a homogeneous precession of the magnetization,
when all magnetic moments in a ferromagnetic film precess in-phase and the exchange
interaction between them can be omitted from the consideration. In this subsection
we consider more general case of collective spin excitation, so-called spin waves, when
the neighbouring magnetic moments are not parallel to each other.

In the absence of an external magnetic field, the Hamiltonian for the system of
the localized spins includes only the exchange interaction (2.8). The x-, y-, and z-
components of the spin operators can be expressed by the Pauli spin matrices [33]:

. 1/1 0N\ 5 1/01\ 5 1[0 —i
SZ_§<O —1)’5”*’_5(1 0>’Sy_§<z' 0)' (2.38)

If we consider the eigenstates of S'Z

|oz>=((1)),|ﬁ>=((1)>, (2.39)

. . 1
Sula) = 2la). 8.18) = —318) (2.40)

then

From S, S, we can switch to the spin reversal operators:

S+=Sx+z'sy=(8 é)andé'_:Sx—iSy:((l) 8) (2.41)
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which act on the states |@) and |3) in the following way
Sila) =0, 5¢|B) = [a), 5-]B) =0, S_|a) = f). (2.42)

Considering the exchange coupling J., between the nearest neighbours, (2.8)) can be
rewritten as

N N N 1 - N N ~
H= _Jeaz Z Z Si,z ' Si+(5,z + E(Si,—&-si-i-&,— + Si,—Si+5,+)7 (243)
i §

where the first sum (index i) is the sum over all spins, and the second sum (index §)
corresponds to the sum over the nearest neighbours of the spin ¢. In the case of the
ferromagnetic coupling J., > 0, in the ground state all spins are aligned in the same

direction:
0) = [Tl (2.44)

Applying S; _ to the ground state, we obtain a state |/5;) with a reversed spin j. This
state is not an eigenstate of the Hamiltonian (2.43)), because the operators S; 1 S;ys—
bring the system to the state |3;1s5). However, the linear combination of such states

. 1 -
k) = Wi ; 135 (2.45)

is an eigenstate. This state represents a spin wave: all spins precess around the z axis
with a phase shift between different spins, determined by the wave-vector k. Excitation
of a spin wave flips on average one spin.

When the |l; | is small compared to a reciprocal lattice vector, but large compared to
w/c, where w is the spin wave frequency, one can use the magnetostatic approximation
and describe spin waves with the classical equations of motion. Instead of single spins,
one can switch to the continuous model with a space- and time-dependent magneti-
zation M (7,t). When neighbouring magnetic moments are not parallel to each other,
it leads to an increase of the exchange energy and an additional contribution to the
effective field [104]:

rrnonuniform D v,
Hromuniform MV2M, (2.46)
where D is the exchange stiffness (for Fe D = 280 A% mev [107, T08]).
Solving the Landau-Lifshitz equation (2.35) with Heff = Hept + Hapn + Hgern, for an
isotropic ferromagnet with the saturation magnetization M, one can derive the spin
wave dispersion relation [104]:

F(k) = ) (Heat + Hanis + DR?) - (Heat + Honi + 47 M, sin® 0y + DE2),  (247)

where 6, is the angle between ]\7[3 and k. In the present work we will consider preces-
sional magnetization dynamics in a thin ferromagnetic film with free magnetic moments
at its boundary (no pinning).:

OAM OAM

5z =0 = gy b= =0, 24)
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where AM = M — My, and d is the film thickness. The boundary conditions (2.48))
determine normal spin wave modes: k =mn/d (n =0, 1, 2, ...).

In the following subsections, we discuss the mechanisms of the laser-induced mag-
netization precession.

2.3.3 Laser-induced spin precession

There is a variety of mechanisms governing laser-induced spin precession [26]:

e exchange quenching,

e phonon-magnon coupling,

photoinduced magnetic phase transition,
e invervse Faraday effect,

e impulsive stimulated Raman scattering,
e laser-induced heating,

e spin current injection (Spin Transfer Torque).

However, only two last mechanisms are of great interest in the present work.

Laser-induced heating

As it was already mentioned, the effective magnetic field H, #f acting on a magnetization
M of a ferromagnetic film is the sum of the external magnetic field Ijlm and the field of
the magneto- crystalline anisotropy. In the static regime without the external magnetic
field Hpy = =0, the magnetization M is aligned parallel to one of the easy axes. Applying
the external magnetic field Hea:t in a different direction brings the magnetlzatlon to a
new equilibrium orientation M determined by the effective field He = Hams + Hext
(see Figure[2.8(a))

Optical excitation of the ferromagnetic film with the laser pulse leads to an increase
of the film temperature and a decrease of the magnetization value. It results in a
change of the magneto-crystalline anisotropy, and consequently in a variation of the
effective field direction. If this process is fast enough, the magnetization vector M is
not able to follow the effective magnetic field H, #¢ and starts to precess around its new
equilibrium direction. Subsequently the equilibrium direction slowly recovers to its
initial orientation due to the heat diffusion away from the optically excited area. Thus
a non-collinear mutual orientation of ﬁm and FIams is essential to modify direction of
H, #¢ and drive magnetic precession.

In ferromagnetic films with thicknesses larger than the light penetration depth ﬂ
the laser absorption profile is non-uniform, which makes possible to excite not only
homogeneous precession, but also higher standing spin wave modes [I§].

"For Fe and hw = 1.5 eV the light penetration depth is ~ 17 nm.
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(a) — (b) — (c)

laser
pulse

Figure 2.8: Optical excitation of the coherent magnetization precession in a bcc-Fe
film grown on a MgO(001) substrate. (a) In the absence of the pump laser pulse
(t < 0) the magnetization M (green arrow) of the Fe film is in equilibrium, and its
direction is determined by the effective magnetic field ﬁeff (red arrow), i.e. the sum
of the external magnetic field FIext and the field ﬁam-s (blue arrow) of the magneto-
crystalline anisotropy. (b) Absorption of the pump laser pulse (0 < ¢ < 1 ps) heats up
the Fe film, resulting in a decrease of the magneto-crystalline anisotropy H ynis. Hence
Ffeff also changes, altering the equilibrium direction of the magnetization. (c) The
magnetization of the Fe film precesses around H, ¢ which slowly recovers to its initial
orientation due to the heat diffusion away from the optically excited area. Dash lines
depict direction of the easy axes. This figure was redrawn after [26] [105].

Spin transfer torque

In the context of this work, another important mechanism to drive magnetization
precession in a ferromagnetic is so-called spin transfer torque (STT). In 1996 Slon-
czewski [6] and Berger [7] predicted theoretically that current of spin-polarized elec-
trons can transfer its angular momentum to a ferromagnetic film and thereby exert a
torque on its magnetization. When an electron with a certain SP penetrates into a
ferromagnetic film, its magnetic moment becomes parallel to the magnetization (see
Figure[2.9(a)). Considering the ferromagnetic film and the injected electron as a closed
system, the total angular momentum is conserved. Thus the change of the angular mo-
mentum of the injected electron is compensated by the opposite change of the angular
momentum of other electrons in the ferromagentic film. As a result, local magnetiza-
tion Mlocal in the volume of the ferromagnetic film, where the injected electron alters
its SP ds¢, tilts towards dgc and then starts to precess around the initial direction
Mg (see Figure (b)) The SC can be produced either by the electric current flow-
ing through a ferromagnet into a non-magnetic metal or by laser excitation of the
ferromagnetic film, followed by an efficient transport of the spin-polarized HCs [106].
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Figure 2.9: (a) Microscopic and (b) macroscopic illustrations of the spin transfer torque
(STT). Spin current (SC) Js¢ (blue) can be expressed as a flux of the electrons (green)
with the magnetic moments aligned in a certain direction dsc (green) which defines
SP of the SC. In the absence of the SC, magnetic moments of the electrons (red) in a
ferromagnetic film precess around the direction of the magnetization Mg (red). When
spin-polarized electrons (green) forming the SC Jsc penetrate into the ferromagnetic
film, their magnetic moments tilt towards the magnetization Ms. Due to the conser-
vation of the angular momentum, a local magnetization Mlocal (orange) in the region
close to the interface tilts towards s and starts to precess aroung MS.

The influence of the SC on the magnetization of the ferromagnetic film can de-

scribed by an additional term in the LLG equation ([2.36)):

dM S o a |- dM Js [= o =

—:—’Y[MXHE}—}-—_, M x — +’7—_,|:MX[O'XM], (249)

dt AN dt M|
where Jg is the density of the SC, & is a unit vector along the polarization direction
of the spin current. The first and the last terms in (2.49)) behaves differently upon the
reversal of the external magnetic field H,yy, static magnetization M, or the polarization
direction & of the spin current. This circumstance makes it possible to disentangle

magnetization dynamics induced by laser-induced heating or laser-induced transport
of the spin-polarized HCs. It will be demonstrated in Chapter [8]
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Chapter 3

Time-resolved magneto-optical
probe techniques

In this work variations of magnetization upon laser excitation of the metallic multilayer
(ML) structures have been studied on a sub-picosecond time scale. To gain access to
this ultrafast dynamics, magneto-optical pump-probe techniques have been applied,
employing an intense laser pulse to excite the system and a weak probe pulse to mea-
sure its response. This chapter provides an insight into the linear magneto-optical
Kerr effect (MOKE) proportional to the bulk magnetization and the magneto-induced
second harmonic generation (mSHG) which is primarily sensitive to the spin polariza-
tion (SP) at surfaces and interfaces in the case of centrosymmetrical materials, but
it can also possess bulk contributions upon inhomogeneous hot carrier (HC) and spin
dynamics.

After general introduction into the theory of light-matter interaction, phenomeno-
logical description, macro- and microscopic formalisms of the static MOKE and mSHG
responses are discussed. The last section is devoted to the interpretation of the HC
and spin dynamics probed with these two techniques.

3.1 Light-matter interaction

Theory of light-matter interaction is based on the electromagnetic wave equations and
the equations which describe properties of media. The electromagnetic wave equations
are the Maxwell’s equations:

V-D=4-7-p, (3.1)

V-B=0, (3.2)
.o 108

E=_--2" 3.3
VX cot’ (3.3)
- . 10D 4r-

H=-""—4+ 4 4
V x o T (3.4)

where E, D are electric field and electric inductance, H , B are magnetic field and
magnetic inductance, p is a free charge density, 7 is a current density. The Maxwell’s
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equations are completed with the constitutive relations

D=F+47P, P = P(E)
B=H+4xM, M= M(H), (3.5)
J=J(E).

These relations descrlbe the response of the medium to electromagnetlc field: appear-
ance of polarization P magnetization M and conduction current j.

The induced polarization P to the electric field E of the incident laser pulse is given
by [109]

+00 +0o0
P(F, t) = / dtl / X(l) 7”1, )E(Tl, t1>d7?1
0 —00

+oo +oo
+/ dtldtg/ XO(F = 7, 7= Tyt — t, t — to) E(F1, t1) E(7y, to)dFTs + . . .
0 —00
(3.6)

where x™ is the n-th order optical susceptibility tensor of rank (n 4 1). Here one
can note that (™ has nonlocal and non-instantaneous character. It means that the
polarization P is not a point-like characteristic of a medium and does not change
simultaneously with the applied electric field E. The limits of the time integrals in ({3.6])
are determined by the causality principle (¢t —¢; > 0, t — t5 > 0), i.e. only E in the
past moments affects the current value of P.

From the Maxwell’s equations (3.1)), (3.2), (3.3), (3.4) one can derive the optical
wave equation for the electric field E(7,t) [109]:

N - T 0
[v X (V) + Eﬁl E(F1) = = 55 P(F. 1) (3.7)

Let us assume that the electric field E(F, t) can be expressed as the sum of the
monochromatic plane waves:

=" Bikw) =) g, (3.8)
I I
If the polarization ]3(77, t) is a linear function of E(F, t):

ﬁ(F, t) = ﬁ(l)(F, t) = Zﬁl(khwl ZX wl k;l,wl) (39)
l

the wave equation (3.7) can be rewritten as a system of the decoupled equations for
each frequency component:

2

[v « (Tx) ﬂgm)] By w) = 0, (3.10)

c2
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where £(w;) = 1+ 4mxW(w;). It means that in this case all monochromatic plane
waves propagate in a medium independently from each other and do not produce new
frequencies. Instead of the discrete set of the monochromatic waves (3.8), one can
consider a wave with a continuous spectrum:

E(t) = % /Oo E(Q)e™dqQ, (3.11)
where -
E(Q) = / E(t)e” ™ dt = |E(Q)|e"®. (3.12)

and are known as the inverse and direct Fourier transforms, respectively.
|E(Q)] is the spectral amplitude, and ®(€2) is the spectral phase. Since E(t) is a real
function, F(Q) = E*(—Q).

Presence of the nonlinear terms in the relation between E(7,t) and P(F, )
results in the interaction of the different spectral components and the generation of
new ones. For instance, the second order susceptibility y(? leads to such effects like
second harmonic generation (2w = w + w), sum-frequency generation (w = w; + wsy),
difference-frequency generation (2w = w; —ws) and optical rectification (0 = w —w. In
the following sections, we will consider only the linear MOKE and the mSHG.

3.2 Magneto-optical Kerr effect

In 1845 Michael Faraday found that the polarization of light propagating through
a magnetized medium undergoes rotation by an angle proportional to the applied
magnetic field [110]. Then thirty two years later John Kerr discovered that the same
effect can be observed also in reflection [I11].

3.2.1 Phenomenological description and macroscopic formal-
ism

Macroscopic description of the MOKE is based on an analysis of the dielectric tensor.
For a medium which is isotropic in the absence of the magnetization, the dielectric
tensor can be written in the form [40]

1 i'Qz _i'Qy
F=e-|-i-Q. 1 i Q, (3.13)
1-Qy —i-Qy 1

where § = (Qz, Qy, Q) is the Voigt vector [112], proportional to the magnetization

M. Tt can be expressed as a product of the Voigt constant ¢ and the magnetization
M:
Q=q-M. (3.14)
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Figure 3.1: Coordinate system. The zy-plane is the boundary between two media.
The xz-plane is the plane of incidence.’+’ and ’-” denote incident and reflected waves,
respectively. Set (€, €, €x) defines local coordinate system for each wave. Vector € is
a unit vector along the wave vector k. Vectors €, and €, are unit vectors along p and
s directions which are perpendicular to €y, parallel and perpendicular to the plane of
incidence, respectively.

Considering a wave ~ exp (tkx — zwt) and assumlng that the magnetic permeability
is 1, the relations between D and E B and H are

D=¢E+icE xQand B=H. (3.15)
Then the Maxwell’s equations give
F-Eif-[Bxd] -0,
kxE=2H,
L ¢ (3.16)
k-H =0,
Exﬁ:—g(ﬁ+iExQ>
c

While 5, H and k are perpendicular to each other, E has a component parallel to the
wave vector k. In the local coordinate system the electric field can be written as

E = Eyé, + B, + i(—E,Q, + E,Q,)é, (3.17)

where €,, € and €, are unit vectors along the p, s and k directions (see Figure [3.1]).
For the s and p components of the electric field the equations of motion are

<WC—28—I<;2>E +z (Q ek) =0,

2

e 5 (3.18)
_i¥E (Q . gk) E,+ <— ~ k2) E. = 0.
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To the first order in @, the normal modes are right (R) and left (L) circularly polarized
modes with

1= 1~
]{ZR7L:I€(1:|:§Q€1€) s and nRvL:n<li§Qé}€> s (319)

where k = (w/c)y/e and n = /¢ are the wave vector and refractive index without
magnetization. In the local coordinate the relations between the s and p components
of the R and L modes are

Ell =iEl, E}=—iE!. (3.20)

P-polarized light can be expressed as a superposition of the R and L modes. Upon
the reflection from a magnetic material the difference between refractive indices of
the right and left circularly polarized components give rise to the in-phase S-polarized
component which leads to the rotation of the polarization, and the out-of-phase S-
polarized component which leads to the ellipticity.

To simulate reflection and transmission of a multilayer system we use an approach
based on the medium boundary and propagation matrices [27), 28].

The medium boundary matrix describes the relation between the x and y compo-
nents of £ and H with p and s components of the electric field:

E, Ef
Ey | _ 4| EF
i =4 B | (3.21)
H, ES

where A is the medium boundary matrix:

A=
cos 0—iQy sin 0 % [tan 0(1+cos? 0)Qz—Q sin? 9] —cos 0—iQy sin 6 % [— tan 0(1+cos? 0)Q5—Q sin? 6]
0 1 0 1
%"(Qm tan 60+Q) —mn cos 6 %"(—Qx tan 04+Q) ncos
n i (Qu sin 0+Q; cos 0) n I (Qu sin 0—Q cos 0)

(3.22)

‘+° and ‘-* denote the waves propagating in the positive and negative directions with
respect to the Z axis.

The medium propagation matrix describes the relations between E, and Ej at the
boundaries z and z + d of the layer with thickness d:

- -

s | =D = : (3.23)
Ep, Ep,
Es z ES z+d

where D is the medium propagation matrix:

D=S"'DS (3.24)
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with the matrix S expressing the relations between the y components of the R and L
modes and the p and s components of the electric field

ER Ef —~i 1 0 0 Ef
EHE Ef 1 ¢ 1 0 0 Ef
Y — S — _ s
ER S E; 21 0 0 —i 1 E; |’ (3.25)
E " E; 0 0 i 1 E;

and the matrix D expressing the relations between the y components of the R and L
modes at the boundaries z and z + d

E+R E+R
Y Y
EHE EHL
Y — Y
E_’R =D E—,R ) (326)
! L ! L
Ey z Ey z+d
exp(fik;;d cos 9;%) 0 0 0
D= 0 exp(—ikchosGZ) 0 0 (3 27)
0 0 exp(—ikzdcosbg) 0 ) )
0 0 0 exp(—iky dcosf} )

Knowing the A and D matrices allows to calculate the magneto-optical response
of a multilayer structure, which consists of N layers. If we consider a beam of light
incoming from the initial medium ¢, a beam reflected back to the initial medium 7 and
a beam transmitted into the final medium f will be a result of multiple reflections.

The electric fields in the media 7 and f can be expressed as

+
S — S s — sp—p §8—s
E; o rpe EF and | 0 (3.28)
ES ], repllt + 1o B 0 ; 0

Here r and t are the reflection and transmission coefficients for p- and s-polarized
components. Since E,, E,, H, and H, are continuous at each interface, the relation
between the electric fields in the media i and f can be derived as

L} Ef
Bt al E*
Al | =11 (AwDnAl) A | 32 (3.29)
P m=1 P
E; ). E; ),
Ef EF
Ef al Bt
| =AT [T (AnDnALY) Ay o (3.30)
D e p
ES ). ' ES P

To simplify the expressions, we introduce the layer matrix C,,:

Cpy = AnDp AL (3.31)
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(a) (b) (c)
M| x Mily Ml z

Figure 3.2: Three magneto-optical configurations: (a) longitudinal, (b) transversal,
and (c) transversal.

So the expression can rewritten as

E, E;

Ef a Ef

s _ A1 s
g | = 1__[1 CrAy £ (3.32)

E; ], "= E; ),
Finally the matrix T’
N

G H
T =A;! (Cn) Ay = ( ) (3.33)

ot I J

The 2 x 2 matrices G and I can be used to obtain the reflection and transmission

coefficients:
G = ( o > and 1G™' = < T e > (3.34)

Zfsp ss Tsp Tss

The Kerr rotation ¢} and ellipticity ¢ for s- and p-polarized light are given by

. Ts , Tos
Vi = Vi + Wiy = = and Pres = P, + i, = (3.35)

pp TSS

Depending on the direction of the magnetization, there are three configurations
of the magneto-optical Kerr effect: longitudinal (M||#), transversal (M||§) and polar
(M||2) configurations (see Figure . The transversal MOKE depends on the second
order terms in () and results in a change of reflectivity. The polar MOKE is usually
an order of magnitude larger than the longitudinal one, because in the final expression
for the Kerr angle @, appears with an n? enhancement factor [46]. Another impor-
tant difference between the polar (POL) and longitudinal (LON) MOKE is a relation
between the polarization changes of the initially p- and s-polarized waves [27]:

TII:SOL _ é;OL7 IESON _ _TstON‘ (3.36)
Thus using p- and s-polarized probe pulses, it is possible to disentangle the polar and
longitudinal contributions to the MOKE signal.
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3.2.2 Microscopic formalism

In 1955 Argyres showed that the Kerr effect is caused by the combined action of
the exchange interaction and spin-orbit coupling [I13]. The spin-orbit coupling acts
on the electrons like an external magnetic field, which results in the rotation of the
polarization of the linearly polarized light. However, if clockwise and counterclockwise
rotations are equally probable, they will cancel each other, meaning that the spin-
orbit interaction alone is not enough. In paramagnetic materials in the absence of
the external magnetic field, there is no MOKE signal. In ferromagnets the exchange
interaction splits the electronic band structure into the majority and minority sub-
bands. The densities of states at the fixed energy are different in these sub-bands,
therefore the Kerr rotations for majority and minority electrons no longer cancel each
other, and a non-zero MOKE signal can be observed. Thus it can be deduced that
qualitatively the MOKE is proportional to the difference in the optical transition rates
in the majority and minority sub-bands [114].

Following the self-consistent-field approach suggested by Ehrenreich and Cohen [1T5],
one can obtain the expression for the off-diagonal terms of the linear susceptibility [114]:

X&) (g, w, M) = =X (q,w, M)

4 )\
e < (k+q,lU,oly|klo){klo|z|k + q,1'c)

J(Ersqro) — f(Eriy)
Eyyqro — Ero — hw + ihay

(3.37)

kLl

where )\, ,. is the spin-orbit coupling constant. Majority and minority energy sub-bands

Ey, are denoted with o. |klo) = Vukloe”” are the Block states of the wave-vector

k and spin ¢ in the I-th band, V is the volume, ¢ is the photon wave-vector, and oy
is the experimental resolution. The off-diagonal term X%) is responsible for the polar
Kerr rotation [114]:

POL Xgrly)
wK+ w = . (3.38)

xé? 1+ 47r><553

If M||2, all other off-diagonal elements vanish because of the selection rules.

3.3 Magneto-induced Second Harmonic Generation

In addition to the linear MOKE, one can also use non-linear magneto-optical tech-
niques as magnetization-induced Second Harmonic Generation (mSHG) to monitor
magnetization dynamics. Initially sensitivity of the surface/interface SHG to magne-
tization was theoretically predicted by Pan et al. in 1989 [116]. Then in 1991 it was
experimentally demonstrated on a Fe(110) surface by Reif et al. [117].
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3.3.1 Macroscopic formalism

SHG arises from the nonlinear polarization P(2w) induced by the incident laser field
E(w). In the electric dipole approximation the polarization P(2w) can be written as

P(2w) = x*PE(W)E(w). (3.39)

The susceptibility tensor y®) has 27 components. Since XE?; = x%, the number of
the independent components can be reduced to 18, and the expression (3.39) can be

rewritten in the following matrix form:

By by

EE
Px Xzzx  Xazyy Xzzz Xzzy Xazzz  Xzoy EZEZ
Py = Xyzz  Xyyy Xyzz Xyzy Xyzz  Xyzy 2F Ez . (340)
Pz Xzze Xzyy Xzzz Xzzy  Xzzaz  Xzay 2EyE

2E, B,

Symmetry considerations show that the dipole contribution is zero in the bulk of a
centrosymmetric medium, thereby limiting the electric dipole radiation to the surfaces
and interfaces where the inversion symmetry is broken. The HC and spin transport
may give rise to the bulk contributions which will be addressed in the last section of
this chapter.

Metallic multilayer structures studied in the present work consist of the epitaxial
Fe(001) and Au(001) films grown on the MgO substrate on the top of each other. With-
out magnetization the (001) surface has 4mm symmetry (Cjy,). Because magnetization
M is an axial vector which conserves its orientation under the spatial inversion oper-
ation, its presence will not affect the inversion symmetry. Nevertheless, M does lower
the symmetry of the film surface, introducing more non-zero tensor components than
in the case of the non-magnetic surfaces and interfaces [116]. The non-zero elements
of x® (M) can be obtained from the invariance of x® (M) under the symmetry oper-
ations. Thus if the xz is the plane of incidence, for the (001) surface we find [116] [T1§]

GUOL) ) GHOL) OL) e L)

X = | g OL) X (Ma) (M) st xgh (M) X (M) ]
szz Xzyy Xzzz Xzzy(MﬂJ) Xzzx(My) ery(MZ)
(3.41)

where the even terms always contribute to the mSHG signal, while the odd terms
depends on the corresponding projection of the magnetization vector M. For the
analysis it is useful to separate the even and odd terms:

2(2) _ X(2),even + X(2),odd' (342)

In the first approximation, the even term x?¢**" is independent of the magnetization,

and the odd term y(®°4 ig linearly proportional to the magnetization M and can be
expressed as [118]:
2),0dd 3
ng])g = ng])g’lMl7 (3.43)
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where ng’,ll is the fourth-rank tensor independent of M.

In an optical experiment the mSHG intensity is measured for opposite directions
of the magnetization:

1} = |Es2? + | ES) £ 2| Egeen | - | B9 cos ., (3.44)

—

where ¢q,, is the optical phase shift between the even ES5’" and odd Eggd SH fields.
It should be noted that in a lossless medium, the time-reversal properties of x® (M)
dictate that the real part of ¥ (M) is an even function of M, while the imaginary
part is an odd function of M. It means that in this case the even E;ﬁje” and odd Eggd

SH fields has a ¢o, = 90° phase shift.

Nonlinear optical response of a multilayer structure

Calculation of the mSHG response of a multilayer structure is a stepwise procedure
and similar to the calculation of the linear magneto-optical response. First of all, one
has to find distribution of the fundamental field, which can be done using the self-
consistent 4 x 4 matrix method described in the previous section [[] Since the mSHG
is the second order effect, the liner MOKE rotation can be neglected, as well as the
depletion of the fundamental wave by the mSHG. Further we assume that there are
only electric dipole sources of the SH field at the interfaces. The following consideration
can also be performed in a more general case.

Following the ideas of Bloembergen and Pershan [I19], at each interface we in-
troduce an infinitely thin nonlinear sheet with thickness 20, inside an infinitely thin
vacuum sheet with thickness 20; (see Figure . This sheet has a refractive index né,
the refractive index of the interface. The xz plane is the plane of incidence (k, = 0),
therefore the induced polarization in the sheet is:

]5’25‘51(7;3’ t) _ ﬁsh 4eXpi[2kI(w)x72wt} (345)

2w,j ’

where 7 corresponds to the points in the plane of the interface j.
Bt =X (2w) By By 3.46
2w, k,j Xklm,j( CU) w,l,g Hw,m,g, ( : )

where k,l,m = x,y, z, and X,(jzn(Qw) is the nonlinear susceptibility tensor of the inter-
face j. The presence of the source Pj) ; causes a discontinuity of the SH fields at the
interface j [46]. Discontinuity of the electric AFE,,, x,j and magnetic AHy, , ; fields
can be derived from the boundary conditions, where the presence of the SH source
polarization is taken into account [120, 121]:

ik, (2w)

AFgy )= —— SAm Pyt i (3.47)
i (2]
12w sh
AH2w7y7j = T47TP2w,z,j‘ (348)
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Z}' —\‘51 Z}' —‘§2 Z}' Z};'+ 52 Z}'j‘51
—)H_ -
EZcu.p.j EZcu.p.j
::‘ K X .::‘
® S
 uilfi B
2w,p, 2w,p,
n=1 "“}ﬁ n=1

Figure 3.3: Infinitely thin nonlinear sheet with thickness 24, inside infinitely thin
vacuum sheet with thickness 20, at the interface j between layers j and j — 1. E;’jm

are the p-polarized forward and backward SH waves in the vacuum sheet (z;—d1; 2;—02),

respectively. ESE - are the p-polarized forward and backward SH waves in the vacuum

w,p,j )
sheet (z; + 025 2; + 01). 1 is the refractive index of the nonlinear sheet. The figure was

redrawn after [46]

The equations (3.47)), (3.48|) determine the difference between the field components in
the vacuum sheets on both sides of the nonlinear sheet j:

AFsuj = Eywj — By s js (3.49)

AHyyyi = Hoyy i — Héw%j, (3.50)
where FEj, ; and Hy, ; are the electric and magnetic field in the vacuum sheet with
zj — 01 < z < z; — 02, and Ey, ; and Hy, ; are the fields in the vacuum sheet with
2j4+09 < z < zj+06;. These field components can be expressed with the field components
of the forward and backward waves:

AEQOJ,CC’J' = [(E;_w,p,j — EQ_W,PJ) — (Eé;t’nj — Eé:),p,j)} - COS 9&),07 (351)
AHpyyj = (B + By y) = (Bl + Eogpj) - (3.52)

. In vacuum there is no dispersion, and 6y, 0 = 0,,.
Using the medium boundary and propagation matrices (3.22)), (3.27)), and the layer
matrix (3.31)), for the SH field in the final medium f we can write:

+ +
2w7p7j N 2‘67pvf

A | o = Co | Ay . (3.53)
o | (i)

'Tf both fundamental and SH waves are p-polarized, we can swith to a 2 x 2matrix method, as it
was done in [46].
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If we define N
- (H Cm> Ay, (3.54)
m=j
then
Ef =Ty, FEf E; Ts - EF oL I
2w,p,j — 1172w o 2wp,j — +31° 2u)pf:> 2wp]_T1 2w,p,7* (355)
For SH field in the initial medium i:
0 i E;I ot
0 0
Ai — == Cglon — . (356)
E2w D] 7:!;[1 E;w 0, f
0 0
If we define -
o
T =471 (Cn) A, (3.57)
m=1
then
T E;wm + Ti3 - Eé;pj =0. (3.58)

Thus we demonstrated how to calculate the outgoing SH waves generated at the inter-
face j. Since the SH fields originating at the surfaces and interfaces are so small, we
can neglect interaction between them, and the total SH response is just a sum of the
SH waves calculated separately for each interface.

3.3.2 Microscopic formalism

The odd components of the SH susceptibility tensor X( ) can be obtained in a similar
way as the off-diagonal components of the linear susceptlblhty - 114]:

2) €q1a Aso.
Xijm (2q||, 2w, M) =47 VT
X Z Z (k + 2q), l"a|z|kl0> (klo|jlk + q l/0'><k? +q) l’a|m|k + 2q), lNO'>
o kLU (3.59)
f(Ek-&-QqH ,l”o’)_f(Ek+q” ,l’a—) f(Ek-&-qH,l’g)_f(Ekla)

Ek+2qH ,l"a_Ek+qH ’Z/J—ﬁw—l-ihal Ek+q“ 7l/a—Eklc,-—}LI,(J.)—‘rihO(l

X . :
Eytog, 10 — Erie — 2hw + 12hay

where (klo|j|k + 2q),l'o) are the transition matrix elements which determine the sym-
metry and consequently the interface sensitivity. In some cases the matrix elements
can be treated as constants, but one has to introduce a cut-off to guarantee the surface
sensitivity. The odd components of ¥(?) are also linearly proportional to the constant of
the spin-orbit coupling \,,.. So it is one of the key parameter for linear and nonlinear
magneto-optics.
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3.4 Hot carrier dynamics probed by the MOKE
and the mSHG

Considerations of the MOKE and mSHG signals in two previous section are mostly re-
lated to the steady state in the absence of the optical excitation or applied electric field.
It was demonstrated that both MOKE and mSHG are sensitive to the magnetization.
This section is devoted to the challenges in the interpretation of the pump-induced
variations of the magneto-optical signals.

3.4.1 Variation of the magneto-optical constants

In the second section of this chapter it was shown that both MOKE rotation and el-
lipticity are linearly proportional to the bulk magnetization, therefore their variations
should reflect real magnetization dynamics. However, it was found that on a femtosec-
ond time scale after the optical excitation both MOKE rotation and ellipticity can be
affected not only by the magnetization dynamics, but also by the state-filling effect,
or so-called the optical bleaching [82]. The reason is that absorption of a strong pump
laser pulse leads to the generation of the non-equilibrium (NEQ) electrons above the
Fermi level and NEQ holes below the Fermi level, which populate final states and de-
populate initial states of the linear optical transitions, respectively. Thus the pump
pulse may partially block the optical transitions available for the probe pulse, or open
new ones. The state-filling effect decays together with the NEQ electron distribution
during the electron-electron thermalization. At the same time, an increase of the elec-
tron and lattice temperatures changes the magneto-optical constant of a ferromagnet,
which also causes the difference between the MOKE rotation and ellipticity. It should
be noted that because of the different depth sensitivities of the MOKE rotation and
ellipticity [122], the difference between their variations may occur even in the absence
of the optical artefacts, which should be also taken into account in the interpretation
of the experimental data. In more detail this problem and its possible solution are
discussed in Chapters [5] and [6]

3.4.2 Current- and spin-current-induced contributions to the
mSHG

On top of the surface/interface (bulk in non-centrosymmetric media) non-magnetic and
magneto-induced contributions, the mSHG response contains bulk terms proportional
to the charge current and spin current (SC). Both current- [123] and SC [124]-induced
contributions have been observed in GaAs with relatively large light penetration depth.
The current-induced SHG has been also demonstrated in graphene [125]. In spite of
small light penetration depth, such contributions can be also expected in metals, espe-
cially in Au owing to a large inelastic mean free path, which facilitates high currents,
and large spin-orbit coupling which is required for the magneto-optical effects. In
Chapters [7| and |8| it is demonstrated that the laser-induced SC pulse gives rise to
the SH field originating in the bulk of Au.
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Chapter 4

Experimental details

To study ultrafast HC driven magnetization dynamics experimental setup (see fig-
ure for time-resolved MOKE and mSHG spectroscopy has been built in the Fritz
Haber Institute of the Max Planck Society. It is based on a pump-probe technique, em-
ploying an intense laser pulse to excite the system and a weak probe pulse to measure its
response. The setup is driven by 14-fs; 40 nJ pulses with 820 nm central wavelength at
1-MHz repetition rate and allows to switch easily between back-pump-front-probe and
standard front-pump-front-probe schemes. Implementation of the motorized stages in
the crucial parts of the setup and development of the LabView program to control them
made it possible to perform experiments in different magneto-optical and polarization
geometries simultaneously in a reliable and controlled manner. In the following, the
experimental setup is described.

4.1 Ti:sapphire Oscillator with Cavity dumper

The Coherent Mantis laser system used in this work is a mode-locked Ti:sapphire
(Ti:Sa) oscillator extended with a cavity dumper (see figure [£.2). The design incor-
porates an Optically Pumped Semiconductor (OPS) laser. It pumps a Ti:Sa crystal
with 532-nm light, which serves as a gain medium with an extremely broad emission
band ranging from 700 to 900 nm [126], 127]. An optical cavity of length [ restricts the
radiation to the longitudinal modes of index m which satisfy the criterion:

MAp, mce
—— =lorvy, =

— 4.1

5 5] (4.1)
where )\, and v, are the wavelength and the frequency of the longitudinal mode m € N.
The mode spacing Av = v, 11 — vy = ¢/(21) is related to the cavity round-trip time
Trr = 1/Av. Forcing all the modes to have an equal phase (mode-locking) implies in
the time domain that all the waves of different frequencies will add constructively at one

point, resulting in an intense and short burst of light (see Figure[4.3(b)). Ti:Sa permits
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Figure 4.1: Experimental setup. Abbreviations: BS — beam splitter, PD — photodiode,
MD — MOKE detector, DM — dichroic mirror, PMT — photomultiplier tube, A —

analyzer.
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4.1. TI:SAPPHIRE OSCILLATOR WITH CAVITY DUMPER

1 MHz, 1.5eV, 14 fs, 50 nd/pulse OPS Laser

532nm, 5.0W

FM4

oc \
PM :
FM3 CM1M Wedges CM4

Figure 4.2: Simplified scheme of the Coherent Mantis laser system extended with
the cavity dumper. The Ti:Sa crystal is pumped by a continuous-wave OPS laser
with output power 5 W via a focusing lens L. The oscillator cavity is formed by the
end mirror EM and the 3% output coupler OC. The focusing mirrors FM1 and FM2
are responsible for a high power density in the Ti:Sa crystal, enhancing the Kerr
effect. Chirped mirrors CM1, CM2, CM3, CM4 introduce negative dispersion with
each reflection. The cavity is designed in such way that the aggregate round-trip
dispersion results in stable mode-locked operation. Glass wedges (Si0,) introduce
positive dispersion. They are used to achieve the desired bandwidth and spectral
shape. Spherical mirror FM3 focuses the beam into an acoustooptic Bragg cell (a
Si0, crystal), where a part of the beam is deflected upon applying an acoustic signal.
Spherical mirror FM4 collimates the beam. Pick-up mirror (PM) reflects the diffracted
pulses to the output of the cavity dumper. Total extracted pulse from the cavity is a
sum of the diffracted pulses on the way to the output coupler OC and back to the end
mirror EM. It is possible to switch to a smaller cavity, if one put an output coupler
before the focusing mirror FM3. The Bragg cell and the wedges are made from the
same material, therefore to switch between small and extended cavity, one needs just
to change the position of the output coupler OC and slide the wedges compensating
dispersion introduced by the Bragg cell. In order to reduce reflection losses, the glass
wedges, the Si0O, crystal, and the Ti:Sa crystal are aligned to be at the Brewster angle
to the laser beam.

FM1
Ti:Sa
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CHAPTER 4. EXPERIMENTAL DETAILS

passive mode-locking through the optical Kerr effect. This third-order nonlinear effect
causes a change in the refractive index of the Ti:Sa crystal, which is proportional to the
light intensity. The laser beam with a Gaussian profile induces such spatial profile of the
refractive index that it acts as a transient lens (self-focusing) and modulates loss and
gain of the optical cavity, synchronizing all longitudinal modes in the certain spectral
range. In the case of M oscillating modes with equal amplitudes and frequencies
w; = 2mv; = w; + 275 Av the total electric field is

(M-1)/2

_ 1z i 1 ‘ Z (25 1 L Sin(MrTAvt)

E(t E(t) et = Z [ eiwit i(2jmAvt+¢o) _ iwit 49

( ) 2 ( >€ 2 e T ¢ 2 0¢ Sin(ﬂ'AI/t> ’ ( )
J=—"3

where w; is a center of the mode spectrum. For large M this corresponds to a train of
single pulses spaced by 7gpr. From (4.2]) the duration of one pulse is

1 TRT
= Ay - M (4.3)
Thus to produce a train of 14-fs pulses in the Mantis laser system with the round-trip
time Tpy = 18.5 ns, about 10° modes are required.

Group velocity dispersion (GVD) of the optical components inside the cavity leads
to a temporal broadening of the single pulses, which would eventually switch off the
Kerr lens and break the mode-locking. In order to prevent this, a set of the chirped
mirrors is used. Their optical coating introduces a small amount of negative dispersionE]
with each reflection. The cavity is designed so that the aggregate round-trip dispersion
results in a stable mode-locked operation.

18.5-ns round-trip time of the Mantis oscillator corresponds to a pulse repetition
rate of 54 MHz. In pump-probe experiments it is desirable to use a lower repetition rate
and be able to vary it. For this purpose a cavity dumper was chosen as an intracavity
technique which allows not only to change the repetition rate, but also increase the
pulse energy up to 50 nJ.

Function of the cavity dumper is based on the acoustooptic effect. In a fused
silica crystal (Si0s) a modulation of density and consequently of refractive index is
introduced by applying an acoustic signal with high frequency, and results in a Bragg
diffraction. The acoustic wave inside the crystal is generated by applying an electrical
signal to a piezoelectric transducer cemented on the crystal. By using short radio-
frequency (RF) pulses, single laser pulses can be selected out of the pulse train and
deflected from the initial direction. So they are separated from the other pulses and
available for usage in the experiment.

In order to describe the dumping process, the optical pulse is assumed to be given
by:

E(t) = Ey(t) cos(wt), (4.4)
where FEy(t) denotes the time dependent envelope and w the laser carrier frequency.

Scattering of the light on the acoustic wave in the Si0, crystal causes a frequency shift
of the pulse by an amount equal the frequency 2 of the electric signal.

L Positive dispersion’ ('negative dispersion’) corresponds to the situation when larger (smaller)
frequencies propagate slower than smaller (larger) frequencies.
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Figure 4.3: Spectral amplitude of a set of equally spaced cavity modes (a), and field
amplitude in the time domain, when all modes are 'locked’ to the same phase (b) [128].

When the cavity laser pulse propagate through the Bragg cell on the way to the
output coupler, scattered pulse E; and depleted cavity pulse E, are given by [129]:

E; = \/nEjcos(wt + Qt + @),
Ey = /1 —nEqcos(wt),

where 7 is the diffraction efficiency, and ® is the adjustable phase of the electric signal
inducing the acoustic wave. On the way from the output coupler to the end mirror the
cavity laser pulse undergoes scattering for the second time and both scattered pulses
are extracted by the pick-up mirror. The total output of the cavity dumper is given
by the sum of the two scattering contributions as:

Eewtr = /1 — ny/nE [cos(wt 4+ Qt + @) + cos(wt — Qt — D). (4.6)

(4.5)

Thus the resulting intensity of the dumped output of the laser is:
Iq = 4n(1 — n)|Eo|? cos®(Qt + ®). (4.7)

The dumping efficiency can be enhanced, if the interference is constructive, or de-
creased, if the interference is destructive, depending on the phase of the RF signal.

4.2 Temporal pulse compression

Due to GVD, propagation of the short laser pulse with broad spectrum through air
and different optical components (beam splitters, wave plates, lenses etc.) leads to
temporal pulse broadening. In order to maintain time resolution in the pump-probe
experiment, an external dispersion control outside the laser cavity is required. In
the experimental scheme presented in Figure a combination of a chirped mirror
compressor and a prism compressor is used. These two compressors compensate GVD
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in such a way that the laser pulse has the shortest length of about 14 fs at the sample
position.

The chirped mirror compressor is a pair of parallel chirped mirrors which introduce
certain amount of the negative dispersion, depending on the number of reflections.
Moving a pick-up mirror (PM) along the chirped mirrors, one can change the number
of reflections and consequently the amount of the negative dispersion in a stepwise
manner. Two drawbacks of the chirped mirror compressor are an additional divergence
of the beam caused by a single reflection from a chirped mirror and an increase of the
beam path with the number of reflections, which in turn increases the beam size after
the chirped mirror compressor. For this reason, a pair of spherical mirrors (telescope
1: the first mirror is fixed, the second one is placed on a manual linear translator along
the beam) is used to recollimate the beam for the prism compressor.

The prism compressor introduces both positive and negative dispersion. The amount
of the positive dispersion depends on the amount of glass (fused silica/prism material)
introduced into the beam. As for the negative dispersion, the part of the spectrum
with smaller wavelengths undergoes larger deflection in the first prism and consequently
propagates through smaller thickness of glass at the second prism. Thus due to the
angular dispersion of the prisms, different parts of the laser spectrum have different
optical path in the prism compressor, which results in the negative contribution to
GVD.

Since the SH intensity is proportional to the square of the intensity of the funda-
mental pulse, it is a good reference to adjust duration of the laser pulse: the shorter
laser pulse at the sample surface, the larger the SH signal from the sample surface.
One way to determine the pulse duration is to measure SH cross-correlation signal,
originating between pump and probe signal beams, when two pulses overlap in space
and time. The 20-fs SH cross-correlation signal shown in Figure |4.9(a) corresponds to
14 fs duration of the pump and probe laser pulses. A beam splitter BS3 reflects small
portion of the pump beam for the reference channel, where it is focused into the BBO
crystal (see Figure . The blue filter in front of the photodiode PD1 transmits only
SH beam generated in the BBO crystal, which makes its signal sensitive not only to
changes of the average power of the laser output, but also to the pulse duration. A red
filter before the first lens focusing fundamental beam into the BBO crystal is used to
suppress SH beam going back to the main scheme.

The distance between two prisms in the prism compressor is so large, that when the
pump and probe beams are focused with the parabolic mirrors, only the prism com-
pressor is sufficient to achieve the smallest pulse duration ﬂ However, when lenses or
thick filters are used, both compressors are required to maintain 20-fs time resolution.

4.3 Data acquisition

After the prism compressor the laser pulse is splitted with a beam splitter BS2 (80%)
into the pump and probe pulses. Then both beams go through their own telescopes,
constructed with pairs of spherical mirrors. These telescopes have three functions:

2In this case the pick-up mirror in the chirped mirror compressor is set to zero reflections.
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Figure 4.4: (a) Signal at the photodiode PD2 (see Figure measuring linear re-
flectivity versus real time. Orange and green dash lines depict start and end of the
open-phases of the chopper, and blue and black dash lines depict start and end of
the closed-phases of the chopper, respectively. (b) Photodiod signal averaged over the
chopper-half-period time interval versus the delay between the trigger signal and the
first sample of the time interval. Different colours correspond to different values of the
parameter ‘cut’ determining the portion of the ignored samples.

e correct divergence of each beam separately from the other one;

e increase the beam sizes for tighter focusing on the sample: x2.3 for the probe
beam and x2 for the pump beam,;

e decrease the beam sizes at the chopper.

In order to be able to measure background signal, probe signal in the absence or in the
presence of the pump pulse, the double-row chopper was used. Its typical operation
frequency is approximately 430 Hz, which corresponds to the modulation frequency
of the probe beam with the outer blades of the chopper (see Figure [£.4(a)), while
the pump beam was chopped with the inner blades at 246 Hz E| In pump-probe
experiments people usually use a lock-in amplifier which allows to improve signal-
to-noise ratio by selecting only certain region in the frequency domain related to the
chopper frequencies. However, in our experiment we use a photomultiplier tube (PMT)
in a photon-counting mode, which excludes the usage of a lock-in amplifier. Also in the
pump-probe experiments, discussed in this thesis, the number of the collected signals
varied from 5 to 7, which would require several lock-in amplifiers. For this reason,
a data acquisition (DAQ) card BNC2090A from National Instruments was used to
acquire signals from all detectors simultaneously. It has 2 analog output channels,

3The ratio between the modulation frequencies of the pump and probe beams is determined by
the number of windows in the inner and outer rows of the chopper.
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which were used to set certain current through the Helmholtz coils, 2 channels for
digital or timing signal, and 8 analog input channels. Only 6 of these channels were in
constant use:

e first two channels were connected to the two outputs of the chopper, sending the
rectangular signals generated by the optocouplers;

e the third channel was connected to the photodiode PD1 (reference signal), con-
trolling the energy of the laser pulse;

e the fourth channel was connected to the photodiode PD2, measuring linear re-
flectivity;

e other two channels were connected to two identical MOKE detectors MD1 and
MD2.

The PMT was connected to the amplifier forming T'TL pulses which were sent to the
channel for timing signal to count the number of the rising edges corresponding to the
number of photoelectrons. The DAQ card can acquire all input signal simultaneously
with the sampling rate 100 kHz. Figure (a) shows the acquired signal from the
photodiode PD2 measuring linear reflectivity (see Figure . Using one of the chopper
signals as a trigger for the acquisition process and analyzing all signals, it is possible
to determine the chopper frequency and which samples correspond to the open or
closed states of the chopper. Averaging the signal over the chopper-half-period time
intervals, one can obtain the dependence of the averaged signal on the delay between
the trigger and the first sample of the time interval, shown in Figure [4.4b). When the
first sample of the time interval corresponds to the first sample of the closed phase, the
averaged signal is almost zero, but when the first sample of the time interval becomes
closer to the the first sample of the open phase, the averaged signal linearly increases.
However, there are samples which correspond to the moments, when the laser beam
was partially blocked with the chopper blade. Removing some samples at the beginning
and at the end of the half-period time interval from the averaging process results in the
appearance of two plateaus: one corresponds to the open phase, another to the closed
phase. Total duration of the ignored samples is determined by the parameter ‘cut as
a portion of the chopper period. From the dependences of the averaged signal on the
delay between the trigger and the first sample, obtained separately for the pump (the
inner blades of the chopper) and probe (the outer blades of the chopper) beams, one
can set the delay between the trigger signal and the first sample of the open phase and
the parameter ‘cut’ in a such way that they determine samples corresponding to one
of five phases:

e both beams are open Soo = Spump + Sf)robe + Sbackground ﬂ?

e pump beam is open, and probe beam is closed Soc = Spump + Sbackground3

4sf5ump is the pump signal in the presence of the probe pulse, S;)robe is the probe signal in the

presence of the pump pulse
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Figure 4.5: Calibration of the magnets. Dots represent experimental data measured
with a Hall detector, and solid lines were obtained with linear fit H = k- I: kyepr. =
(38.00 +0.07) Oe/A, kpori. = (34.83 £0.14) Oe/A. Red and blue colours correspond
to the vertical and horizontal magnets, respectively.

e pump beam is closed, probe beam is open Sco = Sprobe + Sbackground;

e both beams are closed Scc = Spackgrounds

e at least one of the beams is partially blocked, therefore the corresponding sample
is ignored.

In the experiments the pump beam and the cross-correlator (see Section [4.7) are
blocked with the knife, therefore the static probe signal and its pump-induced varia-
tions are given by:

Sprobe = Sco — Sce, (4.8)
S* _
Ag — probe _ So0 Soc' (4.9)
Sprobe SCO - SCC

4.4 Calibration of the magnet

In order to apply external magnetic field in transversal and longitudinal directions,
two crossed pairs of the Helmholtz coils were used in this work. They were held in
a single construction which was designed and built by Adrian Glaubitz at the Free
University of Berlin. Complete sketch of this construction can be found in his diploma
thesis [I30]. To be able to apply higher currents and achieve larger magnetic fields,
old wires were replaced with new ones with larger cross section 1mm?, therefore new
calibration was required (see Figure [4.5)).
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CHAPTER 4. EXPERIMENTAL DETAILS

4.5 Samples

Samples studied in this work are epitaxial Fe/Au/Fe/MgO(001) and Au/Fe/MgO(001)
structures. They have several significant advantages concerning the investigation of the
optically induced HC transport and ultrafast spin dynamics.

First, optically transparent MgO(001) substrate makes it possible to realize either
back-pump-front-probe or front-pump-front-probe schemes (see Figure [4.6[(d)).

Secondly, the remarkable feature of the epitaxial MLs is a well-defined structure
which makes it suitable for ab initio analysis and suppresses inelastic HC scattering
on lattice inhomogeneities [49]. Thin Fe(001) and Au(001) films were grown in ultra
high vacuum (UHV, ~ 10~ Torr) following [I31], 132] and analyzed with microscopy
techniques. Preparation technique is usually referred to as Molecular Beam Epitaxy
(MBE). All Au/Fe/MgO(001) and Au(cap layer)/Fe/Au/Fe/MgO(001) samples have
been prepared by Damian Biirstel and Jan Meyburg, PhD students in the group of
Dr. Detlef Diesing at the University of Duisburg-Essen in the department of Physical
Chemistry. Their MBE setup is very typical and reflects the common setup described
in [133].

The iron and gold films grow epitaxially with [001]4,|[001]Fc||[001]550 and
[010] 4w ||[110] pe| [[010] argo (see Figure [.6{a)). As it was discussed in Chapter
directions [100] and [010] in bec-Fe correspond to the magnetization easy axes (see
Figure [4.6[(c)). In the optical pump-probe experiments samples were mounted in the
sample holder presented in Figure (b), so one of the easy axes was parallel to the
plane of incidence, and the other one is perpendicular to it. It allows to perform
measurements in the transversal and longitudinal magneto-optical geometries either in
remanence or in saturating magnetic field.

Usually each sample was divided into 9 regions with different Fe and Au thick-
nesses. Perfomance of the back-pump-front-probe requires an ’alignment area’ (see
Figure [4.6c)), a region with one Fe layer capped with thin Au layer, so the SHG
cross-correlation signal, used to adjust the overlap between the back pump and probe
beams and determine pump-probe zero delay, could be observed (see Figure. When
the alignment procedure was done, sample was moved parallel to its plane with the
motorized stages to the region of interest. Experimental setup allows to align all three
beams (probe, back and front pump) at the same spot on the sample, so the switching
between back-pump-front-probe and front-pump-front-probe schemes can be done just
by a flip of a mirror (see Figure . However, for reliability pump-probe overlap was
checked and corrected (if necessary) before each measurement.

Varying thicknesses and evaporation conditions, one can obtain two Fe films with
different coercivities. It makes possible to realize different mutual orientations of the
magnetizations in the spin-emitter and the spin-collector. Collecting reflected back-
pump and probe mSHG and MOKE signals, all magnetic configurations can be cor-
rectly identified (see Figure [8.2).
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Figure 4.6: (a) Electron diffraction pattern of Fe/Au/Fe/MgO(001), provided by Dr.
Vladimir Roddatis, (b) sample holder, (c) typical sample sketch, (d) experimental
scheme. Samples mounted in a such way that one of the substrate diagonals is parallel
to the optical table, and the other one is perpendicular. Vertical and horizontal dash
lines depict magnetization easy axes of the Fe film along the [100] and [010] directions.
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4.6 MOKE measurements

For complete characterization of the linear magneto-optical response, two identical
MOKE detectors MD1 and MD2 were designed and constructed to measure MOKE
rotation and ellipticity. Each detector consists of a Glan-Laser polarizer, which trans-
mits P polarized beam (e-ray) and reflects S polarized beam (o-ray), and a pair of
photodiodes PD1 and PD2 mounted on the exit windows of the Glan-laser polarizer
(see Fig.[4.7[(a)). Usually one uses a wollaston prism, but in this case the photodiodes
should be placed on the sufficient distance from the prism due to relatively small angle
between e- and o-beams, which makes the detector more bulky.

Assuming that the probe pulse is P-polarized and magnetization of the sample is
parallel to the plane of incidence, the S-polarized component of the electric field caused
by the MOKE is given by:

By = Ey- (W +it}y), (4.10)
where ¢} is the MOKE rotation, and ¢} is the MOKE ellipticity. According to
Figure [4.7(b), the intensities on each photodiode are

Ipp1 = |E,|? - | cos as + Wi sin g + i, sinaq?, (4.11)
Ippa = |Ep|* - | — sinag + ¢ cos aq + ity cos aal?, (4.12)

where a4 is an angle between the optical axis of the Glan-laser analyzer and the
direction corresponding to the P-polarization. Thus generating the difference signal
from two photodiodes by a differential amplifier yields

Sworxe = Ipp1 — Ipp2
= |E,|* - [4¢c sinaqcosan — (WE + 42 — 1) - (cos® aq —sin*aq)]  (4.13)
= R- 2} sin2a4 + (1 — ¥R — ¢}?) cos 2a4]

where R is the linear reflectivity.

In there is a term linearly proportional to the MOKE rotation v} which
changes its sign upon the reversal of the magnetization. If there is a quarter-wave
plate in front of the MOKE detector, the linear term will be proportional to the
MOKE ellipticity ¢%. Figure[d.§(a) shows the hysteresis loop in the MOKE ellipticity
signal: the external magnetic field was applied parallel to the plane of incidence and the
film surface. Measuring the dependence of the MOKE signals in horizontal saturating
magnetic field of the opposite polarities on the rotation angle of the MOKE detector,
it is easy to find a calibration coefficient between the signal (in Volts) from the MOKE
detector and the rotation of polarization (in degrees) (see Figure[d.§(b)), and a position
of the rotation stage at which cos2a4 = 0 and the transient MOKE signal is

Swor(t) =2+ R(t) - (1), (4.14)

Usually 0R = AR(t)/Ry < A0O(t)/0y, but for complete separation of magnetic and
non-magnetic contributions variation Ayorp(t) = (R(t)Vy(t) — Rovk o)/ Rov o of
the MOKE should be normalized on the reflectivity variation 0 R(t):

1+ Anoxe(t)

S (t) = 10 —1. (4.15)
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Figure 4.7: (a) MOKE detectors based on a Glan-laser prism. (b) Mutual orientation
of the p- and s-polarized electric fields and an optical axis.
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Figure 4.8: Hysteresis loop in the MOKE ellipticity signal (a) and dependence of the
MOKE ellipticity signal on the position of the rotation stage (b), measured probing
the Fe side of the Au/Fe/MgO(001) structure with 130 nm of Au and 15.5 nm of Fe.

4.7 mSHG measurements

The mSHG signal was separated from the fundamental pulse with a dichroic mirror
and analyzed with a Glan-Thompson prism (Al in Figure , mounted into a motor-
ized rotation stage. Depending on certain magneto-optical geometry, the analyzer Al
was set to transmit p-polarization, s-polarization or mixed-polarization. To suppress
portion of the fundamental pulse reflected from the dichroic mirror, additional filter
was placed in front of the analyzer A1l. Then for the reduction of the background
signal, the mSHG beam went through a monochromator to the PMT.

Introducing half-wave or quarter-wave plates into pump and probe beams before
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the sample, it is possible to realize different polarization geometries. Since in the most
cases pump and probe beams were p-polarized, only p-in geometry will be considered
here.

4.7.1 Data analysis

The mSHG electric field consists of the even and odd terms with respect to the reversal
of the magnetization M:

Elotal — fven 4 Fodd — F 4 G M. (4.16)
In the transversal magneto-optical geometry (M lly) both even and odd components
are p-polarized, therefore measured mSHG intensity is given by

I} = |[Esm > £2 - | B - E9t| - cos ¢ + | E52)?, (4.17)

w

where ¢ is a phase shift between the even E5'" and odd E$% SH fields, ‘4* corresponds
to opposite directions of the magnetization M. In the longitudinal magneto-optical ge-
ometry (M ||z) for p-polarized probe pulse E;Zje” is p-polarized, and Eggd is s-polarized.
If the axis of the analyzer Al is parallel to the p-polarization, I, = I and the vari-

ation of the even SH field is given by

@W@—@%:¢@@+%@

even — —
E2w,0 IZw,O + I2w,0

SESP™ (1) = —1, (4.18)

where Io5,,, 155, are the intensities measured without excitation. Using the intensities
I 2Tw I 2¢w measured in the transversal magneto-optical geometry, it is possible to evaluate

variation of the odd SH field:

L, +13,) — (I + I,

§ESIT (1) — T( 2w +¢2w) ( Qj + le 1 (4.19)

(Iop0 + I5,0) — (I 0 + 1550)

The cosine of the phase shift ¢ between the even E5*" and odd ES“" SH fields is
given by

I2Tw — ]éLw

2/ (g + I, + I4,) — (I, + I55)]

If |E9%) < |Em| and ¢o, = const, one can neglect the last term in the expres-
sion for the mSHG intensity in the transversal magneto-optical configuration.
Thus to evaluate variation of the even mSHG field AFEs,,, one can use with SH
intensities measured in the transversal magneto-optical configuration. In this case the

variation of the odd SH field Ang}d’T will be given by

cos ¢g () = (4.20)

L) =11t Lo+ 1,
SESSM (1) = sz() 2;J()-\/ gl - Bl (4.21)
Loo = Lo Lo, (1) + Iy, (1)
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In the experiments, where the probe pulse is applied to the Au side of the two-layer
Au/Fe/MgO(001) structures, there is no magnetization (E9%% = 0) in the absence of
the optical excitation, as expected for the surface of a paramagnetic material. In this
case magnetization dynamics should be monitored by the SH contrast ps,:

LWL, ., B
() + I3, (t) B2 (t)

P2 (t) €08 oy (4.22)

4.7.2 SH cross-correlation and time resolution

In a pump-probe experiment the weak probe pulse is an analogue of the snapshot
photograph, aimed at detecting a change of an optical property AS, induced by the
strong pump pulse. Varying the position of the delay-line stage (see Figure [4.1)), one
changes the length of the beam path for the pump pulse with respect to the probe
pulse, providing certain temporal delay 7, between two pulses at the sample. In the
most of time-resolved experiments a signal S(t;) is measured as a function of delay
Tq4- Since the detection electronics has no fs resolution, the measured signal is a time
intergral:

S(r)) = /_ T — ) ()t (4.23)

where f(t) is a physical quantity, and I, is a gating function.

Temporal limitation of the pump-probe technique is the duration of the laser pulses.
The SHG offers a possibility to measure cross-correlation (XC) function of the pump
and probe pulses (or one can call it autocorrelation function of the laser pulse). When
the pump and probe pulses overlap in space and time, total SHG signal reflected from
the sample is given by

Lyt = 15"+ I+ 2 an 1™ - I (4.24)

where I57™ Ié’LObe are the SHG signals only from the pump and probe pulses, re-
spectively [, and the last term is the mSHG XC-signal which can be obtained by
the subtraction of the pump and probe signals from the total SHG signal (see Fig-
ure . Parameter o characterizes interference efficiency between two pulses. In the
noncollinear scheme the mSHG XC appears between the pump and probe signals, so
pump and probe signals can be cut out by a diafragm or a knife. Assuming a Gaussian
shape of the laser pulses, the SHG XC-signal can be written as

+ inf
Ixc(r) ~ [ (e = ) I (e
N / o2t ta]? | =2 /tal? gy o, p—(Talte)?

)

where pulse duration ¢, = t¢Vv2In2, therefore temporal width of the SHG XC is V2
times larger than the pulse duration: 20-fs width of the SHG XC corresponds to the

51f both pump and probe pulse are present, I2“™ and I2"°** depend on the pump-probe delay 74.
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Figure 4.9: SH cross-correlation (XC) signal measured on the 5nm-Au/l1lnm-
Fe/MgO(001) structure in back-pump(Fe)-front-probe(Au) scheme. Maximum of the
SH XC-signal determines (a) zero delay between pump and probe pulses and (b) their
optimal spatial overlap. According to the left figure, temporal width of the SH XC-
signal is 20 fs, and according to the rigt figure, spot sizes are about 8-10um: 1 — um
step of the mirror-actuator roughly corresponds to 1 — um step of th laser spot on the
sample.

pulse duration of 14 fs. Moreover, optimization of the SHG XC-signal determines
the time zero delay ¢t = 0 and maximum spatial overlap of the two beams. From
Figure [4.9(b) the spot sizes can be estimated to be about 10 m which was confirmed
with a beam-profiler.
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Chapter 5

Ultrafast demagnetization of Fe in
the absence of hot carrier transport

One of the main goals of this work is to study ultrafast laser-induced demagnetization
of ferromagnetic films and understand the role of the hot carrier (HC) transport in
this process. Since it is not possible to exclude all other mechanisms contributing to
the magnetization dynamics and the HC relaxation, it has been decided to consider
two situations: (i) homogeneous optical excitation of a thin ferromagnetic film on a
nonconducting substrate, and (ii) a ferromagnetic film in contact with a non-magnetic
metal. In the first case homogeneous laser absorption leads to a uniform HC spatial
distribution which in turn ensures the absence of the HC transport and its influence
on the magneto-optical response. Thus magnetization dynamics during first several
picoseconds is governed by spin-flip processes. Subsequent relaxation of magnetization
occurs due to the slow heat diffusion away from the excited area. In the second case a
non-magnetic metal serves as a sink of spin-polarized HCs, thereby leading to ultrafast
demagnetization of the ferromagnetic film [22-24].

This chapter presents the experimental results obtained on a 8-nm polycrystalline
Fe film grown on the MgO(001) substrate and capped with 3 nm of MgO (see Fig-
ure p.1fa)). The sample was pumped and probed through the MgO substrate with
14-fs laser pulses under ambient conditions. Laser-induced magnetization dynam-
ics was monitored with the linear (MOKE) and nonlinear (mSHG) magneto-optical
responses. In all-optical pump-probe experiments pump- and probe-induced optical
transitions may involve the same electronic states, which results in the appearance of
the state-filling effect (or so-called optical bleaching) in the measured signals. It com-
plicates an interpretation of the experimental data, but on the other hand, it provides
information about relaxation of the non-equilibrium (NEQ) HCs. In order to enhance
sensitivity to the NEQ HC dynamics, we used pump and probe pulses with the same
photon energies hwpymp = Awprope = 1.5 V. In this chapter, it is demonstrated that
the analysis of both MOKE rotation and ellipticity makes it possible to disentangle
contributions of the transient magnetization and the optical bleaching using only few
reasonable assumptions.

Figures [5.1(b) and (c) show that relative variations of the linear reflectivity dR(t),
MOKE rotation §¢% (t) and ellipticity d¢% (t) undergo drastic changes at the time zero
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Figure 5.1: (a) Experimental scheme and laser absorption profile calculated for a 8-nm
Fe film, using the 4x4 matrix method described in Chapter Angles of incidence
for the pump and probe pulses were about 45° and 50°, respectively. Pump-induced
relative variations of the (b) linear reflectivity 0 R (red), (¢) MOKE rotation §¢% (red)
and ellipticity 0y (green).

t = 0. Experimental 20-fs time resolution allows us to deduce that this effect is much
faster than the electron thermalization which takes several hundreds femtoseconds [76].
Therefore it should be attributed to the optical bleaching which decays together with
the NEQ HCs. Difference between v} and d1%. on a picosecond time scale is related
to the variation of the magneto-optical constants following changes of the electron and
lattice temperatures. In order to obtain characteristic time constants, measured signals
were fitted with a simple phenomenological model similar to that one suggested in [70].
Then the experimental data were analyzed within the M3TM suggested by Koopmans
et al. [86] and our 'microscopic’ model supplemented with the dynamics of the NEQ
HCs. The M3TM does fit the magnetization dynamics, but it is not capable to describe
the linear reflectivity d R(¢). Besides that, in the derivation of the magnetization change
rate dM/dt, the M3TM refers to the spin temperature Ty EI, as the 3TM [25]. The
concept of the spin temperature T is very arguable at least on a short time scale,
when the relaxation processes are dominated by the NEQ HCs. For this reason, our
microscopic model describes the magnetization dynamics in terms of the energy flow
and the transfer of the angular momentum without referring to the spin temperature
Ts. Consideration of phenomenological and microscopic models revealed that ultrafast
demagnetization occurs mostly due to the NEQ HCs, while subsequent relaxation of
the magnetization is governed by the equilibrium (EQ) or thermalized HCs.

"However, we admit that T} is not present in the final rate equations (2.27) of the M3TM.
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5.1. SEPARATION OF MAGNETISM AND OPTICS

5.1 Separation of magnetism and optics

Figures[5.1|(b), (c) present dynamics observed for the 8-nm polycrystalline Fe film in the
linear reflectivity R, MOKE rotation ¢} and ellipticity ¢} signals at Awprope = 1.5 €V
with 20-fs time resolution. After the optical excitation Awpum, = 1.5 eV, relative
variations of the MOKE rotation 0v/(t) and ellipticity d¢(t) have opposite signs,
but they merge within first several picoseconds, meaning that on later pump-probe
delays both 69 (t) and dv% (t) reflect real magnetization dynamics. In the case of the
homogeneous magnetization profile and HC distribution, transient complex Kerr angle
i (t) can be expressed as

Ve (t) = e (t) + il (8) = [a(t) +ia”(1)] - M(2), (5.1)

where a = a’ + ia” is the magneto-optical constant depending on the Voigt constant
qr. and the refractive index npg, of iron. Then 09/ (t) and 09 (t) are given by

a(t)- M(t) —ayMy  AM(t) Ad(t)

i (t) = i ~ o + a = 0M(t) + da'(t) (5.2)
and
oy o @) M) —agMy  AM()  Ad”(t) "
h(t) = A ~ T + i IM(t) + da” (1), (5.3)

respectively. So the difference 69 (t) — 01 (t) = da” (t) —da'(t) is purely non-magnetic.
In the further data analysis three crucial assumptions are made. First, we assume
that the spin is conserved in the optical transitions and in the absence of the HC
transport demagnetization of the Fe film occurs only due to the phonon-mediated
spin-flip processes accompanied with the transfer of the angular momentum to the
lattice. For this reason, we exclude any instantaneous (below 20 fs) changes of the
magnetization upon laser excitation, i.e. dM (¢t = 0) = 0. Secondly, relaxation of the
majority and minority NEQ HCs can be characterized with a common characteristic
time of the electron-electron thermalization 7., due to the energy exchange between
them. There are also data demonstrating minor difference between the lifetimes of the
majority and minority electrons in 3d ferromagnets [71) [79]. The third assumption
is the most questionable, but we believe that the real and imaginary parts of the
magneto-optical constant a’(t) and a”(t) relax simultaneously to their static values:

5a'() 5a(t)

sa'(t =0) - sa’(t = 0) = f(1), (5.4)

where f(t) is a normalized difference between relative variations of the MOKE ellip-
ticity and rotation:

fy = O = ovlt)

09 (t = 0) = 0y (t = 0)

The reason behind this is that the same optical transitions determine the MOKE rota-
tion 9% (t) and ellipticity % (t). In the recent work performed by Carpene et al. [134],

(5.5)
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it was reported that that the real and imaginary parts of the off-diagonal term of
the conductivity tensor behave differently. However, these data were obtained on a
50-nm Fe film. It does simplifies the expression for the static Kerr angle, but such
thick ferromagnetic film has a non-uniform laser absorption profile and does not ex-
clude the influence of the HC transport. According to [19], the ballistic velocity of the
majority electrons in Fe is about 0.6 nm/fs for the energy range between 0.5 and 1.5
eV, therefore within 20 fs (our time resolution) the HC transport can induce signifi-
cant demagnetization of the probed region (~ 17 nm) and provide a inhomogeneous
magnetization profile. In this case, the MOKE rotation 1}, and ellipticity ¢} behave
differently because of their different depth sensitivities [122]. In any case our data
obtained on a 8-nm Fe film with a uniform laser absorption profile do not make us
suspect large deviations from the assumption (5.4)).

Equations , and allow us to separate real magnetization dynamics
dM(t) (Figure [5.2b), black dots) and a non-magnetic optical contribution B(¢) (Fig-
ure [5.2{(d), black dots):

_ O (t) - 0a"(t = 0) — 69 (t) - 6d’(t = 0)
B da"(t = 0) — daly(t = 0) ’

B(t) = 0 (t) — 0 (1) (5.7)
It should be noted that §|¢ k| (Figure[5.2[(b), blue dots) also undergoes an instantaneous

break-down, therefore both MOKE rotation §¢% (t) and ellipticity 697 (t) are required
for the evaluation of the real magnetization dynamics 6 M ().

SM(#)

(5.6)

5.2 Phenomenological description

Regarding non-magnetic dynamics, there are only few typical time scales which should
be observed in the variation of the linear reflectivity d R(t) and the MOKE difference
B(t):

optical excitation of the NEQ HCs;

thermalization of the NEQ HCs;

electron-lattice thermalization;

heat diffusion from the Fe film into the MgO substrate.

After the electron-lattice thermalization, the static value of the linear reflectivity Ry is
not reestablished within 600 ps, and the relaxation of dR(t) gives characteristic time
of the heat diffusion larger than 100 ps, which was also reported by Carpene et al. [87].
This characteristic time is also consistent with typical values of the thermal interface
conductance [I35]. MgO is a nonconducting material, and the heat flux from the Fe
film into the substrate occurs through phonons and reaches its maximum, when the
lattice temperature 7}, does ﬂ i.e. after the electron-lattice thermalization. Performing

2The heat flux is proportional to the temperature difference between the Fe film and the region of
the MgO substrate close to the Fe/MgO interface.
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simulations of the optical excitation of the Fe film and subsequent relaxation processes,
it has been found that the heat flux into the substrate can be neglected during first
several picoseconds. As a result, we can conclude that the temporal width of the
instantaneous break-down of dR(t) (Figure [5.2(a), red dots) is determined by our
20-fs time resolution, while other time scales correspond to the electron-electron and
electron-phonon thermalization. In the previous studies [86, 87, 134], the temporal
resolution was comparable to the electron thermalization time constant (~ 200 fs)
found by Rhie et. al in the time-resolved photoemission experiments [76], which led to
the wrong assignment of the observed time scales: the time scale of 200 fs was referred
to the electron-phonon thermalization.

In order to obtain the characteristic time constants of the electron-electron 7., and
the electron-lattice 7., thermalization, 0R(¢) and B(t) were analyzed with a simple
phenomenological fit functions similar to those presented in [70]:

SR(t) = b - e7W™ee 4 py - (1- e_t/T“) ceTHTer 4y (1- e_t/Te”) : (5.8)

B(t) = b - [ b (1= e7tee) et ), (5.9)

where the term e %7 describes relaxation of the optical bleaching, and other two
terms (1 — e~*/7e)e™*7e» and (1 — e~*/7e) correspond to the variation of the electron
T. and lattice T, temperatures. The difference between the MOKE signals vanishes
after few picoseconds, therefore the latter term is absent in the expression for
B(t). The joint fitting procedure with the functions (5.§), convolved with 20-fs
Gaussian pulse gives 7. = 0.23 £ 0.01 ps, 7, = 1.2 £ 0.1ps. Time constants 7. and
Tep are in agreement with earlier photoemission studies performed on 3d ferromagnetic
metals [706], 88 136].

After the analysis of the non-magnetic effects, the dM(t) curve was fitted with a
following bi-exponential function

SM(t) =mg- (1- e_t/TM) ceTHYTR oy (1- e_t/TR) : (5.10)

where the time constants 77, 7g correspond to the demagnetization and the recovery
of the magnetization, respectively. It turned out that 7p; = 0.22 £ 0.02 ps and 75 =
0.9£0.2 ps. Since Ty = Tee and T ~ Tp, it means that the ultrafast demagnetization
of the Fe film is dominated by the NEQ HCs, while the recovery of the magnetization is
governed by the EQ HCs. This conclusion allows us to fit the experimental data (0 R(t),
oY} (t) and 6¢7(t)) using only two time constants 7. and 7, (see Figures [5.2(a) and
(b)). Functions reproducing the MOKE rotation Ay (¢) and ellipticity Ayl (t) are

the sums of (5.9) and ({5.10)):

O (t) = by - e/ 4 b (1 — e7mee) - 7T

5.11

+mg - (1 —e ) v emmer fomy - (1 —e7t/mer) (5.11)
SO (1) = b e—t/Tee +b¢K_ 1 _e—t/ree -e_t/Tep

Vi () o 1 ( ) ] (5.12)

+mg - (1 —e /) cemmer 4oy - (1 —e7'/mer) |
while §R(t) is given by (5.8).
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Figure 5.2: Relative variations of the linear magneto-optical response measured on a
8-nm polycrystalline Fe film: (a) linear reflectivity dR(t) (red dots), (b) MOKE ro-
tation 99 (t) (red dots), ellipticity 0¢%(t) (green dots), absolute value of the Kerr
angle § |¢K](t) (blue dots) and the bulk magnetization 0M () (black dots) evaluated
using . Orange lines reproduce the experimental data according to the phe-
nomenologlcal model ( . -, - ) Different contributions to the variation
of the linear reflectivity: ~ e~/ (red hne) (1 — e7#/me) . e7t/er (green line) and
~ (1 —e7t/7e) . e7t/7er (blue line). (d) Difference between the relative variations of the
MOKE ellipticity and rotation B(t) = du%(t) — duk(t) (black dots - experiment, or-
ange line - phenomenological model). Red and green lines in (d) indicate contributions
to B(t), which are similar to those in (c).
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b = —7.58 £0.06 [%)]

MOKE difference by = 5.57 £ 0.06 [%]
bY =0.31+0.01

b = —0.91 = 0.05 [%)

Reflectivity ro = 2.27 £+ 0.05 [%)]

=134+ 0.03 [%]

mo = —7.81 £ 0.05 [%]
my = —4.79 + 0.05 [%]

Tee = Tar = 0.21 +0.01 [ps]

Tep = TR = 1.06 £ 0.03 [ps]

Magnetization

Time constants

Table 5.1: Parameters used in the phenomenological model to reproduce the experi-
mental data. Presented values were obtained after the joint fitting procedure of the
data shown in Figure

All parameters obtained in the joint fitting procedure are summarized in Table[5.1]f}]
The total number of the independent parameters in the phenomenological model is 10
for 3 experimental curves. Figures [5.2|c), (d) demonstrate different contributions to
dR(t) and B(t). Comparing our results with the data presented in [87], it should be
noted that the variations of the linear reflectivity induced by the changes of the electron
and lattice temperatures can have opposite signs depending on the wavelength of the
probe pulse. From and it is clear that r; and m; correspond to the linear
reflectivity and magnetization established during the electron-lattice thermalization
(Tep =~ Tr). Thus my should be determined by the equilibrium magnetization [137]:

M T\ 2 .\
(5.13)

where T¢, is the temperature of the probed area after the electron-lattice thermal-
ization, T = 1043 K is the Curie temperature of Fe [102], and s is a microscopic
parameter which can be calculated ab initio (s = 0.41), but in the analysis the empiri-
cal value s = 0.35 was used. Function reproduces the experimental dependence
of the equilibrium magnetization of the Fe film on its temperature T, [I37]. Using the
initial temperature Ty = 300 K and m; = —4.79% one can estimate the equilibrium
temperature T,, = 554 K and consequently the absorbed energy of the laser pulse

Teq
Paps = 0.57¢ - [To — T3] + / Cp(T)dT + Ing[M§ — M2 ~ 926 J/em®.  (5.14)

To

3The time zero was determined by the SHG cross-correlation signal which can be seen in Figure
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Here v, ~ 0.7 mJ - em™3 - K2 is the electronic specific heat, C), is the lattice heat
capacity calculated within the Debye model (The Debye temperature of Fe Tp =
470 K) [102]. The last term in describes the magnetic (exchange) energy in the
approximation of the mean field [36]. Ip; ~ 1055 J/cm? is the exchange parameter
obtained from the temperature dependence of the total heat capacity of Fe [102].

5.3 Microscopic models

Using simple phenomenological model, it has been shown that upon homogeneous
optical excitation of the Fe film, demagnetization occurs on the time scale of the HC
thermalization, while the time scale of the magnetization recovery corresponds to the
electron-phonon thermalization. This observation sustains the results of the ab-initio
calculations performed by Carva et al. for 3d ferromagnets [96]. They reported that
the NEQ HCs provide a stronger demagnetization rate than thermalized ones, meaning
that NEQ HCs are essential for ultrafast spin dynamics. This conclusion emphasizes
necessity to consider finite electron thermalization time.

In this section we try go beyond the phenomenological description. As a starting
point, we consider the M3TM [86]. Although the M3TM can separately reproduce
the magnetization dynamics JM (t), it fails to describe the linear reflectivity dR(t).
This problem is related to the assumption about an instantaneous electron thermaliza-
tion, which has been proven to be wrong in the previous section. In order to provide
more adequate description of the experimental data, we introduce a microscopic model
complemented with the NEQ HC dynamics.

5.3.1 Microscopic three-temperature model

The M3TM has already been discussed in Chapter Its detailed derivation and
description can be found in [86], 95]. For more clarity we rewrite the set of the M3TM

rate equations ([2.27):

dr, 2(t — tp)?
Ce% = exXp {_%} + gep(Tp - T.),
G
dT;
de_tp = gep(Te - Tp)7 (515)
dM MT,
g —FMMTP |:1—MCOth( Te ):| .

Because of the uniform HC distribution and magnetization profile, the term responsible
for the electron heat conductivity is omitted here. avexp [—2(t — t0)?/t%] is the source
term, where « is the absorption coefficient, ¢y is the time zero, and ts is a time constant
related to the duration of the laser pulse ¢p,sc = 0.014 ps:

t ulse
tg = —2 ~ 0.017 ps. 5.16
G 512 p ( )
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This value corresponds to the Gaussian pulse with a 20-fs width E| Koopmans et
al. [86] considered that the electron system is heated instantly to the certain electron
temperature at the time zero, which is then used as the initial condition. Consideration
of the source term does not make any difference, but more clearly incorporates the
experimental time resolution.

Special form of the magnetization change rate in dictates that the equilibrium
magnetization M., should be determined by

M.,T.
M., = tanh (Tq) . (5.17)

The rate equations explicitly determine the magnetization dynamics. However,
Koopmans et al. [86] did not try to reproduce é R(t) within the M3TM. For this reason,
some assumptions have to be made regarding the linear reflectivity dR(¢) and the
MOKE difference B(t). In earlier works it was suggested that the change of the linear
reflectivity d R(t) of the 3d ferromagnetic metals is linearly proportional to the electron
T, [51] and lattice T, [138] temperatures:

OR(t) = re[Te(t) — To] + rp[T,(t) — To). (5.18)

Since both 0 R(t) and B(t) are attributed to the variations of the magneto-optical con-
stants, B(t) should also depend linearly on the electron T, and lattice 7, temperatures,
therefore the MOKE rotation d¢% (t) and ellipticity 6¢% (t) are given by:

0 (t) = OM(t) + b [Te(t) — To] + by, [T, (t) — To],
0 (t) = SM(t) + b [Te(t) — To] + by [T, (t) — To,

where 0/, /b, = b /b/. Thus the equations ((5.15]), (5.18) and (5.19) completely define the

linear magneto-optical response of the Fe film. In general the electron-phonon coupling
gep 1s not a constant and depends on the electron temperature T, [139]. However,
according to the data presented in [139], up to 2000 K the dependence of the electron-
phonon coupling g., in Fe on 7, can be neglected.

Figures[5.3|a) and (b) demonstrate the results of the joint fitting procedure within
the M3TM. Values of the adjustable parameters are summarized in Table |5.2. Even
before the fitting procedure, it could be noted that the only parameter which character-
izes a non-magnetic dynamics in the M3TM during first several picoseconds after the
optical excitation is the electron-phonon coupling g.,, which is not enough to describe
dR(t) within the M3TM. For this reason, one may consider the heat flux into the MgO
substrate. But we have already concluded that the characteristic time constant ~ 1 ps
is too small for this process, and it can be neglected on small pump-probe delays. As
for the magnetization dynamics, there are two parameters I'y; and g, which determine
the magnetization change rate. When dM (t) is analyzed separately from 0 R(t), it can
be perfectly reproduced within the M3TM (not shown here).

(5.19)
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Figure 5.3: Relative variations of the linear magneto-optical response measured on
a 8nm polycrystalline Fe film: (a) linear reflectivity dR(t) (red dots), (b) MOKE
rotation 09 (t) (red dots), ellipticity 09 (t) (green dots), and the bulk magnetization
6M(t) (black dots) evaluated using (5.6). Orange lines reproduce the experimental
data within the M3TM (5.17)), and (c) Contributions dR.(t) (red line)
and 0R,(t) (blue line) to the variation of the linear reflectivity 0 R(¢), corresponding to
the influence of the electron 7, and lattice T, temperatures, respectively. (d) Difference
between the relative variations of the MOKE ellipticity and rotation B(t) = dy(t) —
Y (t) (black dots - experiment, orange line - M3TM fit). Asin (d), red and blue lines
in (d) indicate contributions B.(t) and B,(t) due to the variations of the electron 7,
and lattice T}, temperatures, respectively.
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Laser absorption atg/m/2 ~ (6.80 +0.02) - 10% [J/m?]
B — —(5.62£0.02)-10° [K 1]
MOKE difference b = (4.47+£0.02) - 107° [K ]

b/, = b/ = —0.39 % 0,01

r= —(21%£01)-10 0 [K 1]

rp = (8.92%0.02) - 107 [K ]
Magnetization Ty = (0.144+0.02) - 1072 [ps ' K]

Electron-phonon coupling | g., = (2.05 4+ 0.03) - 10" [W - m™ - K1

Reflectivity

Table 5.2: Adjustable parameters in the M3TM. Presented values were obtained after
the joint fitting procedure of the data shown in Figures [5.3|a) and (b).

Another disadvantage of the M3TM is that it neglects the fact that upon demag-
netization of a ferromagnetic sample some energy has to be transferred to the spin
system [36], which in turn leads to the underestimation of the absorbed energy. It is
more evident, when the sample temperature approaches the Curie point, where the
magnetic contribution to the total heat capacity of a ferromagnet becomes comparable
or even larger than the lattice heat capacity [102].

5.3.2 Model with the non-equilibrium hot carriers

In order to describe not only the magnetization dynamics dM (t), but also dR(t), we
introduce a microscopic model complemented with the NEQ electron dynamics. Gen-
eral idea of this model is presented in Figure (a). It considers four energy reservoirs:
NEQ HCs, EQ HCs, phonons (P) and magnetic system (M). The last two are also reser-
voirs for the angular momentum. The magnetic system can be considered as a spin
system, because the orbital momentum of the electrons in 3d ferromagnets is known
to be quenched by the strong crystal field [36]. Since we are interested in ultrafast
spin dynamics, we do not consider the direct phonon-magnon interaction occurring on
a time scale of several tens of picoseconds [20], 94], meaning that the energetic cou-
pling between phonons and the magnetic system is neglected. When the magnetization
changes, it affects primarily the energy of the EQ electrons. However, according to
previous theoretical and experimental works discussed in Chapter (2| ultrafast demag-
netization has to be accompanied with the transfer of the angular momentum to the
lattice. In the following, we will discuss laser-induced HC and magnetization dynamics
in more detail and eventually come to the set of the rate equations describing
the energy flux and the transfer of the angular momentum between different reservoirs.

4Since product atg determines the total amount of the absorbed energy and the number of the op-
tically excited HCs, the 20-fs experimental time resolution can be taken into account already in (5.15]),
otherwise all transient dependencies have to be convolved afterwards with the 14-fs probe laser pulse.
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Non-equilibrium hot carriers

Initially the absorption of the pump laser pulse leads to the generation of the majority
h" and minority A* holes below Er, majority e and minority e electrons above Ep
(see Figure[5.4(b)), which lose their energy interacting with other carriers and phonons.
For the sake of simplicity, it is assumed that the NEQ HCs maintain their energy until
they become thermalized, therefore the energy stored in the NEQ HCs is proportional
to their density:

Uneq = MneqgMWpump. (5.20)

and its relaxation is described by the following rate equation:

ANpeq 2(t — tp)? Nneg  Mineg
—ned - - — —neq 5.21
a P [ 2 Tt T (5:2)

where the factor hwpymp is omitted. The first term in is a source term with
the absorption coefficient o measured in the number of the NEQ HCs excited per
a unit volume per a unit of time. The second and third terms describe the NEQ
HC relaxation and are referred to the energy flux Wieq—eq = NMneqlipump/To? to the
EQ HCs and the energy flux Wiy = MneqghWpump/ Tepd tO the lattice, respectively.
Here 777 and 7,77 are characteristic time constants of these processes. In the first
approximation the influence of the magnetization dynamics on the energy of the NEQ
HCs can be neglected. Thus the change of the magnetization affects first the EQ HCs,
and then they equilibrate with the lattice, as depicted in Figure [5.4(a). The energy
flow between the magnetic system and the EQ HCs will be considered later.

In [95] it was shown that the number of the electron-phonon scattering processes
is proportional to the energy flux from the electrons to the lattice. Some part of these
processes are followed by spin-flips. Since the phonon energy is limited by the Debye
energy 40 meV, one can neglect a change of the NEQ electron energy upon a spin-flip
(see Figure [5.4(b)). The spin-flip probability is proportional to the product of the
number of the filled initial states in one sub-band and the number of the empty states
in another sub-band with the opposite spin. Ignoring the dependence of the spin-flip
matrix elements on the electron binding energy, in Figure (b) it can be seen that
the number of the spin decreasing processes exceeds the number of the spin increasing
processes. From this consideration, the demagnetization rate due to the NEQ HCs can
be written as:

dM Noeq PV
Fne M. : i neq pump. 5.99
( dt )neq Q( ’ ) Tg)eq ( )

The dependence of I',.,(Mo, M) on the initial M, and transient M magnetizations
can be explained by the fact that when M, = 0, there is no exchange splitting and
the number of the spin-increasing and spin-decreasing processes are equal to each
other. Also it was observed experimentally that if one approaches high demagnetization
level due to larger pump fluence [86] or higher initial sample temperature [89], further
demagnetization tends to slow down.
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Density of states (states/eV)
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Figure 5.4: (a) Microscopic model for the energy and angular momentum transfer.
Solid arrows depict energy flows, and dash arrows depict flows of the angular momen-
tum. Initially pump laser pulse excites nonequilibrium (NEQ) HCs. Their population
decreases due to scattering on equilibrium (EQ) HCs and phonons. As a result, part of
the energy stored by the NEQ HCs is transferred to the EQ HCs (1) with a character-
istic time 7227, and the other part is transferred to the lattice (2a) with a characteristic
time 7,77, Demagnetization rate due to the NEQ HCs is proportional to the energy
flow (2a) and must be accompanied with the transfer of the angular momentum to the
lattice (2b). The magnetization dynamics leads primarily to the change of the total
energy of the EQ HCs, therefore demagnetization due to the NEQ HCs results in the
energy flow from the EQ HCs to the magnetic system (2c). In general, interaction of
the EQ HCs with the phonon system can lead to either recovery of the magnetization,
corresponding to the angular momentum transfer (3b) and the energy flow (3c), or
demagnetization, corresponding to opposite processes (3e) and (3d). However, as long
as T, > T,,, energy flows from the EQ HCs to the lattice (3a), which in turn leads to the
recovery of the magnetization (3b), (3c). (b) Electronic density of states (DOS) of Fe
in the majority (green) and minority (red) sub-bands redrawn after [45]. Dash arrows
depict absorption of the pump pulse hwpymp = 1.5 eV leading to the generation of the
majority A" and minority A* holes below the Fermi energy Er, and the majority e’ and
minority e* electrons above the Fermi energy Er. After the optical excitation, HCs
in the majority and minority sub-bands have different binding energies. Then due to
the electron-electron, electron-phonon and electron-magnon scattering, HCs lose their
energy and become EQ HCs. For comparison energy range of the EQ HCs with the
electron temperature 7T, = 5000 K is marked with a cyan colour. Red and green solid
arrows depict phonon-mediated spin-decreasing and spin-increasing processes, respec-
tively.
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Equilibrium hot carriers

After the electron thermalization, the energy distributions of the majority and minority
HCs are described by the same Fermi-Dirac function with the electron temperature 7,:

1

p _ S
f (EevTE) - f (Ee’Te) - eEe/kBTE + 1

(5.23)

The energy flux W,,_,, from the EQ HCs to the lattice is described as it is done in the
2TM [93]:

Wegosp = Gep(Te = Tp). (5.24)

In spite of the phenomenological character of (5.24)), it can be also derived from the
microscopic theory [95]. The expression for the magnetization change rate due to
Weq—sp is similar to (.22):

dM
(%) = Calo MOWeyy = 0o Mg = T,), (529
eq

where I',, characterizes the spin-flip probability for the EQ HCs and depends on the
initial M, and transient M magnetizations, as I',.,. Because of the small variations
of the magnetization dM (t) observed in the experiment, we consider I, = const and
I'.q = const. Since the NEQ HC dynamics leads to the demagnetization, and the
EQ HC dynamics occurs together with the recovery of the magnetization, the total
magnetization change rate is

dM _ T Noneq Npump

3, — T Ltne ne
dt S s

+ LegWegosp, (5.26)

where I',e, > 0 and I';; > 0.

Earlier it was mentioned that the change of the magnetization should be accompa-
nied with the energy flow between the EQ HCs and the magnetic system. The total
energy of these two systems is the sum of the kinetic energy of the conduction electrons
U. = 7.T?/2 and the magnetic (exchange) energy which in the mean field approxima-
tion can be written as Uy = —IpyM? [36]. Since the direct energy flow between the
magnetic and phonon systems is neglected, in the absence of the energy flow We,_,,
(see Figure U. + Uy, is conserved, which allows us to derive a partial change rate
of the electron temperature (d7,/dt), due to the magnetization dynamics:

dr. dM
— =20y M—. 2
(C dt )M Mt (5:27)
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Hot carrier and magnetization dynamics

All above consideration of the energy flow and the transfer of the angular momentum
due to the NEQ and EQ HCs can be summarized by a set of the differential equations:

dnneq ~ aexp _2<t — t0)2 _ Nneqg  Tneg

dt t2, Tee T Tep

dT.  Npeq - Fopum dM
Ce% - % = Gep - (Te = T,) + 2]MM%7

AT n -e;lw (5.28)

p neq pump

Cogy = Tpqurgep-(Te—Tp),
dmM Nne hw um
- _Fneq% + LeqGep(Te — T5).

In the simple phenomenological model it has been shown that the generation of the
NEQ HCs leads to the drastic changes of the measured signals at the time zero, i.e.
the state-filling effect. In [87] Carpene et al. demonstrated that the initial break-down
of the MOKE rotation signal is linearly proportional to the absorbed energy, which
was also confirmed in our experiments. For this reason, we introduce additional terms

to (5.18)), (5.19) proportional to the density of the NEQ HCs 1,
R(t) = Tneqneq(t) + req(Te(t) — To) + 1, (Tp(t) — To), (5.29)

5le (t) = 5M(t) + blneq”neQ(t) + bleq [Te(t) - TU] + b;[Tp(t) - TO]a
OV (t) = SM(t) + byyeqnneq (t) + bey[Te(t) — To] + by [T, (t) — Tol.

The results of the joint fitting procedure are presented in Figure [5.5] and corre-
sponding values of the adjustable parameters are shown in Table [5.3] The microscopic
model perfectly reproduces both the magnetization M (t) and the linear reflectivity
dR(t). One of the drawbacks in our model is that the equations do not explicitly
define the magnetization established after the electron-phonon thermalization. Prob-
ably we need to consider an additional term describing the phonon-magnon coupling
and providing the equilibrium magnetization M.,.

(5.30)

Comparing the results of the phenomenological and microscopic models (see Ta-
bles and , one can note that

Tneq neq

TPhen o ernpq ~ 0.20 & 0.01 ps. (5.31)

Thus the phenomenological model gives the total relaxation time of the NEQ HCs.
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Figure 5.5: Pump-induced relative variations of the linear magneto-optical response
measured on a 8nm polycrystalline Fe film and reproduced within the microscopic
model: (a) linear reflectivity AR(t) (red dots), (b) MOKE rotation ¢/ (t) (red dots),
ellipticity d¢%(t) (green dots), absolute value of the Kerr angle 0|tk |(t) (blue dots)
and the bulk magnetization §M(t) (black dots) evaluated using (5.6). Orange lines
reproduce the experimental data according to the microscopic model , and
(5.29). (c) Variations of the linear reflectivity induced by the NEQ HCs dR,c4(t) (red
line), heating of the EQ HCs §R,,(t) (green line) and the lattice 6 R,(¢) (blue line). (d)
Difference between the MOKE ellipticity and rotation B(t) = d¢%.(t) — du (t) (black
dots - experiment, orange line - microscopic model). Red, green and blue lines in (d)
correspond to the contributions induced by the NEQ HCs (B,,¢,4(t)), the changes of the
electron T, (Bg,(t)) and lattice T}, (B,(t)) temperatures, respectively.
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Figure 5.6: (a) Density of the NEQ HCs n,,, (orange), electron 7, (red) and lattice T},
(blue) temperatures upon laser excitation of the Fe film. Solid lines correspond to the
model with NEQ HCs, and dash lines were obtained in the fitting procedure within
the M3TM. (b) Power flow from the NEQ HCs to the EQ HCs W, ¢;q(red), to the
lattice W,,eq—p(green), power flow from the electronic system to the magnetic system
due to the demagnetization W, (orange) and power flow back to the electronic
system due to the remagnetization W,,_,., (black), and power flow from EQ HCs to the
lattice Weq_, (blue). (c) Total rate of the magnetization dynamics (dM/dt);ora; (green)
and partial rates due to the NEQ (dM/dt)e, (red) and EQ (dM/dt)., (blue) HCs.
Magnetization change rate (dM/dt) s obtained in the fitting procedure within the
M3TM is depicted with a cyan dash line. (d) Total variation of the magnetization § M
(black - the experimental data, orange - the microscopic model) and partial variations
dM,eq and 6 M., due to the NEQ (red) and EQ (blue) HCs, respectively.
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Laser absorption ot GRwpump/ /2 = 9.3 - 108 [J/m?]
M. = —(1.93£0.01)- 102 [m7]

neq —

b, = (1.42£0.01) - 1072 [m?]

MOKE difference

by /fagwq = b, /”b;;eq = (1.27 £0.02) - 102:1 [K—_ll : m:f’;]
W Ve = 000 = —(0.52 £0.02) - 10 [K~' - m ]
rE = —(0.28£0.02) - 10~ [m?]
Reflectivity reg = (1.8340.02) - 107° [K ]

rp = (4.4540.04) - 1075 [K ]
Tpeq = (2.95 £ 0.01) - 1010 [m? - ps/J]
Teq = (5.79£0.01) - 1071 [m3 - ps/.J]
7% = (.29 + 0.01 [ps]
7% = (.65 + 0.02 [ps]

cp

Electron-phonon coupling Jep = (8.61£0.01) - 107 [W - m™3 - K1

Magnetization

Time constants

Table 5.3: Adjustable parameters in the microscopic model. Presented values were
obtained after the joint fitting procedure of the data shown in Figures [p.5(a) and (b).

Parameter I',,, is larger than I'.,, meaning that the NEQ HCs provide faster mag-
netization dynamics than the EQ HCs. This conclusion is in an agreement with the
results of the ab-initio calculations performed by Carva et al. [96]. However, in contrast
to [96], we showed that demagnetization of the Fe film is dominated by the NEQ HCs,
while the EQ HCs contribute mostly to the recovery of the magnetization.

Figure |5.6(a) presents temporal profiles of the NEQ HC density ny,.,, the electron
T. and lattice T, temperatures. The electron T, and lattice T}, temperatures calcu-
lated in the M3TM are shown for comparison. Predictions for the temperature estab-
lished after the electron-phonon thermalization are close to each other. The difference
between them are related to the difference between the equations and
describing the experimental and theoretical temperature dependences of the equilib-
rium magnetization, respectively. The electron temperature T, reaches its maximum
at about 360 fs. At this time there is still a considerable amount of the NEQ HCs, so
|(dM/dt)peq| > |(dM/dt)e,| and the recovery of the magnetization starts only in 500
fs after the optical excitation (Figures[5.6[c) and (d)). In Figure[5.6(b) it can be seen
that there is a significant energy flow to the magnetic system We,_,,,, comparable to
others. It means that in the estimation of the absorbed energy We,.,, and W,
cannot be neglected as it was done in [86], especially for large demagnetization values
or high initial temperatures approaching the Curie temperature T», when the magnetic
heat capacity becomes larger than the lattice heat capacity.

5.4 Nonlinear magneto-optical response
In addition to the linear magneto-optical signals, the mSHG response of the Fe film
has been measured. Small SH yield and interference of the SH fields originating at two

Fe/MgO interfaces results in small, but measurable SH intensity. Large scattering of
the mSHG data (see Figure|5.7)) makes it worthless to use them in the joint fitting pro-
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cedure together with the linear magneto-optical signals. However, upon homogeneous
optical excitation, magnetization and HC dynamics at the interfaces should exhibit
the same behaviour as in the bulk of the Fe film, therefore the linear magneto-optical
response might be used to reproduce the mSHG data.

The SH field can be expressed as the sum of the even and odd terms with respect
to the reversal of the magnetization:

By = B 4+ E% = &0 + EpqaM. (5.32)

In the first approximation, the even term is independent of and the odd term is linearly
proportional to the magnetization. Applying p-polarized probe pulse in the transversal
magneto-optical geometry results in p-polarized even E5?" and odd E9% SH fields. The
SH intensity is given by

LY =B £2- |BSm - B3| - cos ¢ + | Eg2 2, (5.33)

where 1] and + correspond to the opposite directions of the magnetization. AL _ (t)
and AT, shown in Figure[5.7)(a) were calculated using the following expressions:

|Eeven|2 + |Eodd|2
—1= ‘Eeven 2 + ‘Egdd |2 1’ (534)

IO,QUJ + ]O,Zw

AT — IQTw_IQiJ . ]ng_’_I(J)’,Zw_
odd 1320.)_[320.) IT +[¢w

|Bgen| - B3 cos ¢ [|EgRP + | B P
~ IEgg Escéﬂ cos oo \| B + [E52P

(5.35)

Unlike the linear magneto-optical signals, AL ~and AT, do not undergo drastic vari-
ations at the time zero: a 20-fs width peak in A = at the time-zero is the SH cross-
correlation signal which presents while there is an overlap of the pump and probe
pulses. Static mSHG contrast pl, o = (13,0 — I3.0)/(Inuo + B3,0) = (—82 £ 1)%,
so |FE$44|% cannot be neglected. However, applying the external magnetic field in the
longitudinal direction and measuring only p-polarized SH component, it is possible to
derive the even ES"" odd E1°™ mSHG fields and the phase difference ¢7 between
themlﬂ It turned out that both even JE5%" and odd JE9% SH fields are influenced
by the state-filling effect as the linear magneto-optical response (see Figure [5.7(a)).
Absence of the drastic changes in A7 =~ and AT, brings us to the conclusion that
contributions of the state-filling effect to dE52" and § ES™ are equal to each other. It

allows us to evaluate these contributions (see Figure [5.7(b)):

Ba, = 0.5(6 BSY™ — §E. (5.36)

5 According to , for p-polarized probe pulse only the transversal component of the magneti-
zation gives rise to the p polarized odd SH field Eg34.
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Figure 5.7: Pump-induced relative variations of the mSHG response: (a) red colour -
AT . blue colour - AT, orange and green colours - variations of the even §E%% and

even?’ 67)67’1

odd §E%, SH fields, respectively; (b) red colour - contribution of the optical bleaching
to the variation of the SH fields 0.5 - (0EZy,,, — 0E5;), blue colour - variation of the

even

phase difference d¢ between the even E2¢  and odd E2, SH fields. Black lines were

obtained in the joint fitting procedure of 0E? . dE%, and d¢ using the results of the

even?

analysis of the linear magneto-optical response.
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Because of the homogeneous optical excitation, HC and magnetization dynamics in
the bulk of the Fe film and at the Fe/MgO interfaces should be identical, therefore
linear magneto-optical response can be used to describe the mSHG signals.:

SESIT(t) = by, - et/ Tee 4 Roo™ « [ro - (1 — e’t/Tee) ceTtTer oy (1-— e’t/TEP)], (5.37)

5Eodd( ) _b2w —t/Tee + Hodd [ ro - (1 _ e—t/’T‘ee) . e—t/Tep +ory (1 . e—t/Tep)]

2.38
+[mo- (1—e ™). 7™ - (1 — e /R, (5:38)

Sp(t) = kY, - [ro- (1 —e ey e™ter ) (1 — e7HTer)] (5.39)

where 7o, 71, Mo, M1, Tee = Tm, Tep = T are the fitting parameters obtained in the
phenomenological model for the linear magneto-optical response. Here it is assumed
that in the absence of the state-filling effect variations of \éven| and |§2dd| are linearly
proportional to the variation of the linear reflectivity induced by the heating of the
electronic system and the lattice. Black solid lines in Figure represent the result
of the joint fitting procedure with only four parameters by, = 10.5 £ 0.4%, k5" =
—6.640.1, k9% = —3.340.1, ,%QW = —4.98 4+ 0.09. In spite of the small signal-to-noise
ratio in the mSHG signals, there is a good agreement between the linear and nonlinear
magneto-optical responses. Also good fit quality supports our assumption about the

relation between variations of |§?;ven|7 |§_;dd| and AR.

5.5 Conclusions

Ultrafast demagnetization of Fe in the absence of the HC transport has been studied
using time-resolved MOKE and mSHG techniques. In order to be more sensitive to
the generation of the NEQ HCs and their decay, we have utilized single-colour pump-
probe experiments with the identical photon energies of the pump and probe pulses
fwpump = Pwprobe = 1.5 €V. Owing to that, the state-filling effect [82] contributes to the
reflectivity d R(t), MOKE rotation §¢% (t) and ellipticity 09 (t) signals. The difference
between variations of the MOKE ellipticity and rotation B(t) = d% (t) — 0 (t) can
appear not only due to the variation of the magneto-optical constants, but also in
the case of the inhomogeneous magnetization profile as a result of the different depth
sensitivities [122]. However, by choosing 8-nm (i.e. homogeneously pumped) Fe film on
the non-conducting MgO substrate, we can exclude the HC transport (homogeneous
magnetization profile) and treat B(t) as a purely non-magnetic signal. In order to
evaluate and characterize magnetization and HC dynamics, three main assumptions
have been made. (i) In the absence of the HC transport demagnetization is governed
by the spin-flip processes accompanied with the transfer of the angular momentum to
the lattice. Assuming that the characteristic time of this demagnetization mechanism
is considerably longer than the experimental 20-fs time resolution, one can neglect
instantaneous changes of the magnetization at the time zero AM (¢t = 0) = 0. (ii) The
relaxation dynamics of the majority and minority NEQ HCs has been described with
a single characteristic time 7... The NEQ HC population decays into the thermalized
(EQ HC) one which subsequently relaxes with a characteristic time 7., due to the

85



CHAPTER 5. ULTRAFAST DEMAGNETIZATION OF FE IN THE ABSENCE
OF HOT CARRIER TRANSPORT

electron-phonon interaction. (iii) These processes induce modifications of the MOKE
signals with the same temporal profile B(¢). Thus one can evaluate real magnetization
dynamics, using the expression (5.6)).

In order to obtain 7., 7.,, we have performed the joint fitting procedure for B(t),
SR(t) curves with a sum of e/ corresponding to the state-filling effect produced by
the NEQ HCs, (1—e~*/7)e~t/e» and (1 —e~"/"r) terms referred to the influence of the
electron T, and lattice T}, temperatures. At the same time 0M (t) curve has been fitted
using the similar expression ([5.10]) with the time constants 75, and 7z characterizing
the demagnetization and remagnetization time scales, respectively. Initially these time
constants were independent from 7., and 7.,, but it turned out that 73y ~ 7., and 75 ~
Tep, Which means that the demagnetization is dominated by the NEQ HCs, while the
recovery of the magnetization is governed by the EQ HCs. Subsequently from the joint
fitting procedure performed for dR(t), 09 (t) and dv%(t) with just two characteristic
time constants, we have obtained 7); = 7. = 0.21+£0.01 ps, 7 = 7, = 1.06 £0.03 ps.
Here it should be noted that the experimental 20-fs time resolution excludes other
possible assignments of the time constants 7., and 7.,, which were suggested in the
previous works performed on thin Fe [87, [134], Ni and Co films [86], where the smallest
time constant ~ 100 fs was determined by the duration of the pump and probe pulses
rather than the electron thermalization.

In addition to the phenomenological description, we have developed a microscopic
model based on the 2TM complemented with the NEQ HCs which have not been
considered neither in the 3TM [25] nor the M3TM [86]. In the microscopic model, the
HC and magnetization dynamics has been described through the consideration of the
energy flux and the transfer of the angular momentum. It has been suggested that the
magnetization change rate is proportional to the energy flow from the NEQ and EQ
HCs to the phonon system. The first process leads to the demagnetization, while the
second one provides the recovery of the magnetization. In spite of certain assumptions,
the microscopic model can reproduce the experimental data, including the transient
reflectivity 0 R(t), with the same fit quality as the phenomenological description.

Summarizing, it has been demonstrated how the magnetization dynamics and the
optical effects can be disentangled from a complete set of the magneto-optical data.
Both phenomenological and microscopic models reveal the dominant role of the NEQ
HCs in the ultrafast spin dynamics, as it was suggested in [96]. However, it has been
found that the demagnetization occurs on the time scale of the HC thermalization
~ 200 fs due to the NEQ HCs, while the EQ HCs contribute mostly to the recovery of
the magnetization.

86



Chapter 6

Hot carrier injection from the Fe
film into the Au layer

This chapter is devoted to laser-induced hot carrier (HC) transport from a ferro-
magnet into a noble metal. Experimental results presented here were obtained on
Au/Fe/MgO(001) structures. In contrast to an isolated homogeneously pumped 8-nm
Fe film discussed in Chapter [5] optical excitation of Fe is followed by the efficient
HC emission into the Au film. Thus Au serves as a sink of heat and spin polarization
(SP), and the HC transport contributes considerably to ultrafast spin dynamics in the
Fe film.

Pumping and probing the Fe side of Au/Fe/Mgo(001) structures, transient MOKE
gives information on the average magnetization in the bulk of the Fe and Au layers,
and transient mSHG signal monitors variation of SP at the Fe/MgO and the Fe/Au in-
terfaces. Comparison of the transient MOKE data with those presented in Chapter
reveals a considerable role of the HC transport in ultrafast demagnetization of the Fe
film. In Chapter [6] it is demonstrated the injection of the spin-polarized HCs into
Au gives rise to the magneto-optical response from the non-magnetic layer, thereby
proving that the HC-driven spin transfer is really present.

Due to the exchange-split energy band structure of a ferromagnet, majority and
minority carriers are excited in different areas of the Brillouine zone to the states with
different wave vectors and binding energies. As a result, they have different velocities
v lifetimes 77¢, ballistic lengthes A¢ in Fe and Au, and different transmission
probabilities through the Fe/Au interface. All these quantities determine magnetiza-
tion profile in the Fe film and accumulation of spin-polarized HCs in the Au layer
in the vicinity of the Fe/Au interface during first 100 fs after laser excitation (see
Figure [6.1)). Because of the different depth sensitivity of the MOKE rotation and el-
lipticity, a non-uniform magnetization profile causes the difference between them in
addition to the optical bleaching and the variation of the magneto-optical constants,
discussed in Chapter [5] Using the ballistic HC profiles, it is nevertheless possible
to disentangle all contributions to the MOKE signals and reproduce the experimental
data.
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CHAPTER 6. HOT CARRIER INJECTION FROM THE FE FILM INTO THE
AU LAYER

A;e Fe AT ALu Au

- w’““

MgO(001)

mSHG MOKE

Figure 6.1: Experimental scheme to study spin dynamics induced in the Fe film by
optical pumping. Arrows depict propagation of maJorlty (green) and minority (red)
carriers in the Fe and Au layers with ballistic lengthes Al Fe /\,Tamv )\iﬁe and )\ﬁm

6.1 Static magneto-optical response of the Fe film

For correct interpretation of spin dynamics induced in the Fe film, static linear and
nonlinear magneto-optical responses of the Au/Fe/MgO(001) structure should be un-
derstood in detail. In Chapter [2|it was discussed that the linear optical properties
of Fe in the near-infrared region are determined by the interband transitions, while
for Au the free-carrier contribution dominates. Regarding the SHG response of Au
for hwprepe = 1.5 €V, it includes the interband transitions from the initial states in the
d-band with the top edge at about -1.8 eV below the Fermi energy Fr [46]. Owing
to the free-carrier contribution, Au has larger SHG yield than Fe. Besides that there
is no SP in Au in the absence of the pump pulse. All these factors lead to strong
dependence of the magneto-optical response on the iron dg. and gold dy4, thicknesses.

In Figure E 6.2| three maps of the linear reflectivity R (a), SH intensity [1 =
(I}, + I13,)/2 (b) and SH contrast pl = (I, — I3.)/(I}, + I},) (c) measured on
the Au/Fe/MgO(001) sample with six different regions are presented. For each Fe
thickness (dp. = 2,5, and 8 nm) there are two regions with thin (d4, = 5 nm) and
thick (da, = 47 nm) Au layer. Due to higher reflectivity and nonlinearity of Au, the
linear reflectivity R and SH yield 1 increase with the reduction of dp.. Total mSHG
signal in the absence of the optical excitation is a result of the interference of the SH
fields originating at the Fe/MgO, Fe/Au interfaces and the Au surface. The ampli-
tudes of these SH fields and the phase differences between them depend on dp, and d 4,
leading to either negative or positive values of the SH contrast pl, (see Figure[6.2|c)).
Thus these maps make it much easier to identify all regions and borders between them.
Moreover, sometimes it is impossible to distinguish neighbouring regions using only the
optical microscope (see Figure . But on such maps of the magneto-optical signals
even small differences can be seen.

From Figure one can see that in spite of small light penetration depths in Fe
and Au (for hwyrope = 1.5 €V 17 and 13 nm, respectively), much deeper parts of the
iron and gold films contribute considerably to the linear and nonlinear magneto-optical
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Figure 6.2: Maps of the linear reflectivity R(a), SH intensity I, (b) and SH contrast pa,,
measured probing through the MgO substrate a two-layer Au/Fe/MgO(001) sample
with six different regions: (1) dp, = 8 nm, da,, = 47 nm; (2) dpe = 5 nm, dy, = 47 nm;
(3) dpe = 2nm, da, = 47 nm; (4) dpe = 8 nm, du, = 5 nm; (5) dpe = 5 nm,
day =5 nm; (6) dpe = 2 nm, dy, = 5 nm.

responses. Since this chapter is devoted to the HC injection from the Fe film into the
Au layer, our attention will be focused on the results obtained on the Au/Fe/MgO(001)
structures with 130 nm of Au. Considering small pump-probe delays ~ 40 — 60 fs, it
allows us to simplify the interpretation of the experimental data, because for such thick
Au film the presence of the Au surface does not affect the magneto-optical signals and
it takes more time for the HCs to propagate back and forth across the sample.

Figure [6.3[(a) shows the dependencies of the static linear reflectivity Ry, MOKE
rotation ¢y o, ellipticity ¥%,, and the MOKE magnitude |[¢x | = y/¥% + ¥, on

dp. for Au/Fe/MgO(001) structure with 130 nm of Au. The reflectivity signal Ry
was scaled to fit the theoretical values for thick Fe films, where the reflectivity depen-
dence on dp. is more or less flat. At the same time, no fitting procedure was used
for the MOKE signals. Theoretical curves were calculated for the 130nm-Au/Xnm-
Fe/0.5mm-MgO(001) structure probed with the laser pulse Awpope = 1.5 €V at 50°
angle of incidence, according to the self-consistent 4x4 matrix method described in
Chapter [3] The MgO substrate is 0.5 mm thick, so it takes about 5.8 ps for the laser
pulse to go back and forth through it. Thus for 14-fs laser pulses no interference effects
caused by the MgO substrate should be observed. For this reason, in the calculations
dygo = 0. It gives the same result as the calculations performed for dyg0 = 0.5 mm
and a 14-fs probe pulse with central wavelength 1.5 eV. Consideration of all frequency
components consumes more computational time than the consideration of only one
single component with iw = 1.5 eV, therefore for the analysis of the transient sig-
nals measured in the pump-probe experiments all calculations were done for single
wavelength hw = 1.5 eV.
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In order to calculate the magneto-optical response of the Au/Fe/MgO(001) struc-
tures with a non-uniform magnetization profiles, the Fe and Au films were splitted into
the sublayers with thicknesses Az = 0.1 nm, so the magnetization within one sublayer
is nearly constant. Figure (b) presents the depth sensitivities of the longitudinal
MOKE rotation w’ (z) and ellipticity w’(z) calculated for the Au/Fe/MgO(001) struc-
ture with 15 nm of Fe and 130 nm of Au. They correspond to the contributions of the
sublayer at the depth z in the Fe film to the MOKE signals. The total MOKE rotation
Y and ellipticity ¢ signals are simply given by the sums of the contributions from
all the sublayers in the Fe and Au films:

Vg = Zw/K(Zj) zj) ZwK z) M (6.1)

The depth sensitivities wh (2), w} (z) changes with dp., but Figure |6.3(b) reflects the
general tendency that w (z) has its maximum at the Fe/MgO interface and decreases
with the film depth z, while w/(z) is small at the Fe/MgO interface and increases
towards the Fe/Au interface. Later in the analysis of the pump-probe experiments it
will be demonstrated that a non-uniform magnetization profile leads to the different
behaviour of the MOKE rotation 1 (t) and ellipticity ¢} () even in the absence of
the optical artefacts.

For the linear magneto-optical signal there is a good agreement between theoretical
and experimental results, but with the mSHG response situation is rather complicated.
For the samples with 130 nm of Au, the total mSHG response presented in the Fig-

—Fe/MgO ~Fe/Au ..
ure (b) is the result of the interference of the SH fields Ej,, and E,,""" origi-
nating at the Fe/MgO and Fe/Au interfaces. For the p- polarlzed probe pulse, the even
SH component Eg;;m is p-polarized, while the odd SH component Eggﬁd is p-polarized
in the transversal magneto-optical configuration (M||§ -t and |) and s-polarized in
the longitudinal magneto-optical configuration (M||# :— and <) [I16]. Using the
analyzer set to transmit only the p-polarized component and measuring SH intensities
in both magneto-optical geometries, it is possible to evaluate the amplitudes of the

even |E<v"| and odd |ES™T , and the optical phase ¢  between them (see

Figure [6.3](c)):
117+ 1
|Eeven| 2w 5 2w’ (62)

| oddT|_\/ +I2¢w_]27)+]§u

5 o, (6.3)

IQTw - Ié(w
2\/ (g + I, + I4,) — (I, + I55)]

cos g3 () = (6.4)

'The mark 'T° means that Egjd’T arises only from the transversal magnetization component or
the spin current with the spin polarization &||j, formed by the hot carriers propagating across the
sample Tyc||Z.
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Figure 6.3: (a) Static reflectivity Ry (red dots), MOKE rotation ¢} , (orange up-
trianlges), ellipticity ¢% , (green down-trianlges) and absolute value of the Kerr angle

ol = /URo + Vi, (black squares) measured for 130 nm of Au and different Fe

thicknesses. Marks represent experimental values, solid lines are the theoretical de-
pendences (hw = 1.5 eV, Opope = 50°, 14,0 = 1.7271 [140], n, = 0.08 + 5.0i [48],
ny, = 3.056 4+ 3.77i, ¢%, = 0.0588 — 0.0099: [141]) calculated according to the method
described in the chapter 3| (b) Depth sensitivities of the longitudinal MOKE rotation
wh(z) and ellipticity w (z). wi(z), wf(z) are contributions to the MOKE signals
from the sublayer (Az = 0.1 nm) with the magnetization M|2 (|M| = 1) at the dis-
tance z from the Fe/MgO interface in the Fe film, calculated for Au/Fe/MgO(001)
structure with 15 nm of Fe and 130 nm of Au. (c¢) Dependences of the static ampli-
tudes of the even |ES*"| and odd |ES?T| SH fields, and the optical phase ¢, between
them, derived from the SH intensities using the expressions , , . (d)
Ratio between the amplitudes of the z- and x-components of the fundamental field
E,, at the Fe/MgO (blue) and Fe/Au (red) interfaces, calculated for Au/Fe/MgO(001)
structure with 130 nm of Au and different Fe thicknesses. Cyan vertical line in (a) and
(c) depicts the light penetration depth of Fe 17 nm.
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Because of the absorption of the fundamental and signal waves, the even Ej ¢ [Au,even

and odd E;j /Auwedd QH fields from the Fe/Au interface are negligibly small for thick Fe
films, but they rise with the reduction of dp., increasing the amplitudes of the total
even |ES’e"| and odd |ES%T| SH fields, and changing the optical phase ¢Z .

One can also calculate the SH response of the Au/Fe/MgO(001) structure using the
4x4 matrix method | but in this case we have to deal with lots of unknown parameters.
According to (3.41)), in the transversal magneto-optical geometry (M |y) components
Xzzzs X222y Xaee COntribute to E;Zje” and Xazz(My), Xazz(My), Xezz0(M,) contribute to
ngfd [116]. It could be possible to replace these components of the 1@ tensor with
only two even and odd effective susceptibilities for each interface. However, because of
the multiple reflections of the fundamental pulse in the Fe film and complex refractive
indices of Fe and Au, the ratio between the z- and x-components of the fundamental
electric field ES“M9€ at the Fe /MgO interface changes with the Fe thickness dp. (see
Figure [6.3(d)), therefore the effective susceptibilities of the Fe/MgO interface also
depends on dp.. The ratio between the z- and x-components of the fundamental field
EL " at the Fe /Au interface is nearly constant, meaning that the initially transmitted
wave is much stronger than the waves reflected from the Fe/Au and Fe/MgO interfaces.

In the following sections of this chapter we concentrate on the analysis of the tran-
sient MOKE signals. As for the transient mSHG response of the Fe film, it is better to
analyse it considering the experiments performed on the three-layer Fe/Au/Fe/MgO(001)
structures with the pump pulse applied either from the same side of the samples as
the probe pulse, or from the opposite side. All these experiments are discussed in

Chapter [§|

6.2 Laser-induced demagnetization of the Fe film

Figure presents pump-induced variations of the MOKE signals measured on the
Au/Fe/MgO(001) structures with 130 nm of Au and different Fe thicknesses. Non-
uniform laser absorption profile (see Figure [6.7|(a)) and the presence of Au enhance
the efficiency of the HC transport. For thick Fe films dr, > 20 nm the MOKE rotation
oY (t) (see Figure [6.4(a)) undergoes instantaneous break-down, while the MOKE
ellipticity 8¢} (¢) (Figure[6.4fc)) decreases on a longer time scale. The reason is that the
state-filling effect results in the negative variation of 09/ (¢) and the positive variation
of 097 (t), as well as for the MgO/8nm-Fe/MgO sample discussed in Chapter [5] At
the same time optically excited HCs propagate into the bulk of the Fe film, leading to
demagnetization of the region close to the Fe/MgO interface and, consequently, to the
negative variations of d1% (t) and dv% (t). So the contributions of the demagnetization
and the state-filling effect to % (t) partially compensate each other.

All the curves presented in Figure have been measured under the same inci-
dent pump fluence. For thick films the influence of the Fe/Au interface on the laser

2Linear MOKE can be neglected for the calculations of the distribution of the fundamental electric
field E,. Moreover, in the transversal magneto-optical geometry for p-polarized probe pulse both
even E5°°" and odd E99¢ SH fields are p-polarized, meaning that it is possible to switch to the 2x2

matrices.
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Figure 6.4: Pump-induced variations of the MOKE signals measured on
Au/Fe/MgO(001) structures with 130 nm of Au and different thicknesses of the Fe
layer at 10 mJ/cm? incident pump fluence: (a) relative §v% () and (b) absolute
A (t) variations of the MOKE rotation, (c) relative 0¢%(t) and (d) absolute Ay
variations of the MOKE ellipticity. The inset shows the expansion of the region inside
the dashed rectangle. For the demonstration of §} (t) measured for the samples with
dr. > 20 nm, some curves for smaller Fe thicknesses were removed from the inset.

absorption profile and the magneto-optical response is negligibly small, therefore the
curves 3 (t), 0¢(t) obtained for 33.7 and 52.5 nm of Fe are almost identical and
reproduce each other. With further reduction of dg. the HC injection into the Au layer
becomes more effective. As a result, for 23.1 nm of Fe we observed larger demagne-
tization established during first several hundreds femtoseconds, which corresponds to
the time scale of the electron thermalization (see Chapter |5). The region close to
the Fe/Au interface still does not contribute much to the measured signals, and just
after the optical excitation 0¢/%(t) for dp. = 23.1 nm starts together with the curves
07 (t) obtained for the samples with thicker Fe films, but then owing to more efficient
HC emission into the Au layer, it decreases faster and reflects larger demagnetization
values.
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For dp. < 20 nm the linear magneto-optical response becomes more sensitive to
the Fe/Au interface, and both MOKE rotation 0¢(t) and ellipticity 61, break down
immediately after the pump pulse. Velocity of the ballistic HCs vy is about 1 nm/fs
and corresponds to a 20-nm travel path within 20 fs (experimental time resolution),
therefore the observed variations of the MOKE signals 61 (t) and 6% (t) are consistent
with ultrafast demagnetization induced by the ballistic HC transport.

Certainly not all optically excited HCs leave the Fe film in the ballistic regime.
Some of them scatter and produce secondary HCs, so the HC transport evolves from
the ballistic regime to the diffusive regime. According to the previous experimental
and theoretical works performed on Fe and other ferromagnets [29], majority electrons
with the positive SP are more mobile than other HCs. It also agrees with our results
for thick Fe films, otherwise we would have observed an increase of the magnetization
in the region close to the Fe/MgO interface: more mobile HCs propagate faster into
the bulk of the Fe film, leaving behind other HCs with opposite SP. When dg. becomes
comparable to the ballistic length of the majority electrons A.+ ~ 3—5 nm, a significant
amount of the positive SP is already injected into the Au layer during first 100 fs,
and later we observe only the recovery of the magnetization (see the red curve in

Figure [6.4]c)).

6.3 Model of the ballistic hot carrier transport

Since the static MOKE rotation ¢, changes its sign at about dp. = 8nm (see Fig-
ure [6.3|(a)), it is more appropriate to compare the absolute variations of the MOKE
rotation Ak (t) and Ay (t) (see Figures [6.4(b) and (d)). As a result of different
depth sensitivities and the influence of the optical artefacts, Ay (t) and Ay (t) be-
have differently with the reduction of dp.. It is also should be taken into account
that the injection of the spin-polarized HCs gives rise to the MOKE signal from Au,
which is demonstrated in Chapter In order to disentangle all contributions, one
has to calculate spatial HC and magnetization profiles. Complete description of the
superdiffusive transport of the spin-polarized HCs, leading to the redistribution of the
magnetization in Fe and Au, requires an advanced model similar to those developed
in [22, 24, 142H144]. Here we focus on the fastest time scale account only for the
ballistic HC transport.

6.3.1 Calculation of the ballistic hot carrier profile

Efficiency of the ballistic HC transport is defined by lifetimes and velocities of different
HCs excited in Fe by the pump laser pulse. T.O. Wehling and A. Lichtenstein have
performed calculation [106] of the energy and momentum distribution of HCs excited
in Fe, based on the density functional theory as implemented in the WIEN2K pack-
age [145] using the linearized augmented plane wave method and a generalized gradient
approximation [I46] to the exchange and correlation potential. It was obtained that
HCs are excited to relatively small regions in the k-space (see Figure : one-third
of majority HCs has the wave vectors k parallel to the Fe/Au interface, and other
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Figure 6.5: Distribution of the optically excited majority (a) and minority (b) electrons
(hw = 1.5 €V) in the first Brillouin zone of Fe, calculated by T.O. Wehling and A.
Lichtenstein using joint density of states.

two-thirds have the k-vectors with non-zero projection on the normal to the Fe/Au
interface; one-third of minority HCs starts to propagate perpendicular to the Fe/Au
interface, and the k-vectors of other two-thirds have zero projection on the normal to
the Fe/Au interface.

In the model of the HC transport four types of HCs are considered: majority
electrons e' and minority holes h* with positive SP, minority electrons et and majority
holes A" with negative SP. Figure (a) shows energy spectra of the optically excited
HCs (hw = 1.5 eV) after momentum averaging [106]. So in addition to well-directed
k-vectors, HCs have relatively narrow energy distributions. When HCs pass through
the Fe/Au interface, their energies and momentum components parallel to the interface
are conserved.

The known band structure of Au allows to calculate the normal-to-interface momentum
component of the injected HCs and corresponding ballistic velocity vi¢ (see Table.
The velocities were calculated based on the density functional theory using the band
structures of bulk Au obtained within the Vienna Ab Initio simulation package (VASP)
with the projector augmented waves basis sets. Using HC velocities v¢ in Fe and
lifetimes 7H2¢ 7Y in Fe and Au estimated from ref. [19, [78], one can estimate ballistic
lengths in Fe and Au for different types of HCs: Ape = vpeTpe and Mgy = V4uTau. Here
we have to admit difficulty of a theoretical treatment of 3d ferromagnets, discussed in
Chapter [2| Lifetimes of the minority carriers in Fe, reported recently by Kalteborn et
al. [79)], differ much from those presented in [19, [78], but the predictions for the lifetime
of the majority electrons are very close. It is known that the majority electrons in Fe
are excited mostly to the sp-band, while other HCs are in the d-band. It means that

the majority electrons are more mobile and have larger ballistic lengths than other
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Figure 6.6: (a) Hot carrier excitation spectra reproduced from [I06]: majority elec-
trons e (solid green line), majority holes h' (dash green line), minority electrons e
(solid red line), minority holes h* (dash red line). (b) Transmission of the Fe/Au inter-
face for majority (green line) and minority (red line) carriers, calculated by I. Rungger,
M. Stamenova, and S. Sanvito.

HCs. Thus considering the time scale of the ballistic transport, we assume that only
the majority electrons contribute to the HC transport, while other HCs stay where
they are excited.

Another parameter required for the description of the ballistic HC transport is the
transmission of the Fe/Au interface. First principles quantum transport calculations
for the Fe(100)/Au(100) interface were performed by I. Rungger, M. Stamenova, and
S. Sanvito using the non-equilibrium Green’s function technique implemented in the
Smeagol code [147, [T48] at the level of the local density approximation. The sys-
tem consists of two semi-infinite and periodic in the transverse direction leads: a bcc
Fe lead with a lattice constant ap, = 2.87 A and a commensurate fcc Au lead with
aay = V2ap, = 4.08 A. The scattering region treated self-consistenly consists of 12
atomic layers of Fe and 12 atomic layers of Au forming a (100) interface. The full
spin-dependent transmission matrix between all incoming states from Fe and outgo-
ing states in Au has been calculated [149]. Figure [6.6(b) shows the averaged over
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HC | vpe(nm/fs) | 7pe(fs) | Ape(nm) | van(nm/fs) | Tau(fs) | Aau(nm) | Tre au
el 0.43 8 3.4 0.95 15 14 0.83
ht 0.08 <8 < 0.64 0.77 200 154 0.32
et 0.30 2 0.6 1.17 40 47 0.15
h* 0.21 ~ 2 ~ 04 0.94 80 75 0.15

Table 6.1: Velocities, lifetimes, ballistic lengths and transmission of the Fe/Au interface
for different types of HCs. Values for v¢ were taken from [106], and vHZC¢, 7HC +HC

were estimated from [19 [78].

all incoming channels transmission probability of the majority and minority carriers.
The transmission values T, 4, Of the Fe/Au interface averaged over the energy range
of particularly excited HCs are given in Table [6.1] The most striking result of these
calculations is that the values of the Fe/Au interface transmission for hot electrons
and holes in the minority sub-band do not differ significantly from the transmission
value at the Fermi level, while in the majority sub-band transmission of the hot holes
is slightly smaller than the value at the Fermi level, and that of the hot electrons is
about two times larger.

When all parameters are known, one can calculate changes of the HC profile due
to the HC transport. Initially at the time zero spatial densities of the optically excited
HCs are proportional to the absorbed energy of the pump laser pulse:

Pmt(z t=0)= Pmt(z,t = 0) = any Pyump(2),

0.5
P9 (2t = 0) = PI%(z,t = 0) = any Prump(2). (6.5)

where Ppymp(2) is the laser absorption profile, « is a factor between the absorbed
energy and the total HC density, 7y ~ 0.373, n; ~ 0.637 are portions of the majority
and minority carriers in the total number of the excited HCs, calculated from the
energy spectra of majority and minority electrons (see Figure [6.6(a)). Figure [6.7](a)
shows laser absorption profile in the Fe/Au structure calculated for 15 nm of Fe and
130 nm of Au. Since light absorption at 1.5 eV is much more efficient in Fe than in
Au, HCs generated in the Au layer by the pump laser pulse can be neglected in this
consideration. Spin redistribution in the Fe/Au structure is determined as a difference
between transient spatial densities of HCs carrying opposite spins:

AM(z,1) = P$!(2,t) — Pig!(s,1) — P(5,1) + B! (2, 1), (6.6)

Since we neglect transport of the majority AT, minority ht* holes, and minority electrons
e¥, their spatial distributions Py (2,t), Pyi(2,t) and P, (z,t) do not change with time.
As for the majority electrons e', it should be taken into account that HCs with ballistic
velocities parallel to the Fe/Au interface do not contribute to the spin redistribution.
So the two-thirds of the optically excited majority electrons e' propagate across the
sample, leaving behind the two-thirds of the corresponding majority holes h' with
negative SP, therefore

2
AM(Z’ t) = PeLT(Zv t) - ganTPPUmP<Z>7 (67)
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where

2 @T GT

el el el el
Pe#(’% t) = f <§anTPpump(Z>7 t7 VFper TRer VAur T Aus TFe—)Au? TAu—)Fe) (68)

is a spatial distribution profile of the majority electrons with a non-zero velocity com-
ponent perpendicular to the Fe/Au interface at time ¢, and f is a function, which
determines P%(z,t), using the initial HC distribution profile 2an; Pyump(2), ballistic
velocities v%., v, and lifetimes 7¢ , 75 in Fe and Au.

Figure (b) describes numerical calculation of the spatial HC distribution P} (z, t+
At) at time ¢ + At using the spatial HC distribution P%(z,t) at time ¢. Fe and Au
layers are divided into the sublayers in such way that it takes the majority electrons
a single time step At to pass from one sublayer to the next one. Since HCs have dif-
ferent velocities in Fe and Au, sublayers have different thicknesses vp. At and v, At.
Spatial HC density at the pump-probe zero delay t = 0 have to be recalculated into
the numbers 1k (z;,t = 0) and nly(z;,t = 0) of the ballistic HCs moving backward
and forward in each sublayer:

1
nhe(zi,t = 0) = nho(z;,t = 0) = 3 Piro(zi,t =0) - S - vpAt for 1 <i < Npe, (6.9)

where S is a square of the film, 7 is the sublayer index, and z; is its position. Then fol-
lowing the procedure of the numerical calculation, total number of scattered ngc(z;,t)
and ballistic 1 (25, t) + nhe(2,t) HCs in each sublayer at time ¢ can be evaluated
and recalculated back to the spatial HC density:

nsc(zi,t) +ne(zi,t) + néc(zi, t)
S - UFeAt

pL (24,1) = nso(zi t) + no(zi,t) + néc(zi,t)
et S v At

Pio(zi,t) = for 1 <i < Npe,

for NFe+1 < 7 < NFe—i‘NAu.
(6.10)

It is assumed that the Fe/MgO interface and the Au surface reflect all incident HCs.
As for the Fe/Au interface, these relations have been used:

anC(zNFe7 t + At) = (]' - TFG_)AU) ' néC(ZNFe7 t) ’ e_At/TFe 6 11
b —At/TAu ( ’ )
+ TAu—)Fe : nBC(zNFe-i-lv t) - € s
néC(ZNFe7 t+ At) = ngC(ZNFe*D t) ) eiAt/TFe: (6'12)
nsc(2np, t + At) = nsc(ang., 1) + (1 — e 27 nl (2, -1, t) (6.13)
+ (1 - eiAt/TAu> : TAU—>F6 ’ anC(ZNFe-l-lv t)?
anC(ZNFc"Fl’ t+ At) = anC(ZNFe-i-Q’ t) ’ e_At/TAu7 (614)
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Figure 6.7: (a) Laser absorption profile calculated for Au/Fe/MgO(001) structure with
15 nm of Fe and 130 nm of Au. Spatial density of the excited hot carriers is proportional
to the absorbed energy of the pump laser pulse: P4 (z,t = 0) = aPpump(2). (b) Model
for numerical calculations of the ballistic HC transport. For specified type of HCs Fe
and Au layers can be divided into Np. sublayers with thicknesses vp., At and N4,
sublayers with thicknesses v, At, respectively. vg., v4, are ballistic velocities in Fe
and Au (see table [6.1)), and At is a time step small enough to calculate HC spatial
distribution with certain accuracy and neglect the differences |Np.vp At — dpe| and
|N 4y A At — da,|. Dashed red circles depict HCs propagating in ballistic regime at
time ¢, and full blue and red circles depict scattered HCs and ballistic HCs at time
t 4+ At, respectively. At time ¢ 4+ At one part (e”¥7F¢ in Fe and e~2%/74v) in Au) of
HCs transmitted into the next sublayer gets scattered and becomes ‘frozen‘, the other
part ((1—e =277 in Fe and (1 —e~2¥/7) in Au) proceeds to the next sublayers. The
same happens with HCs reflected from the Fe/MgO interface in the sublayer ‘1‘, HCs
reflected from the Fe/Au interface in the sublayers ‘Ng.‘ and ‘Npg, + 1¢, HCs reflected
from the Au surface in the sublayer ‘Ng. + Ny, ‘, but unlike other HCs, they only
change velocity direction and remain in the current sublayer.
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néC(zNFﬁ“’ t+ At) = Tre au - nJ;C'(ZNFw t) - e~ AT (6.15)
+ (1 = Thussre) - Ny (2npoi, t) - €O TAw,
nSC(ZNF€+17t + At) = nSC(ZNFe+17 t) + (1 - eiAt/TFe) : TFe—)Au : néC<ZNFe7 t) (6 16)

(L= e )l (g ).

Thus we have demonstrated the procedure for the calculation of the HC redistri-
bution due to the ballistic HC transport.

6.3.2 Analysis of the experimental data

Now we will use the model of the ballistic transport to reproduce the absolute variations
of the MOKE rotation Ay (t) and ellipticity Avf.(t) at 40 fs pump-probe delay. At
this time the pump pulse is over, and the diffusive HC transport does not contribute
considerably yet. According to Chapter [5] the characteristic of the phonon-mediated
spin-flip processes 73, = 210 £ 10 fs, therefore their influence on the magnetization
dynamics can be also neglected.

In Chapter [7| we discuss the experiments where the Au/Fe/MgO(001) was pumped
from the Fe side and probed from the Au side. It is demonstrated that the injection of
the spin-polarized HCs into the Au layer give rise to a measurable MOKE signal from
Au. The MOKE rotation and ellipticity data allowed us to estimate the ratio between
the real and imaginary parts of the Viogt constant of Au ¢, /¢, = 2.7£0.1 (for more
details see Chapter [7)). In the experiments discussed here, both pump and probe
pulses were applied from the Fe side of the Au/Fe/MgO(001) structures, meaning that
the contributions of the SP injected into the Au layer to Ay () and Ay (t) should
be even larger. They grow with the reduction dg., because it increases the MOKE
sensitivity to the bulk of the Au layer and HCs have to propagate smaller distance
to leave the Fe film. However, because of the large reflectivity of Au at 1.5 eV, the
portion of the absorbed energy decreases for small Fe thickness (see Figure [6.3](a)),
which affects the amplitudes of the demagnetization and the Au contributions to the
MOKE signals. In order to reduce the number of the fitting parameters, we set the
ratio ¢4,/¢4, and used only the absolute value |qa,| = \/d3, + ¢&2, as an adjustable
parameter.

According to the data presented in Chapter the variations of the real and
imaginary parts of the Voigt constant of iron qp,. are proportional to the density of the
optically excited HCs, i.e. the total energy of the non-equilibrium HCs:

Aq/ (Z t) — EeTPeT(Z,t) + EhTPm(Z,t) + Eeipei(Z,t) -+ Ehiphi(zﬂf)
Fe\~» -

1
neq 15 ) (6 7)

Aqge(z’ t) _ bgeq E. P (Z, t) + Eum(z, t)1+5E8¢Pe¢(z, t) + Ej1 Py (Z, t) 7
where E.+ = 1.3 eV, B =02eV, B,y = 0.87eV, E,. = 0.63 eV are the energies of
the optically excited HCs (see Figure . In contrast to the experiments on a 8-nm
Fe film discussed in Chapter [5] the spatial HC distributions are neither uniform nor
identical. In order to reduce further the number of the adjustable parameters, we set

(6.18)
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Laser absorption

Magnetization profile o =1.00=£0.02

' *V),eg = —(1.52£0.02) - 10~
~ neq
State-filling effect B = (1,40 + 0.02) - 10~

neq

) Chw = 2.7£0.1
940 = /43, + ¢4, = 0.10 £ 0.02

The Voigt constant of Au

Table 6.2: Adjustable parameters used in the model of the ballistic transport to re-
produce the experimental data. Presented values were obtained after the joint fitting
procedure of the data shown in Figure *Marked parameters were rescaled for the
laser absorption profiles Py, (2) in Figure [6.8(a). ** ¢/, /¢4, has been estimated from
the data presented in Chapter [7]

the ratio 0], /0., to the value obtained in Chapter [5/and used the common factor
boZ

v, =bobl ., b = Db (6.19)

neq neq’ “neq neq’

where Z;;Leq, E;;eq corresponds to the relative variations of the MOKE rotation d¢ (t =
0) = —7.58 % and ellipticity d¢% (t = 0) = —7.58 % observed on a 8-nm Fe film at the
time zero (parameters b and b in Table . Even if the ratio ¥/, /b".. is not hold,

neq/ “neq

the fitting procedure gives a value close to the value obtain in Chapter [5]

Initially the HC and magnetization profiles were calculated in the arbitrary units,
using velocities veFTe, v, and lifetime 74, of the majority electrons shown in Table
For the lifetime of the majority electrons in Fe we used 7p. = 12 fs from [79], but
also close to the predictions in [19]. « in was used as an adjustable parame-
ter to calibrate the absorption profiles Ps(z) in the number of the optically excited
electrons per atom (see Figure[6.8|(a)), and the magnetization profiles AM(z,¢) in the
Au/Fe/MgO(001) structures in the units of the saturation magnetization of Fe Mp,
(see Figure [6.§(Db)).

The results of the joint fitting procedure for the absolute variations of the MOKE
rotation Ay (t = 40 fs, dp.) and ellipticity Ay (t = 40 fs, dp.) are presented in Fig-
ure 6.9 and corresponding parameters are shown in Table[6.2] In spite of that the model
of the ballistic transport reproduces the experimental dependences and gives reason-
able demagnetization value, it obviously overestimates the number of the optically
excited electrons per atom. The reason is that the model of the ballistic transport
does not consider secondary electrons which can contribute significantly to the HC
transport at 40 fs after the pump pulse. Consequently, it may also underestimate the
amount of the SP injected into the Au layer and the corresponding contributions to
Ay and Ay, As a result, the differences between the red solid and dash lines in
Figures [6.9(b) and (d) are not so big, and the model of the ballistic transport pro-
vides very rough estimation for the Voigt constant qa,, because the MOKE originates
mostly in Fe. Nevertheless, consideration of the ballistic regime of the HC transport
revealed its contribution to the magnetization dynamics. Although the state-filling
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Figure 6.8: (a) Laser absorption P, (z) profiles. (b) Magnetization AM/(z) spatial
profiles established in 40 fs after the optical excitation of the Fe film. P, (z) and
AM (z) were calibrated using the fitting procedure for the absolute variations of the
MOKE rotation Ay and ellipticty Ay at 40-fs pump-probe delay (see Figure .
The film depth z is the distance from the Fe/MgO interface, and the abrupt changes
in Pus () and AM(z) correspond to the position of the Fe/Au interface.

effect induces large variations of the MOKE rotation and ellipticity and can reproduce
Ay (t = 40 fs,dpe) (green line in Figure [6.9(b)) alone, the absence of the HC trans-
port does not allow us to describe Ay} (t = 40 fs,dre). The curves in Figure are
the simulations performed with the parameters obtained in the complete fitting pro-
cedure (see Table . If we exclude the HC transport, the only adjustable parameter
is by, therefore in this case the fitting procedure is limited to simple stretching of the
green curves along the vertical axis. Different influence of the ultrafast demagnetiza-
tion and the optical bleaching on Ay} and Ay is related to their depth sensitivities.
The region of the Fe film close to the Fe/MgO interface contributes more to the MOKE
ellipticity ¢ than to the MOKE rotation ¢}, as it was shown for dp. = 15 nm in
Figure[6.3|(b). For this reason, the HC transport affects more Ay}, than Ay,

Summarizing, our model demonstrates that the HC transport plays an important
role in ultrafast laser-induced demagnetization of the Fe film. In spite of all simplifica-
tions and assumptions, our model provides a realistic estimation for the amount of the
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Figure 6.9: Absolute (a-0v, c-01% ) and relative (b-At}, d-Ad%) variations of the
MOKE rotation v} and ellipticity ¢}, induced in the 130nm-Au/x-Fe/MgO(001)
structures at 40-fs pump-probe delay with 20 m.J/cm? incident pump fluence.

positive SP injected into the Au layer during first several tens of femtoseconds after the
pump pulse. Description of the measured MOKE signals for later pump-probe delays
requires more sophisticated model similar to that presented in [22-24].

6.4 Conclusions

Laser-induced injection of the spin-polarized HCs from the Fe film into the Au layer
has been studied using the time-resolve MOKE and mSHG techniques. Comparison
of the transient variations of the MOKE rotation and ellipticity with those presented
in Chapter |5| revealed the HC transport contributes considerably to ultrafast demag-
netization of the Fe film and confirmed the results reported in [22-24].

According to the data obtained in the ab initio calculations, the emission of the
majority electrons with the positive SP from the Fe film into Au is much more efficient
than the emission of other HCs. Unlike the phonon-mediated spin-flip processes with
the characteristic time 73, ~ 200 fs, ultrafast injection of the positive SP into the Au
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layer via the HC transport results in a fast drop of the magnetization within first 20
fs after the optical excitation of the Fe film. Modelling the HC and magnetization
spatial profiles established on the time scale of the ballistic HC transport, it is possible
to disentangle all contributions to the MOKE signals. Because of the different depth
sensitivities, the HC transport affects more the MOKE ellipticity A} (¢) than the
MOKE rotation Ay} (t). The latter is mostly determined by the state-filling effect
during first 100 fs.

The Voigt constant of gold g, = 0.094 + 0.0357, obtained in the analysis of the
MOKE data, is consistent with the experimental results, concerning the HC transport
in Au (see Chapter [7)), as well as the estimation for the SP injected into the Au layer
on the time scale of the ballistic HC transport.
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Chapter 7

Transport of spin-polarized hot
carriers in Au

In Chapter [6]the initial stage of the hot carrier (HC) transport was discussed, i.e. the
injection of spin-polarized HCs from a ferromagnetic film into a non-magnetic metal.
The analysis of the transient MOKE rotation Ay (t) and ellipticity Ay (t) revealed
that the HC transport plays a considerable role in ultrafast demagnetization of the
Fe film. Comparison of the ballistic lengths A2 and the transmission through the
Fe/Au interface Tpe_, 4y, obtained for different HCs from the ab-initio calculations,
clearly indicates that the spin current (SC) pulse injected from the Fe film into the
Au layer is dominated by the majority electrons carrying positive spin polarization
(SP), which is consistent with our experimental results. Owing to a large inelastic
mean free path in Au, the injected spin-polarized HCs propagate further into the bulk
of the non-magnetic layer without losing their initial SP. For the reasons mentioned
above, it can be assumed that the SC pulse in Au is formed only by the majority
electrons with the positive SP. In order to study temporal evolution of the HC packet
and the SC pulse, pump-probe experiments have been performed on epitaxial bilayer
Au/Fe/MgO(001) structures with different thicknesses of the Fe and Au films. In
contrast to the experiments presented in Chapter @, the probe pulse hwprope = 1.5 €V
has been applied from the Au side (see Figure [7.1[a)).

Performing pump-probe experiments in the transversal and longitudinal magneto-
optical geometries, it has been found that the total odd SH field Egﬁd is the sum of the
SP-induced SH field Ezsf , originating at the Au surface, and the SC-induced SH field
EQSWC , originating in the bulk of Au. Analyzing the mSHG and MOKE signals, it is
demonstrated that the injected majority electrons propagate in Au in a quasi-ballistic
regime. The steep front of the SC pulse consists of the optically excited electrons which
leave the Fe film in the ballistic regime, while the shallow trailing part of the SC pulse

is formed by the secondary electrons.
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7.1 'Transient magneto-optical response of Au

Since there is no initial SP in paramagnets, in the absence of the pump pulse the Au
layer does not contribute to the MOKE rotation and ellipticity:

Also in the static regime there is neither HC current nor SC, and the measured SH
intensity is the result of the interference of the SH fields £ */ Mgo, EFe/A and Eiv surf:
originating at the Fe/MgO, Fe/Au interfaces and the Au surface, respectlvely. Here
we neglect the bulk quadrupole contribution. For Au it was shown to be small with
respect to the surface dipole one [I50]. When the Au thickness dg, is large enough
(> 40 nm, see Figure - ) the Au surface can be considered as the only source of
the SH field. In the first approx1mat10n the surface dipole polarization Py **"F can
be expressed as a sum of the even term independent of the magnetization M and the
odd term linearly proportional to it:

Pttt = O By Bk + X By B M, (7.2)

2w,1 ’ij? 7,]

(3,5P)

where 7, j, k=2, y, z, and Xij’,; , ~ 1s a pseudo-tensor with respect to the last index.

This expression is also valid for the SH dipole polarizations PFe/ M99 and ]32]‘[;6/ AU at the

Fe/MgO and Fe/Au interfaces. At the negative pump-probe delays t < 0, there is no
odd SH field originating at the Au surface. For this reason, spin dynamics in the bulk
of the Au layer and at the Au surface has been monitored by the absolute variations
of the MOKE rotation v (t), ellipticity ¥% (t) and the SH contrast pa,(t):

A (t) = P (t) = V00 AU () = Ve (£) — Yl g (7.3)

02 (t) _ [§w<t) _ [%w(t)

L, () + I, (1)
where I (t), I3 (t) are the SH intensities measured for the opposite directions the
saturating magnetic field.

After the optical excitation of the Fe film, the HC current]] flowing in Au, breaks
the spatial inversion symmetry and hence gives rise to the bulk SH contribution:

(7.4)

PHC cur. _ (3) E E ka7 (75)

2w,1 zgkz

®3)

where the tensor x;7.j. has exactly the same symmetry and non-zero components

as the tensor X(Q,)C corresponding to the surface non-magnetic SH field. The surface

magnetic SH term ijk . Ml has its bulk SC-induced ‘twin‘ as well:

P = XSV, Bl (7.6)

2w,i T z]kzl

!Charge current is expected to be partially compensated by the displacement of the 'cold’ elec-
trons [I51].
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Figure 7.1: (a) Experimental scheme to study transport of the spin-polarized HCs
in Au. Considering elastic HC scattering from the Au surface, measurements per-
formed on the Au/Fe/MgO(001) structures with different Au thicknesses make it
possible to track the evolution of the HC and spin current pulses propagating in a
infinitely thick Au layer. (b) Transient pump-induced variations of the even SH field
SE} (ved), SH contrast pZ (blue) and MOKE ellipticity ¥/, (green) obtained for
the Au/Fe/MgO(001) structure with 8 nm of Fe and 75 nm of Au. §E. " and
pl  were measured in the transversal magneto-optical geometry M ||y, while ¥, was
measured in the longitudinal magneto-optical geometry M || 2.

Here ng.,’;z(i) is again a pseudo-tensor with respect to the last index, and jfz ; 1s the SC

component with the HC velocity vy along Z and spin Sye:

EC = .S
J° ~VUHC ® SHC, 21 ™~ V2SI (7.7)

(4,5C)

, (3,5P)
ijkz,l |

The product x iike My in terms of the symmetry and non-zero

components.

j;c’: ; 1s identical to x

As for the non-magnetic effects, they were monitored by the relative variations of
the linear reflectivity R(t) and the even SH field ES'™:

SR(t) = %;RD, (7.8)
Eeven t _ Eeven

By
where Ry and E5)7 are the linear reflectivity and the even SH field in the absence of
the pump pulse, respectively.

In contrast to the experiments where the probe pulse was applied to the Fe film, the
magneto-induced SH field originating in Au can be considered to be small in comparison
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to the total SH response?}
B3| > B3 (7.10)

Neglecting | E9%4|2 in the expression (#.17) for the SH intensity, the even SH field F§%"

is given by
I(t) + I3 (t
Ezw@)z\/ 2l 2 R0, (7.11)

and the SH contrast ps, is

l;odd
pr(t) ~ 2 2= COS¢2w7 (712)

even
lg2w

where ¢q,, is the relative phase difference between E;ff” and ngjd.

Figure [7.1[(b) shows the experimental results measured on the Au/Fe/MgO(001)
structure with 8 nm of Fe and 75 nm of Au using 14-fs p-polarized pump and probe laser
pulses in the transversal magneto-optical geometry M ||y (zz is a plane of incidence).
Pump-induced variations of the even SH field  ES'"(t) undergoes a fast drop during
first 200 fs and then recovers on a picosecond time scale. At the same time the SH
contrast pl (t) goes down, reaches its negative peak at about 63 fs, changes its sign
at about 150 fs and finally vanishes within first 2 ps after the optical excitation. The
MOKE ellipticity signal 9% (t) also decays on a picosecond time scale, but exhibits no
negative variationg’, The curves §E5”"(t) and pZ,(t) are similar to those obtained by
Melnikov et al. using 35-fs laser pulses [106]. In [I06] the mSHG was considered as a
purely surface-sensitive technique, therefore the negative peak of pl (t) was assigned
to the ballistic HCs with negative SP, while the positive peak of p () was referred to
the contribution of the majority electrons e'. It does not contradict with the absence
of the negative variations of ¢, (¢). Since the MOKE gives information on the average
magnetization in the Au layer, the contribution of the majority electrons e’ to the
MOKE ellipticity 9% (t) dominates even when the negative peak of the SH contrast
pl (t) appears. Nevertheless, in the following it will be shown that pZ (¢) does possess
the SC-induced contribution, and a well-accepted interpretation of the mSHG data
in [106] has to be reconsidered.

According to , for a p-polarized probe pulse in the longitudinal magneto-

optical configuration M ||z the odd SH field E’QLo;Odd is s-polarized. In order to observe
interference between E;Zje” and E‘é:fdd, leading to a non-zero SH contrast p¥ (t), one
has to use an analyzer with the optical axis set between the p- and s-polarizations.
Although both pI (t) and pl (t) reach their extremum at about 63 fs, pX (¢) does not
change its sign (see Figure [7.2|a)). In 500 fs after the optical excitation of the Fe film
pd (t) and pk () merge together. Considering the mSHG as a purely surface/interface
sensitive technique and following the concept suggested in [106], one can assume that

the components of the ¥ tensor responsible for the appearance of the odd SH field

2The SH contrast p2 (t) measured with the p-polarized probe pulse in the transversal magneto-
optical configuration did not exceeded 10%

3Fast variations of % (¢) at the time zero are related to the temporal overlap of the pump and
probe pulses.
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Figure 7.2: (a) Pump-induced relative variations of the even SH field d '™ (¢) (red)
and the SH contrast p,(t) (blue) measured on a Au/Fe/MgO(001) structure with 8
nm of Fe and 75 nm of Au in the transversal (filled dots) and longitudinal (empty
dots) magneto-optical configurations. For the transversal magneto-optical geometry
the analyzer was set to transmit only p-polarized light, while for the longitudinal
magneto-optical geometry the optical axis of the analyzer was aligned at 45° with
respect to the direction of the p-polarization. (b) Dynamics of the spin-current- and
spin-polarization-induced contributions p5¢(¢) (blue down-triangles), p5F(t) (red up-
triangles) to the SH contrast po,, and the MOKE ellipticity ¢ (green empty circles)
measured on a Au/Fe/MgO(001) structure with 8 nm of Fe and 75 nm of Au. Cyan line
denotes the pump-probe delay t* ~ 210 fs, when p5¢(¢) becomes negative, and p5F ()
reaches its maximum. Solid black lines are the results of the joint fitting procedure of

the curves pl (t) and pZ (t) with the sum of the functions (7.17) and (7.18).

Egjfd may behave differently upon the arrival of the HCs with different binding en-
ergies. However, thanks to the pump-probe experiments performed on three-layer
Fe/Au/Fe/MgO(001) structures, which are discussed in Chapter [8] we can conclude
that in addition to the accumulation of the SP at the Au surface, the laser-induced SC
flowing from the Fe film leads to the generation of the odd SH field E% in the bulk
of Au:

Eg% = ESP 4 E5C. (7.13)
In order to explain the measured pl (t) and pl (t) curves, we suggest that one of
the terms in ([7.13) changes its sign, when we switch between the transversal and
longitudinal magneto-optical geometries. Since the SC-induced odd SH field originates
in the bulk of the Au layer, its contribution to the SH contrast pa,(t) builds up earlier
than the other one provided by the SP at the Au surface. From Figure [7.2|(a) one can
deduce that the SP-induced contribution is positive for pl (¢) and p% (¢), while the
SC-induced one has opposite signsﬁ.

4Actually it depends on the orientation of the analyzer. If the analyzer is rotated in the opposite
direction with respect to the position, where it transmits only the p-polarized component, pk (t)
becomes negative.
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It should be noted that different components of XE;‘,;S;? jf’ ; and XE?}:IP)MZ are re-
sponsible for the appearance of the odd SH field in the transversal and longitudinal
magneto-optical geometries, therefore pl (t) and pl (t) can be expressed as

Phs(t) = P55 (8) + p5E (1), ph,(t) = —apss () + Boss (1), (7.14)

where p5(t), p5F (t) are the temporal profiles of the SC- and SP-induced contributions,
respectively. The coefficients o and S are account for different amplitudes of these
terms in two magneto-optical geometries. According to the theoretical predictions
for the transmission through the Fe/Au interface (see Figure [6.6[b)) and the ballistic
lengths in Fe (see Table , it is reasonable to assume that the SC pulse in Au is
formed only by the majority electrons with the positive SP determined by the magne-
tization Mp, of the Fe film. When the front of the SC pulse reaches the Au surface,
reflected majority electrons propagate back to the bulk of Au. As a result, they com-
pensate the SC flowing from the Fe film, providing sharp peaks in the pZ (t), p& (t) sig-
nals at about 63 fs. From the mSHG data obtained on three-layer Fe/Au/Fe/MgO(001)
structures it is evident that the SC reverses, because of the electrons reflected from the
Fe/Au interface (see Chapter [§). In a two-layer Au/Fe/MgO(001) structure all HCs
approaching the Au surface undergo spin-independent scattering, and the reversed SC
should have larger amplitude than in the case of a three-layer Fe/Au/Fe/MgO(001)
structure with the same thickness of the Au spacer, where some portion of the spin-
polarized HCs is transmitted into the spin-collector. When p5¢ (¢) changes its sign, the
reversed SC becomes larger than the direct one, and the amount of the positive SP,
accumulated at the Au surface, is maximal. Thus

pSC(t) =0 = (dpgf(t)) ~ 0. (7.15)

dt

Using (|7.15)), it is possible to determine o and S in ([7.14]), and evaluate temporal
profiles of the SC- and SP-induced contributions p5¢(t) and p5 (¢):

In spite of that p5¢(¢) is proportional to the convolution of the spatial profile of the SC
7°%(2,t) with the depth sensitivity of the mSHG, it turned out that p3C () resembles the
time derivative of the SP at the Au surface, i.e. dp5F(t)/dt, while p5F () reproduces
the MOKE ellipticity signal ¢} (¢) (see Figure[7.2b)). In order to derive characteristic
time constants, p5(t) was described with the following function

PP (t) = A exp (— (t = to)” ) (7.17)
2 2\/7T<bo+b1<t—t0)> 4(b0+b1(t_t0)) . .
The derivative of this function corresponds to the SC-induced contribution:
SC(1) = — B { 2b, 2bo(t — to) + b1 (t — t0)2}
y 8+/7(bo + b1(t —to)) Lbo + b1(t —to) (bo + ba(t — t0))?

(7.18)

*exp (_4(bo$b_1§§)i to))) |
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In Figure [7.2]a) it is demonstrated that the sum of the functions (7.17) and (7.18)

approximately reproduces the measured curves pZ (t) and pZ (t). The corresponding
adjustable parameters are shown in Table . Function and its derivative ([7.18))
do not imply any specific model of the laser-induced HC generation in Fe and HC
emission into the Au layer, but they exhibit two features which (should) present in
p5F(t) and p5S(t). (i) When p5¢(t) changes the sign, p57(t) reaches its maximum. (ii)
There are also one maximum and one minimum of p5S(¢), where p5F(t) changes its
convexity.

In the next subsection it will be shown that HCs propagate in Au mostly in a
quasi-ballistic regime, and the temporal profiles of the SH contrast ps,, and the MOKE
ellipticity ¥ (t) are determined by the emission of the majority electrons from the Fe
film, which increases on the time scale of the electron-electron thermalization in Fe
~ 200 fs (see Chapter [5)) due to the generation of the secondary HCs, and decreases
on a larger time scale because of the relaxation processes.

7.1.1 Hot carrier transport: dependence on the Au thickness

Experimental data shown in Figure [7.2| were obtained on the Au/Fe/MgO(001) struc-
ture with 75 nm of Au. Absence of the static MOKE signals and the SH contrast
allowed us to neglect all contributions from the Fe film and treat SP and SC flowing
in the Au layer as the only source of the magneto-optical response. However, it is not
always the case. For da, = 23 nm the static SH contrasts pj,, o = —(1.7 £ 0.1) % and
P, = (1.0£0.2) % (see Figure (a)). During the first picosecond after the pump
pulse, all injected majority electrons propagate to the Au surface and then return back
into the Fe film. Some part may be reflected from the Fe/Au interface, but it is so
small that it does not provide significant contribution to the dynamic SH contrasts
pL (t) and pk (t). Thus on a larger time scale pZ (t) and pZ (¢) monitor only the mag-
netization dynamics in the ferromagnetic film. Figure[7.3(b) presents the dependency
of the ratio between the amplitudes of the SH fields E" *™/- El /AU originating at
the Au surface and the Fe/Au interface, respectively. Assuming identical efficiency
of the SHG at the Au surface and the Fe/Au interface, the Fe/Au interface should
contribute considerably to the mSHG response for the Au thicknesses up to 40 nm. As
for the linear magneto-optical response, the absorption of the signal wave in Au at the
fundamental frequency hw = 1.5 eV is less efficient than the absorption of the SH wave
(see Figure [2.5)), therefore the contribution of the Fe film to the MOKE is considerable
for the Au thicknesses up to 70 nm (see Figure [7.3(d)). In spite of the fact that the
contributions from the Fe film to the magneto-optical signals complicates the analysis
of the spin dynamics induced in the Au layer, they provide information about laser-
induced demagnetization. Absolute variations of the MOKE ellipticity d¢}. shown in
Figure [7.3|c) indicate approximately 10 % demagnetization of the 8-nm Fe film at 2
ps after the optical excitation. Since both spin-flip processes and the HC transport
contribute to the demagnetization of the ferromagnetic film, this value cannot be used
for the estimation of the SP injected into the non-magnetic layer. We will come back
to this problem later.
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Figure 7.3: (a) Pump-induced variations of the SH contrasts pl  (red) and pk  (green)
measured on the Au/Fe/MgO(001) structure with 23 nm of Au and 8 nm of Fe in
the transversal (T) and longitudinal (L) magneto-optical geometries. p3,, (blue) and
P50 (black) are the static SH contrasts. (b) Ratio between the amplitudes of the
reflected SH fields originating at the Fe/Au interface and the Au surface, calculated
in the assumption that the SH sources are the current sheets in the Au layer with
polarization P;ﬁp = @ . E,,E, ,, where X1(421)Lsurf. = ng/Au = 1 and Aw = 1.5eV.
(c¢) Pump-induced absolute variations of the MOKE ellipticity 0¢% () measured on
Au/Fe/MgO(001) structures with 8 nm of Fe and different Au thicknesses: 23 nm (red),
44 nm (orange), 60 nm (green), 75 nm (blue). (d) Dependence of the static MOKE
ellipticity signal ¥%. on the Au thickness d4,. Black dots represent experimental values,
and solid red line is calculated according to the method described in [27].
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d Ay (nm) Ar/Ap Br/By, bo (ps?) b1 (ps) to (ps)
44 0.23 £0.02 | —0.71 £ 0.06 | 0.034 = 0.002 | 0.126 = 0.006 | 0.254 %+ 0.006
60 0.25£0.01 | —0.60 £0.02 | 0.036 = 0.002 | 0.125 4+ 0.003 | 0.285 4 0.004
75 0.26 £0.01 | —0.53 £0.03 | 0.034 £ 0.002 | 0.112 4+ 0.004 | 0.304 = 0.005
116 0.44+£0.02 | —=0.51 £0.03 | 0.039 £ 0.002 | 0.094 +0.004 | 0.40 £ 0.01
127 0.314+0.02 | —0.444+0.04 | 0.041 4+ 0.003 | 0.098 £ 0.006 0.42 +£0.01

Table 7.1: Adjustable parameters obtained after the joint fitting procedure of the
SH contrasts pl (t) and pL () measured in the transversal and longitudinal magneto-
optical configurations, respectively. The fitting function is a sum of the functions ([7.17))

and (719).

In the experiments performed on the Au/Fe/MgO(001) structures with d4, >
40 nm, the SH contrasts pZ (t) and pZ (t) are zero for ¢ < 0, meaning that only Au
contributes to the SH signal, and for ¢ > 0 they look similar to the curves presented
in Figure (a). Fitting the experimental data with the sum of the functions
and (7.18), we disentangled the SC- and SP-induced contributions p5< (t) and p52 ()
to the SH contrast. Figure [7.4] shows pump-induced variations of the even SH field
SESven(t), p5¢(t) and p5F(t) measured on the samples with 44 (red), 60 (orange), 75
(green) and 116 nm (blue) of Au. The results of the fitting procedure are summarized
in Table Assuming that all majority electrons propagate back into the bulk of
Au after the reflection from the Au surface, it is clear that the parameters by and b,
characterize the spatial shape of the SC pulse injected into the Au layer. Their values
obtained for different Au thicknesses are close to each other. It allows us to conclude
that the majority electrons propagate in Au in a quasi-ballistic regime and the tem-
poral profiles of p5¢(t) and p5T(t) are mostly determined by the HC flux through the
Fe/Au interface. The temporal width of the front of the HC packet /by ~ 0.2 ps which
corresponds to the time scale of the electron-electron thermalization (see Chapter [5)).
It is not surprising, because relaxation of the non-equilibrium electrons in Fe increases
the number of the electrons above the Fermi level. Since the majority electrons have
larger ballistic length in Fe and higher transmission probability through the Fe/Au
interface than other HCs (see Figure [6.6{a)), it provides a net flux of the positive SP
from the Fe film into the Au layer, which lasts as long as the electron temperature in
Fe is larger than in Au. The temporal width of p5(¢) gives the characteristic time of
the electron equilibration between the Fe and Au films: 0.56 + 0.03 ps.

For the perfect epitaxial Au/Fe/MgO(001) structures, the ratios Ar /Ay and Br/By,
are expected to be the same for different d 4,,. However, variation of the sample quality
may enhance/reduce one contribution to the SH contrast po,(t) with respect to another
one, thereby affecting Ar/A; and By /By.
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Figure 7.4: Pump-induced relative variations of the even SH field dES'"(¢) (a), SC-
and SP-induced contributions to the SH contrast p5¢ (¢) (b) and p52(t) (c), measured
on the Au/Fe/MgO(001) structures with 8 nm of Fe and different Au thicknesses:
44 nm (red), 60 nm (orange), 75 nm (green), 116 nm (blue). In order to evaluate
PP (t) and p3¢(t) for each Au thickness, the SH contrasts pl and p% | measured in
the transversal (p-out) and longitudinal (45°-out) magneto-optical configurations, were
fitted with a sum of the functions ((7.17)) and (7.18)). Using the ratios Ap/Ar, Br/By
obtained in the fitting procedure (see Table |7.1)), it is possible to derive p3Z(t) and
p59(t): the empty circles in (b) and (c) depict the experimental data, while the solid
lines correspond to the fitting functions for p3F(t) and for p5°(t). The
inset shows the dependencies of tg¢ (circles) and tgp (triangles) on dg,. tsc and tgp
are the peak positions of the SC- and SP-induced contributions p5¢(¢) and p5F(t),
respectively.

114



7.1. TRANSIENT MAGNETO-OPTICAL RESPONSE OF AU

In Figure one can note that functions and describes the SC- and
SP-induced contributions p5¢(t) and p5Z(t) for large Au thicknesses, and there are
some deviations for small Au thicknesses. The reason is that there are two types of the
majority electrons which contribute to the spin dynamics in Au: optically excited elec-
trons that leave the Fe film in the ballistic regime, and secondary electrons. According
to Figure [6.5] the optically excited electrons have well-directed velocity distribution in
contrast to the secondary electrons. However, because of the higher binding energies
the optically excited electrons have smaller lifetimes in Au. As a result, their contribu-
tion to the SH contrast decreases faster with dy4, than that of the secondary electrons.
For d4, = 44 nm JES’"(t) exhibits a double-peak structure which is smeared into a
single broad peak for larger Au thicknesses. The sharp peak in JES'"(t), as well as
that of p5C(¢), corresponds to the arrival of the optically excited electrons at the Au
surface.

The inset in Figure [7.4| shows that the position ts¢ of the positive peak of p5¢(t)
is linearly proportional to d 4,, which is a true signature of the ballistic transport. The
linear fit d4, = vautsc (solid red line) gives the velocity of the majority electrons
which leave the Fe film in the ballistic regime: v4,1 = (1.06 £ 0.07) nm/fs. The
amplitude of the peak of p5¢(t) decays with an increase of da,. The exponential fit
(not shown here) gives the ballistic length A4,1 = (25 & 3) nm. Then the lifetime
1S Taul = Aaw1/Vaw = (24 £4) fs. Both va,1 and 74, are close to the results of
the ab initio calculations [19, [106]. Position tgp of the peak of p57(t) is also linearly
proportional to d4,, which supports our conclusion that all injected majority electrons
propagate in Au in quasi-ballistic regime. The linear fit da, = vau2(tauwe — to) (dash
blue line) gives the velocity of the secondary majority electrons v 4,2 = (0.6£0.4) nm/fs
and the time ¢y = 120 £ 84 fs, when the flux of the secondary electrons through the
Fe/Au interface is maximal. The secondary electrons has smaller binding energies and
larger lifetimes than the optically excited electrons, therefore the amplitude of p57(¢)
decreases slower with d, than that of p5¢ ().

When d 4, > 65 nm, the MOKE signal reflects only spin dynamics in the Au layer.
Figure shows that in this case ratio between the MOKE ellipticity ¢/ (¢) and
rotation ¢ (t) remains constant for ¢ > 100 fs after the pump pulse. Moreover, this
ratio is almost independent of the Au thickness. This allows us to conclude that the
observed variations of the MOKE signals are not related to the variations of the Voigt
constant of gold g4, and occur only due to spin transfer in the Au layer. Fitting the
MOKE ellipticity ¢} (¢) with the function [7.17 we demonstrate that for da, > 65 nm
the SP-induced contribution to the SH contrast p3%(¢) resembles the MOKE ellipticity

%(t) (see Tables[7.1]and [7.2)). It means that the magnetization profile in the probed

region of the Au layer is more or less homogeneous.

In order to obtain some information about the Voigt constant of gold ¢4,, we cal-
culated the depth sensitivities of the MOKE rotation wj ..(2), wk ;,(2) and ellipticity
wlil(',re<z)7 wlll(,zm(z> (See Figure ' Curves wlll(,'r’e<z)7 w/K,'re<Z)7 w/K,zm(Z) and wlfl(,zm(z)
represent the dependencies of the MOKE ellipticity and rotation on the depth z* of
the sublayer (Az = 0.1 nm) with a unit magnetization m(z*) = 1 and magneto-optical
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Figure 7.5: (a) MOKE ellipticity ¥ (t) and rotation ¢ (t), measured for 8 nm of
Fe and different Au thicknesses: 75 nm (red and cyan), 116 nm (orange) and 127
nm (green and blue). The MOKE rotation curves ¢ (t) were scaled and smoothed
(5 pt. = 20 fs). Black lines represent the results of the fitting procedure of the MOKE
ellipticity 9% (¢) with the function (7.17)). (b) Depth sensitivities of the longitudinal
MOKE rotation wi,.(z) (solid red line), w;,(2) (dash black line) and ellipticity
W ..(2) (solid green line), wi ;.. (2) (solid blue line). wi,.(2), Wi ;,,(2), Wk ,(2), and
W ;1 (2) are the contributions to the MOKE signals from the sublayer (Az = 0.1 nm)
with a unit magnetization M||& (|M| = 1) at the distance z from the Au surface.
W rer Wit e correspond to ga, = 0.01, and Wi ;,,, W, correspond to qa, = 0.017.

constant ¢.. = 0.01 and ¢;,,, = 0.014, respectively. It turned out that
W pe(2) R Wi i (2) = wi(2) > 0, (7.19)

Wi (2) R =W, (2) = wa(z) 2 0. (7.20)

If gaw = ¢y, + ¢4, and M(z) is the magnetization profile, the MOKE ellipticity %
and rotation ¢ are given by

Cawi1(25) + ¢hwa(2;
J

0.01 ’
(7.21)

—@auw2(%) + Qw1 (25)

Ve =D M(z) —4 ]001A >

- :
We can also express qa, = |qau| - €944, where r = tan™! ¢4, = ¢4,/ 1y

Vi 22 M(z) - (@awi(2) + Ghuwa(2))

e > M(z)) - (= wa(z5) + ¢ (2
(G Z] (27) - (=dauw2(2) + da,wi(z5)) (7.22)

_ 2 M(z) - (r-wn(z)) +un(z))
> M(zg) - (=7 - wa(zy) +wil2))
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day (nm) | A (mdeg-ps) | bo (ps?) b1 (ps) “to (ps)
75 0.246 & 0.005 | 0.034 & 0.002 | 0.082 % 0.008 | 0.304 = 0.004
116 | 0.152 +0.003 | 0.037 +0.002 | 0.089 £ 0.007 | 0.40 & 0.01
127 | 0.091 +0.003 | 0.039 +0.003 | 0.084 £ 0.012 | 0.42 % 0.01

Table 7.2: Adjustable parameters obtained after the fitting procedure of the MOKE
ellipticity 9% (t) with the function (7.17). *Parameter t, was held at the value obtained
in the joint fitting procedure of the SH contrasts pl (t) and pZ ().

Then
(5, M(z) - wilz)] + [T M) - wa(z)]

—— > 0.
|32 M) - (=1 - wa(z) + wn(24)

(7.23)

9 (Ui _
o ()

It means that 1}, /¢} is a monotone function of the ratio r. In Figure[7.5(a) it is shown
that % (t) /¢ (t) does not change much with the Au thickness. It is possible to show
that this condition demands a small gradient of the magnetization within the probed
region of the Au layer, as well as the identical dynamics observed in p5Z(¢) and %, (t).
Considering uniform magnetization profile in a 75-nm Au film, for the amplitudes of
the MOKE ellipticity ¢/ (f) and rotation ¢/ (t) we found Qay, = qauMa, = (2.4 +
0.94) - 107* and r = Q4,/Q"% = ¢4u/dh = 2.7 £0.1. In Chapter [6] we used the
ratio ¢4, /d’4, in the analysis of the pump-induced variations of the MOKE signals,
monitoring the magnetization dynamics in the Au/Fe/MgO(001) structures from the
Fe side, and obtained |qa.| = \/¢%, + ¢ = 0.10 £ 0.02, i.e. ga, ~ 0.094 + 0.035i.
Then the average magnetization in the Au layer is M, = Q au/qay =~ 0.0026 [Mp,| ~
0.0082 [uup/atom] [| This estimation is consistent with the ballistic magnetization
profiles shown in Figure [6.8(b).

7.1.2 Hot carrier transport: dependence on the Fe thickness

In order to verify the relevance of the Fe thickness, pump-probe experiments were per-
formed on the Au/Fe/MgO(001) structures with 47 nm of Au and different thicknesses
of the Fe film. Figure|7.6{shows pump-induced variations of the even SH field d ES'*"(t)
and SH contrast pZ (t) measured for 2, 11 and 17 nm of Fe under the same incident
pump fluence. With the reduction of the Fe thickness dp., portion of the reflected
pump pulse increases due to high reflectivity of Au. However, it leads to an increase
of the number of the HCs excited in the vicinity of the Fe/Au interface and the HC
emission into the Au layer. As a result, the amplitude of 6 ES'*"(t) increases with the

decreasing dp.

SHere Mp, = 2.2 up/atom is the saturation magnetization of Fe. Also it is taken into account
that one unit cell of bee-Fe (ap. = 0.287 nm) contains 2 atoms, while one unit cell of fec-Au (a4, =
0.408 nm) contains 4 atoms.
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Figure 7.6: Pump-induced variations of the even SH field d 5" (¢) (a) and SH contrast
pd(t) (b), measured in the transversal magneto-optical geometry for 47 nm of Au and
2, 11 and 17 nm of Fe.

v

(c)

Figure 7.7: Emission of the majority electrons e’ from the Fe film into the Au layer
for different ratios between the Fe thickness dp. and the ballistic length X5 : (a)
dpe > N3, (b) drpe 2 A0, () AL > dpe.
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Figure 7.8: Variations of the even SH field JFES'"(¢) (filled circles) and the linear
reflectivity JR(t) (empty circles), measured on 60nm-Au/8nm-Fe/MgO(001) (red) and
128nm-Au/7.7nm-Fe/MgO(001) (blue) structures.

At the same time the position of the negative peak of the SH contrast pi (t) does
not vary with dg., but its amplitude exhibits strong reduction with the increasing
dr.. 'This observation supports our suggestion that an appearance of the negative
peak of pl (t) corresponds to the arrival of the optically excited majority electrons
at the Au surface. For small dr, comparable or smaller than the ballistic length )\;Te
of the majority electrons in Fe, the portion of the optically excited electrons injected
into the Au layer in the ballistic regime is large enough (see Figure , so that the
corresponding sharp peak in ES""(¢) becomes more pronounced in comparison with
the broad peak of the secondary electrons. Thus both Fe and Au thicknesses determine
the portion of the optically excited electrons approaching the Au surface.

7.1.3 Acoustic response as a tool to measure Au thickness

According to Figure (b), contributions from the Au layer to the MOKE ellipticity
"(t) and the SH contrast pa,(t) vanish within first 2 ps after the time zero. Despite of
that the variations of the linear reflectivity d R(¢) and even SH field 0 ES'¢" (), measured
on a larger time scale, offer us possibility to determine the Au thickness with sufficient
accuracy directly in the pump-probe experiment. Optical excitation (see Figure (a))
heats the Fe film up resulting in its extension and a generation of an acoustic wave
which then propagates in the Au layer. When the acoustic wave reaches the Au surface,
the induced strain leads to an appearance of the peak in §ESY™(t) (see Figure [7.8).
However, because of the reflection of the acoustic wave from the free Au surface, there
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is no pronounced peak in d R(¢). In Chapter (8| we discuss the experiments performed
on three-layer Fe/Au/Fe/MgO(001) structures, where reflection of the acoustic wave
from the Fe/Au interface results in the drastic variations of both even SH field 6 ES'"(t)
and linear reflectivity dR(t).

7.2 Conclusions

Transport of spin-polarized HCs in a non-magnetic Au film has been studied using
the time-resolved MOKE and mSHG techniques. It has been demonstrated that the
laser-induced SC is formed predominantly by the majority electrons injected from the
Fe film into the Au layer. This result is consistent with the transmission of the Fe/Au
interface, obtained in the first-principle quantum transport calculations for the Fe/Au
structure (see Figure [6.6(b)). The steep front of the SC pulse consists of the optically
excited electrons which leave the Fe film in the ballistic regime. Relaxation of the
optically excited electrons in Fe leads to the generation of the secondary electrons.
They provide a net flux of the positive SP through the Fe/Au interface, as long as
the electron temperature in Fe is larger than in Au. Analysis of the SH contrast and
MOKE signals give the characteristic time of the electron equilibration between the Fe
and Au films: 0.56 £ 0.03 ps. Both optically excited and secondary majority electrons
propagate in Au in a quasi-ballistic regime, maintaining their initial SP. From the
analysis of the mSHG response we found the velocity of the optically excited majority
electrons va,1 = (1.06 £ 0.07) nm/ fs and their lifetime 74,1 = (24 £4) fs in Au. The
secondary electrons have smaller binding energies and hence longer lifetimes than the
optically excited electrons. However, their velocity distribution is more uniform and
provides smaller average velocity projection along 2: va,2 = (0.6 £0.4) nm/fs.

From the comparison of the SH contrasts p2 (t) and p%_(¢) measured in the transver-
sal and longitudinal magneto-optical geometries, it has been shown that in addition
to the surface contribution, the SC gives rise to the odd SH field Eggd originating in
the bulk of Au. It has been confirmed in the experiments performed on three-layer
Fe/Au/Fe/MgO(001) structures (see Chapter [8). The SP-induced surface contribu-
tion to the SH contrast ps,(t) resembles the dynamics of the MOKE ellipticity ¢} (t),
meaning that the magnetization profile within the probed region of the Au layer is
more or less uniform. The same conclusion follows from the independence of the ratio

% (t) /W (t) from the Au thickness for d4, > 65 nm, when contributions of the Fe film
to the MOKE signals can be neglected. Assuming the uniform magnetization profile,
from the amplitudes of ¥ (t) and ¥ (t), measured on the Au/Fe/MgO(001) structure
with 8 nm of Fe and 75 nm of Au, we found Qa, = qauMa, = (2.4 + 0.9i) - 1074
(Qha/Qay = hu/ @y = 2.7 0.1). Using qa, = 0.094 4 0.035¢ (see Chapter [6), we
estimated the average magnetization built up in the Au layer by the SC flowing from
the Fe film: M, = Qau/qau = 0.0026 [Mp.] =~ 0.0082 [pp/atom).
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Chapter 8

Spin dynamics induced in the Fe
film by hot carrier injection

In Chapters [6] and [7] we considered the hot carrier (HC) injection from a ferromag-
netic film into a non-magnetic layer and transport of the spin-polarized HCs in a
noble metal. In this chapter we discuss the injection of the spin-polarized HCs into
a ferromagnetic film. Pump-probe experiments have been performed on three-layer
Fe/Au/Fe/MgO(001) structures capped with thin Au layer, where the back pump
pulse excites one of the Fe layers, the spin-emitter (E), and the front probe pulse mon-
itors spin dynamics in the second Fe layer which serves as the spin collector (C) (see
Figure . Depending on the mutual orientation of the magnetizations Mp and MC,
laser-induced spin current (SC) can lead to the absolute changes of the magnetization
A|M¢| (incoherent dynamics) or even drive its precessional motion via the spin transfer

torque (STT) mechanism.

In the first section it will be demonstrated that it is possible to realize different
mutual orientations of the magnetizations M o MC in the spin-emitter and the spin-
collector. Then we will discuss the temporal profile of the SC flowing from the spin-
emitter to the spin-collector. In Chapter [7| it has been suggested that the mSHG
is sensitive not only to the magnetization dynamics at the interfaces, but also to
the SC flowing through the multilayer (ML) structure. Due to a more various set
of possible magnetic configurations in three-layer Fe/Au/Fe/MgO(001) than in two-
layer Au/Fe/MgO(001) structures, the measured mSHG response provides clear and
doubtless evidence for the appearance of the SC-induced SH contribution.

In the final section of this chapter, different types of the magnetization dynamics,
induced in the spin-collector, will be demonstrated upon the analysis of the MOKE
data. Changing the direction of the external magnetic field ﬁext, we can disentangle
coherent magnetization dynamics driven by the laser-induced heating and the STT.
Owing to more inhomogeneous spatial profile of the STT, the laser-induced SC can
excite higher spin wave modes than the laser-induced heating.
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Figure 8.1: Experimental scheme for pump-probe measurements performed on three-
layer Au/Fe/Au/Fe/MgO(001) structures. When two Fe films have different coercitivi-
ties, it is possible to align their magnetizations collinear or orthogonal to each other. In
order to demonstrate the appearance of the HC-current- and SC-induced SH fields, ex-
perimental results obtained in the back-pump(BP)-front-probe scheme was compared
with those obtained in the front-pump(FP)-front-probe scheme.

8.1 Magnetic configurations

Transparent MgO substrate and thin Au cap layer provide optical access from both
sides of three-layer Fe/Au/Fe/MgO(001) structures. All experimental results presented
in this chapter were obtained in the configuration shown in Figure the back pump
was applied from the side of the top Fe film (spin emitter) capped with a thin Au layer,
and the front probe monitored HC and magnetization dynamics from the side of the
bottom Fe film (spin collector) through the MgO substrate EI

Measuring reflected pump and probe signals, it is possible to identify directions of
the magnetizations M B, MC in the spin emitter and the spin collector, respectively.
Figure shows hysteresis loops measured versus transversal magnetic field ﬁT||g)
(The plane of incidence is set to (z, z)) simultaneously for both Fe layers by the mSHG
and the MOKE, which are sensitive to M,, and M, respectively. Samples were oriented
in a such way, that  and g directions correspond to the easy axes of the Fe films. In
the absence of the bias magnetic field applied in the longitudinal direction Hy||gj, Mg
and M switch abruptly from the up-state to the down-state and back to the up-state,
indicating single domain states of the ferromagnetic layers. For Hy # 0, M g and MC
flip through the intermediate state corresponding to the horizontal easy axis, which
results in plateaus. The sign of H; determines the sign of the y—projections of Mp
and MC, while the width of the plateaus depend on |Hy|. Values for H; were chosen
in a such way that it is possible to realize all 16 mutual orientations of Mp and ]\7[0.

'In the inverted sample orientation we observed similar laser-induced magnetization dynamics.
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Figure 8.2: Hysteresis loops in the SH (a, b) and MOKE ellipticity (c, d) signals mea-
sured simultaneously on 5nm-Au/16nm-Fe/55nm-Au/15nm-Fe/MgO(001) structure.
Hysteresis loops (a) and (c) were measured probing the 15-nm Fe layer through the
MgO substrate, while hysteresis loops (b) and (d) were measured probing 16-nm Fe
layer through the 5-nm Au cap layer. In the latter case the role of the 'probe’ pulse
was played by the back pump pulse. Different colours of the curves correspond to
different bias fields Hj, applied in the longitudinal direction and forward (- to +) and
backward (4 to -) branches of the hysteresis loops. Red and blue arrows depict mag-
netization states of the 16-nm and 15-nm Fe layers at certain points on the hysteresis
loops, respectively.
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8.2 Spin current

Laser excitation of the Fe film leads to the HC current and SC flowing through the Au
layer (see Chapter [7)). It is similar to conventional spin Seebeck effect [152], but in
our case the spin transfer is dominated by non-equilibrium HCs. Unlike the MOKE,
the mSHG is sensitive not only to the transient magnetization, but also to the spin
current. However, it requires some effort to disentangle these two contributions.

Probing sample with the p-polarized probe and measuring p-polarized SH compo-
nent in the transversal (T:1]) and longitudinal (L:—<—) magneto-optical geometries
with respect to M, we can evaluate the even (non-magnetic) E;Zje” and odd (magneto-
induced) E% SH fields, and the phase difference between them ¢y,:

I+ I3
By = |2 (8.1)
IT [i I 4 [+
Eé)id — \/ 2w ; 2w 20.)_; Qw’ (82)
-1
w = d o . 8.3
0892 = By | BT &3

In the back-pump-front-probe experiments, we did not observe significant variations
of the phase difference ¢9,, and one can use its static value ¢s, o to derive the odd SH
field: ) .
L,—1
B9 = 2w : (8.4)
8(127) + I%w) COs ¢2w,0

In the static regime, there is neither HC current nor SC, therefore E%ff” and Eggd
originate from the interface dipole polarization E|:
2 3,

IDi,Qw - XZ('j])gEj,wEk,w + XSJ ?)Ej,wEk,wMC,la (85)
where i, j, k =z, 2, and XE?}}T) is a pseudo-tensor with respect to the last index. In
Chapter 7| we discussed that after the laser excitation there are additional current-
induced x;j;, EjwErwi. and SC-induced XE;‘,;‘??EMEM j2, contributions. The tensors

XE?;Z 7. and XE?’”Z? j; ; have exactly the same symmetry and non-zero components as

the interface terms ij,)g and XE?Z?MCJ, respectively. Thus the mSHG gives us a direct

access to the SC flowing through the metallic multilayer structure, which is demon-
strated in the analysis of the pump-induced variations of the even §E$'"(t) and odd
§ES%(t) SH fields, measured for different mutual alignments of the magnetizations Mg

and Mc (see Figure .

2In [150] it was shown that in Au the bulk quadrupole contribution is small in comparison with
the surface dipole one.
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Figure 8.3: Relative variations of the (a) even 65" and (b) odd dE9% mSHG com-
ponents, measured on the Fe/Au/Fe/MgO(001) structure with the 16-nm top Fe layer
as the spin-emitter (E), the 15-nm bottom Fe layer as the spin-collector (C) and the
55-nm Au spacer. Front pump (black squares) Back pump: PC - parallel collinear
alignment of the magnetizations Mp and Mc (red up-triangles), AC - antiparallel
collinear alignment (blue down-triangles), NCT - non-collinear transversal alignment
with the static Mco||j (green circles), NCL - non-collinear longitudinal alignment with
the static MC,0||§7 (empty violet diamonds).
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In the front-pump-front-probe geometry, we observe rapid positive (negative) vari-
ations of the even SH field ES'" (the odd SH field E9%). Switching to the back-pump-
front-probe geometry with Mp parallel to MC, we reverse the velocity of the majority
electrons ¥y thereby changing the sign of j, and jf’y. As a result, rapid variations of

both §ES™FC (#) and 6 ES™F (t) have opposite signs with respect to the front-pump-
front-probe scheme. If we reverse Mg, it becomes anti-parallel to My and leads to the
sign change of jiy, but not of j.. In Figure it can be seen that the rapid variations

of the even SH field in the PC and AC geometries 0 ES“""%(¢) and §ES""4 (¢) are
the same, while the rapid variations of the odd SH field 6 ES"™"(t) and §ES“4Y (1)
have opposite signs. If we set jiy = 0 by the alignment of Mp along & (NCT geome-
try in Figure , there are no strong variations of §E9%(t), because the SC-induced
contribution E5¢ = 0. It indicates the dominant role of E5¢ at short pump-probe
delays. Finally, if we align M¢ along & and My along § (NCL geometry), the static
odd SH field ESﬁ%NCL =0 , meaning that only the SC-induced term contributes to

5E§zd’NCL(t) which in turn gives us the temporal profile of the SC pulse.

With the above qualitative consideration we demonstrate sensitivity of the mSHG
to the HC flux and SC. In order to analyze the data in more details, we suggest the
following structure of the mSHG response:

6E2€ZB”:9 (t) = _J+ (t) + Bgven‘]* (t> + PygvenQ(t) - ngvenHeven(t)7 (86)

5E205d’g(t) = agdd‘]f(t) + Bgdef(t) + ngdsg(t) - ngddHodd(t)v (8.7)

where g = PC, AC, NCT, NCL denotes a geometry. The current- and SC-induced
contributions from HC moving towards the collector are described by J.(¢) and J7(t)
which are given by the convolution of j.(z,t) and j¥(z,t), respectively, with the effec-
tive depth sensitivity of the mSHG within the Au layer. Similarly, J_(t) and J%(¢)
correspond to the HC flux and SC reflected from the Au/Fe interface. HCs, which pen-
etrate into the spin-collector, modify the effective interface contribution charging the
Fe film behind the interface and altering M¢,,. Influence of these processes on 0 ES" " (t)
and dE5%(t) is described by Q(t) and Sy(t), respectively. Since J%(¢) is determined
only by the HC emission from the spin-emitter into the Au layer and the orientation of
Mg, aP8 = aNCL — _oAC — _1 and oNET = 0, while B ensodd A Ve 0da depend
on the transmission T4, r. through the Au/Fe interface (see Figure and hence on
the mutual orientation of Mg and M. The Au /Fe interface heating by the HC impact
(fast) and heat diffusion (slow) is described by Heyen(t), and H,qq(t) corresponds to
AM¢, induced by this heating. We assume fast relaxation of Sy (t) and Q(t) and
nzgn Jodd = n;fgn Jodd = ngech/odd = 1, because the corresponding curves in Figure

merge together at ¢ > 2 ps. At the same time 5% = 0, because EéXJ%L = 0.

3For the normalization we used the amplitude of the static odd SH field, obtained in the geometries
with Mq||g.
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Figure 8.4: Energy-resolved k-averaged transmission of the Fe/Au interface calculated
for majority (1 - green lines) and minority (| - red lines) carriers moving from Fe to Au
(solid lines) and from Au to Fe (dash lines). Shaded regions depict the energy ranges
of the optically excited HCs in Fe [106]. First principle quantum transport calculations
for the Fe/Au structure were performed by I. Rungger, M. Stamenova and S. Sanvito.
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In the NCL geometry where ]\2070 = (M¢4,0,0), the laser-induced SC jﬁy results

in Mo = (Mc¢ 5, AMc,, 0) followed by a precession of M¢ around # axis. This leads
to an oscillatory behaviour of Sz (t) observed in JEYCL at larger pump-probe delays.
This precessional dynamics of J\ch is more clearly pronounced in the MOKE signals on
a much longer time scale (up to 500 ps), which will be discussed in the next section.
The STT produced by the SC pulse with the spin polarization (SP) dgc L MC leads
to the excitation of several lowest standing spin wave modes in the spin-collector.
The interference of these modes is quite complex at short delays where higher modes
are strong and the precessional dynamics still develops. From the data shown in
Figures [8.3|(b) and [B.5] one can see that the amplitude Sy (¢) is on the order of 0.01 or
AMC’y ~ OOlMC@

Now let us focus on the HC reflection/transmission at the Au/Fe interface. In
Figure [8.5 one can see that §ES "M NOT (1) = (§EEen/oM0PC 4y 4 sEEven/odbAC 1)y /9

2w 2w
within the scattering of the experimental data. Reflected HC flux J_(¢) and SC J*(¢)
are proportional to the incoming HC flux, while Q(¢) and S,(t) are rather proportional
to the integral of this flux convolved with some sort of decay. So J_(t) # Q(t) and

J3(t) # S,(t). This brings us to the relations:

PC AC pPC AC
NCT __ Peven/odd + ﬁeven/odd d NCT . fyeven/odd + fyeven/odd 3.8
even/odd — 2 ar ’yeven/odd - 9 : ( : )

Regarding the current-induced SH components, (8.8) can be rewritten as

T d
_ TAu—)Fe + TAu—)Fe

L
TAuHFe - 9 ) (89)
where Tz, T4 p. and Tk p. are the interface transmissions for &, 11 Me,

0e 4T Mg, and 6, 1. Mg in the PC, AC, and NCT geometries, respectively. Regarding
the SC-induced SH components the situation is more complex. In the PC and AC
geometries Ggc does not change upon the reflection/transmission. If this is also the
case in the NCT geometry, where My = (Mg.,0,0) and ]\7[070 = (0, M¢,,0), then for
the reflected SC 57, () = 0 and the transmitted HCs do not affect M, i.e. BY5" =0
and YNST = 0. From we get that A0 = —BPC and vA0 = —4PC. This can be
true only under the condition 7, », = Tju _ e, Which contradicts with the results
of the first principle quantum transport calculations (see Figure . In addition to
that, demagnetization of the spin-collector alone cannot provide (5E§Zd’NCT(t) > (0 at
0.2 ps<t<2ps. Thusifd, L M in the incoming HC packet, ¢, must change upon
the reflection/transmission at the Au/Fe interface.

Let us consider the NCT geometry with Mg = (Mg, 0,0) and MC,O = (0, M¢,,0)
in more detail. Upon the HC emission from the spin-emitter, the spin quantization
axis is set by M £, which means that o, , is defined and o, , oscillates. As a result, hot
electron reaches the spin-collector with random o,y and in the incoming SC jf,y =0,
because the average projection < 0., >= 0. When an electron with defined o, , and
random o., penetrates into the Fe film which serves as a thermostat for o, the new

quantization axis is along . So o., becomes defined and o, , becomes random within
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the characteristic time of the quantum spin decoherence. The angular momentum is
absorbed by the thermostat, which leads to Mo = (AMey, Mcy,0). In other words,
HC spins orthogonal to M rotate with equal probability towards the up- and down-
states with respect to ]\710 and are transmitted through and reflected from the interface
in accordance with T J‘t _ po- This leads to jfz , 7 0 in the reflected SC and non-zero
variation of Mc,, and fulfils the relations (8.8). Both BNGT, N7 > 0 (leu LFe >
T} p.), which explains 6 ENGT(t) > 0 at 0.2 ps < t < 2 ps.
In Figure we reproduce (5E2°Zd’NCL(t) together with

_ OB — SEZ ()

SE5M A (t) 5 (8.10)
and
SESGM A (1) = SES YO (1) — S Esa (1), (8.11)
From the above considerations, SNSL = 0, NSt = 0, oGl = 1, and YN5E = 1,
because o., completely transfers into AM¢,. Thus
OB NOE(t) = TP (1) + Snew(t) (8.12)

provides the temporal profile of the direct SC pulse, modulated by the oscillations
of Syer(t) with the amplitude ~ 1 %. The direct SC pulse has a sharp front with
a maximum at about 70 fs after the pump pulse. It gives the HC velocity in gold
vau = 0.8 nm/ fs, which is between the velocities of the optically excited and secondary
electrons v4,1 = (1.06 £0.07) nm/ fs and vaue = (0.6 £0.4) nm/ fs (see Chapter [7)).
Then §ES*NCE (1) decays with the time constant 7g¢ = (306 & 14) fs, which is com-
parable to the characteristic time of the electron equilibration between the Fe and
Au films 0.56 & 0.03 ps, obtained in the experiments on two-layer Au/Fe/MgO(001)

structures (see Chapter [7). Using of§ =1, o/¥ = —1, and nL5 = n<, we derive
PC _ gAC APC N AC
5E§Zd’PA(t) — Jf(t) + odd 5 odd Jf(t) + odd 5 odd Spc(t), (813)

where the heating-induced demagnetization of the spin-collector H,y4(t) is subtracted,
and only the influence of the SC pulse is left. Since BAS > 0, BIC < 0, 4PC > 0,
7A€ < 0, and at short delays Sycr(t) should behave similar to Spe(t),

ﬁPC AC

B NPC s AC
odd _Podd 15(1) 4 Sy (t) — Lodd—Todd g (4 (8.14)

5E0dd,LPA (t) _
2 2

2w
should resemble the temporal profile of the reflected SC pulse. Its front is not so sharp
as that of the direct SC pulse, because some part of the incoming HCs are transmitted
into the spin-collector and the reflected HCs have smaller velocity projection |v. .| than
the incoming ones.
Summarizing, it has been demonstrated that the mSHG is sensitive to the SC
flowing through the metallic multilayer structure. The mSHG data obtained on three-
layer Fe/Au/Fe/MgO(001) structures are consistent with those obtained on two-layer
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Au/Fe/MgO(001) probing the Au surface (see Chapter |7)). The temporal profile of the
laser-induced SC is determined by the HC flux through the interface between the spin-
emitter and the non-magnetic layer. The SC pulse consists of the optically excited
electrons, leaving the Fe film in the ballistic regime, and the secondary electrons,
which provide a net flux of the positive SP through the Fe/Au interface as long as
the electron temperature in Fe is larger than in Au. The major difference between the
experiments performed on Fe/Au/Fe/MgO(001) and Au/Fe/MgO(001) structures is
that the HC reflection from the clean Au surface is spin-independent, while the Au/Fe
interface transmits more effectively the majority electrons e’ with respect to M¢ than
the minority ones (see Figure .

8.3 Magnetization dynamics

Unlike the mSHG, the MOKE is exclusively sensitive to the magnetization. Figure
presents the absolute variations of the MOKE rotation Ay and ellipticity A% mea-
sured on a three-layer 5nm-Au/16nm-Fe(E)/55nm-Au/15nm-Fe(C)/MgO(001) struc-
ture for magnetic configurations, where the static magnetizations Mg||j and Mc||z.
Both Ay} and A exhibit various dynamics, which includes precession of the mag-
netization M¢ in the spin-collector, demagnetization induced by the HC injection and
non-magnetic effects affecting the MOKE signals. In terms of the HC transport all
orthogonal magnetic geometries are identical to each other, meaning that changes of
the magnetization magnitude A\MC| are the same. Thus linear combinations of A,
and A7 measured in the orthogonal magnetic configurations Mp L ]\7[0 allow us to
disentangle coherent (precession) and incoherent (demagnetization) contributions to
the magnetization dynamics, which will be discussed in the following subsections.

8.3.1 Incoherent dynamics

Figure presents pump-induced relative variations of the MOKE rotation dv (),
ellipticity 0¢%(t) and the linear reflectivity dR(¢) measured on the Snm-Au/16nm-
Fe(E)/55nm-Au/15nm-Fe(C)/MgO(001) structure for parallel collinear (PCL), an-
tiparallel collinear (ACL) and non-collinear (NCL) magnetic configurations, where the
static magnetization MCH:% In the PCL and ACL magnetic geometries the relative
variations of the MOKE signals are given by:

_ AP () — A (1) _ APk () — A 4(1)

577&}(7PCL(t) - / / ’ 5¢/I/(,PCL(t> - ;/ 1 : ) (815)
wK,O,}: - ¢K,0,:¢ K,0,=  YK,0,=
Al o (t) — A (t) Al = (t) — A = (t)
Wi acr(t) = ¢; — ——, W acr(t) = R , (8.16)
K,0,2 K05 K02 K0S

where the upper arrow depicts the direction of M g, and the lower arrow depicts the
direction of Mg, if one looks at the sample from the side of the probe pulse (see
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Figure 8.6: Absolute variations of the MOKE rotation Ay (a) and ellipticity
Ay}, measured on 5nm-Au/16nm-Fe(E)/55nm-Au/15nm-Fe(C)/MgO(001) for mag-
netic configurations, where the static magnetization M¢ of the spin-collector lies in
the plane of incidence, and the static magnetization Mp of the spin-emitter is perpen-
dicular to it. Arrows depict directions of the magnetizations, if one looks at the sample
from the side of the probe pulse. Pump fluence was about 10 m.J/cm?.
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Figure [8.1)). So '+’ corresponds to the magnetic configuration, when the wave-vector
of the incident probe pulse has positive projection on the magnetization vector. In the
NCL magnetic geometry, demagnetization is given by:

AwK Te( ) + Ale,u— (t> - Aw/K,Tﬁ (t) - Awg(,¢—> (t)
Vicore ) + Vg o1 = Vkors — Voo
AwKﬂ—( )+ Az/}Kix—( ) Aqu)KT—)( ) A¢K¢—>( )

1/’[( 04 T ¢K,0,¢<— - wK,O,T% wKiN_)

0 neor(t) =

Y

(8.17)

5¢K ver(t) =

Y

where the first arrow depicts the direction of M g, and the second arrow depicts the
direction of M.

First of all, it should be noted that in contrast to the experiments performed on
two-layer Au/Fe/MgO(001) structures, reflection of the acoustic wave, induced by
the extension of the spin-emitter, at the interface between the Au spacer and the spin-
collector provides a pronounced feature at about 20 ps not only in  ES’¢"(¢) (not shown
here), but also in § R(t) (for comparison see Figure[7.8). The same feature is also present
in 0¢ (t) and 0¢% (t). Because of the different depth sensitivities of the MOKE rotation
and ellipticity (see Figure [8.§(a)), the acoustic feature is more pronounced in ¢} (t)
than in 0¢% (). On a large time scale the magnetization profile in the spin-collector is
more or less uniform, and 0y (¢) and 0¢% (¢) relax simultaneously. In addition to the
acoustic peaks present in JR(t), 69 (t) and 0% (t) exhibit longitudinal oscillations of
MC. Since we observe these oscillations in all geometries, they are probably related to
the magneto-acoustic coupling. The main interest of the present work is the HC-driven
magnetization dynamics, therefore in this subsection we will focus on small pump-probe
delays, where we observe the difference between the MOKE signals measured in the
PCL, ACL and NCL geometries.

For 0.04 ps < ¢ < 0.85 ps the curves in Figure 8.7|(a) are arranged in the following
order: SYACL(t) < dyYNOL(t) < SYECE(t) < 0, while for ¢t > 0.85 ps the order is
inverted: dWFCL(t) < SYNCE(t) < S¢ACL(t) < 0. As for the MOKE ellipticity,
there is a distinguishable difference between the PCL, ACL and NCL geometries for
0.04 ps < t < 0.85 ps: SPRCE(t) < SYNCL(t) < SYECE(t) < 0, but it vanishes
on a larger time scale. Such behaviour cannot be explained only by a non-uniform
magnetization profile, and it indicates an appearance of the contributions to the MOKE
signals from the Au layer. When the probe pulse is applied from the Au side of
the Au/Fe/MgO(001) structure, contribution from the Au layer to the longitudinal
MOKE ellipticity 1%X(t) is larger than to the longitudinal MOKE rotation 1/(t) (see
Figure[7.5(a)). However, in agreement with the longitudinal MOKE depth sensitivities
in Figu(a), when Au is probed through the Fe film, ¢ ,,| > [ 4,]. In the
PCL geometry &, 1 M¢ and SYEGL(t) > 0, while in the ACL geometry G, |1 M
and dyiEGE(t) < 0.
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Figure 8.7: Relative variations of the MOKE rotation ¢ (a), ellipticity di% (b),
and the linear reflectivity 6 R measured on 5nm-Au/16nm-Fe(E)/55nm-Au/15nm-
Fe(C)/MgO(001) for parallel collinear (PCL-red), antiparallel collinear (ACL-blue),
and non-collinear (NCL-green) magnetic configurations, where the static magnetiza-
tion Mc of the spin collector is in the plane of incidence. Pump fluence was about
10 mJ/em?. The inset shows 6 (t) and §1%(t) in the vicinity of the time zero.
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Figure 8.8: Depth sensitivities of the longitudinal (a) and polar (b) MOKE ro-
tation wf(z) (red) and ellipticity w}(z) (blue), calculated for the 5nm-Au/16nm-
Fe(E)/55nm-Au/15nm-Fe(C)/MgO(001) probed from the side of the bottom 15-nm Fe
film. For the calculation of the MOKE response from Au, the Voigt constant of gold
Gau ~ 0.094 + 0.0357 was used (see Chapters @ and .

In the ACL geometry majority electrons, injected into the Au layer from the spin-
emitter, become minority for the spin-collector, therefore they have small transmission
through the Au/Fe interface. Transmitted electrons accumulate in the vicinity of the
Au/Fe interface, because of the small mobility of the minority electrons in Fe. Situation
is the opposite in the PCL geometry. Majority electrons for the spin-emitter are also
majority for the spin-collector: they penetrate into the Fe film much easier than in
the ACL geometry and induce stronger demagnetization. As a result, when % 4, (%)
vanishes, [0} por,(t)| > [09% acp| for £ < 0.8 ps. In the NCL geometry the SP of the
incoming electrons @, L M, i.e. Felly. It means that the incoming electrons in Au do
not contribute to the MOKE. Since 6¢ ey (t) = (00% per(t) + 60Uk acp(t))/2, spins
orthogonal to ]\7[0, arriving at the Au/Fe interface, rotate with equal probabilities into
the up- and down-states with respect to ]\7[0, as it was found in the analysis of the
mSHG response. From the difference (09 poy (t) +0v% 4cr(t))/2 we estimated the Au
contributions at 0.34 % from the static longitudinal MOKE rotation Vi = 43 mdeg.
and ellipticity %, = 90 mdeg., which corresponds to the average magnetization in
the probed region of the Au layer My, = 0.003 [Mp,] ~ 0.01 [up/atom][[] This value
is close to the estimation made in Chapter

8.3.2 Coherent dynamics

Amplitude of the STT-induced magnetization precession is proportional to the compo-
nent of the SC polarized in the perpendicular direction with respect to My. Direction
of the precession depends on the mutual orientation of the magnetizations Mg and

1Here Mg, = 2.2 up/atom is the saturation magnetization of Fe. Also it is taken into account
that one unit cell of bee-Fe (ap. = 0.287 nm) contains 2 atoms, while one unit cell of fec-Au (a4, =
0.408 nm) contains 4 atoms.
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Contributions Mc | @ (Mpg) ijf
Heating-induced odd even odd
STT-induced even odd even
Demagnetization odd even | even
Non-magnetic dynamics | even even even

Table 8.1: Parity of different contrlbutlons to the MOKE signal with respect to the
reversal of the magnetization M the spin current polarization &, and the component
of the effective magnetic field H, 7¢ orthogonal to the magnetization M.

Mg. Tt can be clearly seen from the Landau-Lifshitz-Gilbert (LLG) equation extended
with the STT term:

dM T - dM Js [ .
E:—V[fo[eff}jL']%l[MxE]Jr Il\;l [0 x G x M|, (818)

Polar and longitudinal MOKE are much larger than the transversal one. For this
reason, to study coherent magnetization dynamics, it is more convenient to perform
measurements in the NCT magnetic geometry, where the static magnetization of the
spin-collector Mc¢||g, and z (L-longitudinal), z (P-polar) components oscillate (see

Figure :
Ay nor(t) = (A1 (t) + Atk Sy (1) — Ag 4 (t) — A (8)) /4, (8.19)

Ay yer(t) = (Agc4(t) + A (1) — Apge o (E) — Ape oy (1) /4. (8.20)

When the NCT and NCL magnetic geometries are realized in a single measurement,
Aw}; ~or almost reproduce Aw; ~o, Which allow us to limit our consideration only
to the NCT geometries.

Laser-induced heating vs Spin Transfer Torque

Before we proceed with the analysis of the STT-induced magnetization dynamics, we
have to disentangle it from the dynamics induced by the laser heating, which is related
to the change of the effective magnetic field H, 77 (see Chapter |2)). From ({8.18), we
can deduce that the heating-induced magnetization precession changes its direction,
when the component H 7 of the effective field, perpendicular to MC, changes its
sign. At the same time it does not affect the precession induced by the STT. Despite
that the reversal of ﬁeff increases the total number of the magnetic geometries in
a single measurement, it allows us to disentangle all contributions to the observed
magnetization dynamics. In Table it is summarized how different contributions
behave upon the reversal of M, Mg, and ﬁjff
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Figure 8.9: Absolute variations of the MOKE rotation Ay () (a, ¢) and ellipticity
AYY(t) (b, d) due to the oscillations of the polar (P) and longitudinal (L) components
of the magnetization M¢ in the spin-collector, obtained on 5nm-Au/16nm-Fe/55nm-
Au/15nm-Fe/MgO(001) structure. (a, b) correspond to the magnetization dynamics
induced by the STT, observed in the back-pump-front-probe experiment. (c, d) cor-
respond to the magnetization dynamics induced by the laser heating, observed in the
schemes with the back and front pump, respectively.
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8.3. MAGNETIZATION DYNAMICS

Figure presents the STT- and heating-induced contributions to the coherent
magnetization dynamics. Even without any spectral analysis it can be clearly seen
that the laser heating leads to the excitation of only the lowest fundamental mode
fo = (9.46 £ 0.01) GHz, while the STT drives several modes. The reason is that the
heat diffusion occurs on a longer time scale and relatively more homogeneous than
the impact of the SC pulse which is absorbed in the spin-collector within several
nanometers. Solid lines in Figures (c) represent the results of the joint fitting
procedure, where the longitudinal and polar components are given by the following
functions:

APy (t) = aj, + ag - e~ cos(2m fot + ¢y), (8.21)
AP (t) = aj, + ag - e 7Y™ sin(27 fot + ¢o). (8.22)
The values of the shared parameters fy, = 9.46 &+ 0.01 GHz, 79 = 1307 = 180 ps,
oo = —0.484 4+ 0.014. When we switched to the front-pump-front-probe scheme

and performed measurements in the same magnetic geometries, we observed only
the heating-induced precession (see Figure 8.9(d)). Its amplitude is larger than for
the back-pump-front-probe scheme, because the pump pulse is absorbed directly in
the spin-collector. It also explains the phase shift between the precessional dynam-
ics shown in Figures [8.9(c) and (d). Kampen et al. [I8] demonstrated that the laser
heating is capable to excite two lowest standing spin wave modes in 40-nm permalloy
(NiggFey) films. But in our case the spin-collector is much thinner (~ 15.0 nm), and
absorption of the pump pulse effectively excites only the lowest fundamental standing
spin wave mode (see Figure [8.10|(d)).

In the back-pump-front-probe scheme the STT-induced contribution is larger than
the heating-induced one. In order to determine the observed frequencies, we have
performed complex Fourier transformation of the curves shown in Figures (a) and
(b), multiplied by the Gaussian window function exp(—(t — ty)?/72):

A(f,to,Tw) = / At (t) - e~ 00T o 2midt gy, (8.23)
According to the Fourier spectra |A(f,ty, 7)| of the polar and longitudinal contribu-
tions to the MOKE ellipticity Ay (¢) and rotation Ay (¢) in Figures8.10(a) and (b),
the SC pulse, injected into the 15-nm spin-collector, drives at least five lowest spin
wave modes. Different ratios between the amplitudes of the corresponding peaks in
the spectra for Ay (t) and Ay (t) are again related to different depth sensitivities of
the polar and longitudinal MOKE ellipticity and rotation (see Figure . In order to
get more accurate values for the spin wave frequencies, the curves in Figures were
fitted simultaneously with the sums:

4

A (t) = apg + Z ae ™t cos(2m fit + ¢y). (8.24)
1=0

In the joint fitting procedure only the spin wave frequencies f; and lifetimes 7; were
shared among all the curves. The magnitude of the external magnetic field, used in
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Figure 8.10: (a, b) Fourier spectra of the polar (P) and longitudinal (L) contributions
to the MOKE ellipticity ¢% and rotation 9, shown in Figure . For the demon-
stration of the 3rd and 4th spin waves modes, the spectra corresponding to the polar
contribution have been scaled as smoothed (5 pt. = 5 GHz). (c) Dispersion of the
standing spin wave modes. Dots represent frequencies obtained in the joint fitting
procedure of the curves shown in Figure 8.9 Solid line represents the fit of the exper-
imental data with a theoretical spin wave dispersion relation (8.25). (d) Five lowest
standing spin wave modes and laser absorption profile. (e) Spin wave damping time
constants 74. Dots represent values obtained in the joint fitting procedure of the curves
shown in Figure[8.9} Solid line is the fit of the experimental data with a power function
Ta=AfP (A= (39+1.7)-10° [ps- GH2'®], p= —1.8 £ 0.1. From the comparison of
the STT- and heating-induced magnetization precession, the damping time of the Oth
mode seems to be underestimated, therefore it was excluded from the fit.
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the experiments, was negligibly small in comparison with the anisotropy field H,, =~
550 Oe [153] and 47 M, ~ 2.2 T, therefore the theoretical spin wave dispersion rela-
tion ([2.47)) can be rewritten as:

F(k) = Y/ (Hanis + DE2) - (Hypis + 47 M, + DE2), (8.25)

where the absence of pinning at the Au/Fe and Fe/MgO interfaces dictates that for the
standing spin waves k = mn/dp.. From the neutron scattering measurements [107] and
spin-polarized electron energy loss spectroscopy [108], we know the exchange stiffness

D =280 A® . meV. Thus the only adjustable parameter is the Fe thickness dp.. For
the experimental dependence of the spin wave frequency f on the spin wave mode
number (see Figure [8.10)c)), we obtain dp. = (14.3 + 0.1) nm, which is close to 14.7
nm, measured by Dr. Vladimir Roddatis with the transmission electron microscope.

Consideration of the LLG equation with the damping parameter « inde-
pendent of the spin wave frequency f leads to the spin wave lifetime 7, ~ 1/f; [104].
However, in the experiment 7, ~ f; 1% (see Figure m(e)) Relaxation of the excited
spin waves occurs via the interaction of the magnetic system with the electron and
lattice systems. Detailed explanation of the observed dependence 7( f) requires further
investigation.

The laser-induced STT has been already observed by Schellekens et al. [17] and Choi
et al. [I54]. In contrast to the present work, STT-induced magnetization dynamics
in [I7, 154] is limited to the fundamental mode with & = 0, corresponding to the
homogeneous magnetization precession. The reason is that the thicknesses of the
ferromagnetic layers were only few nm and comparable to the absorption length of the
SC. In our experiments we demonstrate excitation of the fourth standing spin wave
mode with the wavelength \; = dp./2 ~ 7.5 nm (see Figure [8.10[(d)). From the
consideration of the incoherent dynamics in the PCL, ACL and NCL geometries, we
know approximate temporal profiles of the MOKE contributions from the Au layer to
APE(t) and AyrE(t). Subtracting these contributions from A% (t) and AyiE(t), it
is evident that the laser-induced SC tilts the magnetic moments of the spin-collector
in the vicinity of the Au/Fe interface towards Mp. This fact is consistent with that
the HC packet, injected from the spin-emitter into the Au spacer, is dominated by
the majority electrons (see Chapter [7)). For this reason, there is no sign change of
the spatial STT profile in the spin-collector. It brings us to the condition for the
excitation of the inhomogeneous spin wave modes: the characteristic length Agc of the
SC absorption in the spin-collector should be smaller or comparable to the quarter-
wavelength of the highest spin wave mode, i.e. Agc ~ A\y/4 =~ 1.9 nm.

When dp, ~ Asc , the STT can be considered to be uniform within the spin-
collector, and its modelling is rather simple. For large dp. it takes some time for the
SC-induced perturbation of the magnetic order to propagate across the spin-collector.
In other words, during first two picoseconds after the optical excitation of the spin-
emitter, the standing spin waves in the spin-collector are not established yet. Assuming
that the injection of the SC into the spin-collector during first picosecond leads to
the tilt of the magnetization only in the 4-nm region close to the Au/Fe interface,
we estimated the average magnetization component in this region, orthogonal to the
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static magnetization Mc, at about 0.006 [Mp.|. This is very rough estimation, but it
agrees with the amplitude of the standing spin waves established on a larger time scale
0.002 [Mr.] Pl

8.4 Conclusions

Spin dynamics, induced in a ferromagnetic film by the injection of the laser-induced
SC, has been studied on pseudo spin valve Fe/Au/Fe/MgO(001) structures with the
time-resolved MOKE and mSHG. Realizing different mutual orientations of the mag-
netizations Mp and M¢ in the spin-emitter and the spin-collector, it has been proven
that the mSHG is sensitive to the SC flowing across the metallic multilayer structure,
while the MOKE is exclusively sensitive to the magnetization. Temporal profile of the
SC-induced contribution to the mSHG agrees with the data, presented in Chapter
and the proposed scenario of the non-equilibrium spin Seebeck effect. The front of
the SC pulse consists of the optically excited electrons, leaving the spin-emitter in the
ballistic regime, while the trailing part is formed by the secondary electrons, providing
a net flux of the positive SP as long as the electron temperature in Fe is large than in
Au.

Since the STT exerted on M¢ by the laser-induced SC is proportional to the SC
component polarized in the orthogonal direction, in the magnetic geometries, where
Mp ™ MC or Mg T MC, we observed only variations of the magnitude of the mag-
netization vector MC At the same time, when Mg L MC, the MOKE rotation
V- (t) and ellipticity ¢ (t) exhibited various dynamics, which includes precession of
the magnetization M (coherent dynamics), demagnetization (incoherent dynamics)
and non-magnetic effects affecting the MOKE signals. Owing to different parity of
these contributions with respect to the reversal of M £ and M(;, the coherent and inco-
herent dynamics can be easily disentangled. Moreover, applying the external magnetic
field in different directions for each magnetic geometry, it is even possible to separate
the heating- and STT-induced magnetization precession (see Table . The spatial
profile of the STT is essentially non-uniform, which results in the excitation of the
several standing spin wave modes in the 15-nm spin-collector (see Figures . The
laser-induced heating drives only the fundamental mode, corresponding to the homoge-
neous magnetization precession. In Chapter [7|it has been shown that the SC flowing
from the spin-emitter is dominated by the majority electrons with &, 11 Mp. From
the MOKE data measured on the three-layer Fe/Au/Fe/MgO(001) structure, it is also
evident that the injection of the laser-induced SC into the spin-collector tilts Me to-
wards Mp. Assuming no sign change in the spatial profile of the STT, excitation of the
fourth standing spin wave mode (k4 = 47/dp.) demands that the absorption length of
the SC in the spin-collector Ag¢ is comparable to the quarter-wavelength of the fourth
mode A\y/4 ~ 1.9 nm.

All experimental data obtained on the Au/Fe/MgO(001) and Fe/Au/Fe/MgO(001)

5In the geometries, where Mc||Z, the static MOKE rotation and ellipticity are Vo = 43 mdeg.
and ¢ o = 90 mdeg., respectively.
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structures are consistent with each other, which sustains the proposed scenario of the
HC transport and the HC-driven magnetization dynamics. Subsequently our data can
be used to verify the results of the ab initio calculations and develop theoretical models
which more accurately describe the observations.
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Chapter 9

Conclusions

9.1 Summary and Conclusions

Ultrafast hot carrier (HC) driven magnetization dynamics in metallic multilayer struc-
tures have been studied using the time-resolved linear and nonlinear optical spec-
troscopy. The present work is focused on several aspects of the laser-induced magne-
tization dynamics:

e ultrafast laser-induced demagnetization of ferromagnetic films;
e transport of the spin-polarized HCs in a noble metal;

e magnetization dynamics induced in a ferromagnetic film by the injection of the
spin-polarized HCs.

Each aspect has its special meaning and can be discussed separately from the others,
but together they allow to develop a self-consistent model, describing all experimental
results.

Ultrafast laser-induced demagnetization

Upon the laser excitation of a ferromagnetic film, both HC transport and spin-flip pro-
cesses contribute to ultrafast demagnetization. The spin-flip processes, leading to the
change of the magnetization, have to be accompanied with the transfer of the angular
momentum to the lattice, which is so-called ‘bottle neck‘, determining the spin-flip
rate. At the same time, demagnetization, induced by the HC transport, depends only
on the velocities and lifetimes of the majority and minority HCs carrying opposite
spins. Since it is impossible to exclude the influence of the spin-flip processes, pump-
probe experiments have been performed on a 8-nm Fe film grown on a nonconducting
MgO substrate and capped with 3 nm of MgO. Due to a homogeneous laser absorp-
tion profile, the HC transport can be neglected and the magnetization dynamics is
governed only by the spin-flip processes. In order to be more sensitive the generation
of the non-equilibrium (NEQ) HCs, we have utilized the pump and probe pulses with
identical photon energies Awprope = Rwpump = 1.5 €V, Spin is conserved in the optical
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transitions, therefore there is no change of the magnetization at the time zero. As-
suming that variation of the magneto-optical constants modifies the MOKE rotation
I (t) and ellipticity 097 (t) with the same temporal profile, determined by the dif-
ference B(t) = Y% (t) — 0¢'(t), it is possible to evaluate real magnetization dynamics
dM(t). Using simple phenomenological model to reproduce the relative variations of
the linear reflectivity dR(t), MOKE rotation 0¢ (¢) and ellipticity d¢% (¢), it has been
found that demagnetization of the Fe film occurs on the time scale of the electron-
electron thermalization (1) = 7.. = 0.21 £ 0.01 ps), meaning that it is dominated by
the NEQ HCs. Subsequent recovery of the magnetization occurs on the time scale of
the electron-phonon thermalization 7 = 7., = 1.06 £ 0.03 ps. So it is mostly deter-
mined by the thermalized HCs. Owing to 20-fs experimental time resolution, we have
excluded any other possible assignments of the observed time scales. Moreover, the
characteristic time of the electron-electron thermalization 7., is in agreement with the
photoemission studies performed on Fe [88] and Ni [76].

In order to go beyond the phenomenological description, we have tried to reproduce
our data within the M3TM suggested by Koopmans et al. [86]. However, it is not
capable to describe the complete set of the linear magneto-optical signals and considers
an instantaneous electron thermalization, which contradicts with our experimental
results. Describing the HC and magnetization dynamics in terms of the energy flux and
the transfer of the angular momentum, we have developed a microscopic model. It has
been suggested that the magnetization change rate is proportional to the energy flux
from the NEQ and thermalized HCs to the lattice. In spite of the made assumptions,
our microscopic model can perfectly reproduce all measured curves 0 R(t), 0} (t) and
0% (t). It has revealed the dominant role of the NEQ HCs in ultrafast spin dynamics,
as it was suggested by Carva et al. [96]. This result can be explained by the fact that
for the NEQ HCs the phase space available for the spin-flip processes is larger than
that for the thermalized HCs. However, in contrast to [96], we have found that the
thermalized HCs contribute mostly to the recovery of the magnetization.

In order to understand the role of the HC transport, pump-probe experiments have
been performed on two-layer Au/Fe/MgO(001) structures, where Au serves a sink of
heat and spin polarization (SP). In this case the most important parameters are the
ballistic lengths of the majority and minority HCs, and the transmission through the
Fe/Au interface. Analyzing the MOKE data, measured on Au/Fe/MgO(001) with 130
nm of Au and different Fe thicknesses, and comparing them with those, obtained on
the 8-nm Fe film, it has been revealed that the HC transport plays a considerable role
in ultrafast demagnetization of the ferromagnetic film. Because of the different depth
sensitivities, the MOKE rotation ¢ (t) and ellipticity % (¢) are affected differently
by the non-uniform magnetization dynamics and the variation of the magneto-optical
constants.

Transport of the spin-polarized hot carriers in a noble metal

Probing the Au side of the Au/Fe/MgO(001), it has been demonstrated that the optical
excitation of the Fe film leads to the generation of the spin current (SC) flowing in
the Au layer. This effect is an analog of the spin Seebeck effect [152], but in our
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case it is dominated by the NEQ HCs. From the analysis of the mSHG and MOKE
data, measured on the Au/Fe/MgO(001) structures with different Au thicknesses, it
has been concluded that the front of the SC pulse consists of the optically excited
majority electrons, leaving the Fe film in the ballistic regime, while the trailing part is
formed by the secondary electrons, providing a net flux of the positive SP through the
Fe/Au interface as long as the electron temperature in Fe is larger than in Au. Both
optically excited and secondary majority electrons propagate in Au in a quasi-ballistic
regime. It means that the shape of the SC pulse in Au is mostly determined by the HC
flux through the Fe/Au interface. The characteristic time of the electron equilibration
between the Fe and Au films has been estimated at 0.56 +0.03 ps. In addition to that,
we have found the velocity of the optically excited electrons v 4,1 = (1.06+0.06) nm/ fs
and their lifetimes 74,1 = (24 £4) fs in Au. Both values are close to the predictions
made in the ab initio calculations [19, 106]. The secondary electrons have smaller
binding energies and hence longer lifetimes than the primary ones. However, their
velocity distribution is more uniform and results in a smaller velocity projection along
the normal to the film plane: v4,2 = (0.6 £0.4) nm/ fs. The number of the electrons,
optically excited in the vicinity of the Fe/Au interface, decreases with the Fe thickness.
Thus changing the Fe thickness, one can control the ratio between the primary and
secondary electrons, forming the SC pulse in Au.

Performing measurements in the transversal and longitudinal magneto-optical ge-
ometries, it has been shown that in addition to the contribution from the Au sur-
face, the SC gives rise to the odd SH field EQSUJC originating in the bulk of Au. For
day > 65 nm, when there is no contribution from the Fe film neither to the MOKE
nor to the mSHG, the SP-induced surface contribution to the SH contrast p5f(t)
resembles the temporal profile of the MOKE ellipticity % (t), indicating more or
less uniform magnetization profile within the probed region of the Au layer. The
same conclusion can be made from the independence of the ratio ¥ (t)/¢%(t) from
time and the Au thickness. In the analysis of the experimental data, obtained prob-
ing either the Fe side or the Au side of the Au/Fe/MgO(001) structures, we have
found the Voigt constant of gold g4, = 0.094 4 0.035¢ and estimated the average
magnetization built up in the 75-nm Au layer by the SC flowing from the Fe film:
My = Q au/qau =~ 0.0026 [Mp,] = 0.0082 [up/atom).

Injection of the spin-polarized hot carriers into a ferromagnetic film

Epitaxial pseudo spin valve Fe/Au/Fe/MgO(001) structure is a good model system,
where one Fe layer serves as the spin-emitter (E), and the other one serves as the spin-
collector (C). Probing samples simultaneously from both sides with the MOKE and
the mSHG, one can easily identify the directions of the magnetizations Mp and M.
Polarization of the direct SC is set by the magnetization Mp. Depending on the mu-
tual orientation of M g and ]\710, hot electrons, propagating towards the spin-collector,
can be effectively transmitted through the Au/Fe interface or reflected from it. It has
been demonstrated that the laser-induced SC, polarized in the orthogonal direction
with respect to ]\Z/C, exerts a torque on MC and drives its precessional motion. Unfor-
tunately, the STT is not the only mechanism, which can excite coherent magnetization

145



CHAPTER 9. CONCLUSIONS

dynamics. The laser-induced heating of the ferromagnetic film leads to the reduction
of the anisotropy field I—jfams, thereby altering the direction of the effective magnetic
field ﬁef 7. As a result, the magnetization starts to precess around new equilibrium
direction determined by H, #¢. Eventually because of the heat diffusion away from the
ferromagnetic film, the equilibrium direction of the magnetization recovers to its initial
orientation. Typical thickness of the Au spacer is several tens of nanometers, therefore
it suppresses the direct interaction of the back pump with the spin-collector and the
amplitude of the heating-induced coherent dynamics is not expected to be large in
comparison with the STT-induced one. Nevertheless, realizing different mutual orien-
tations of M o M¢ and the external magnetic field Hwt, it is possible to disentangle all
contributions to the magnetization dynamics and analyze them separately from each
other.

Since the SC, polarized in the orthogonal direction with respect to Mc, is ab-
sorbed in the small region of the spin-collector close to the Au/Fe interface, the spatial
profile of the STT is essentially non-uniform. In the experiments performed on the
Fe/Au/Fe/MgO(001) structure, where the back pump was applied from the side of the
16-nm top Fe layer (spin-emitter) and the probe pulse was applied from the side of the
15-nm bottom Fe layer (spin-collector), the laser-induced SC pulse excited four lowest
standing spin waves modes. It gives us the estimation for the SC absorption length:
Asc ~ A\ /4~ 1.9 nm.

Regarding the mSHG response, a more various set of the magnetic geometries (in
comparison with the experiments performed on the two-layer Au/Fe/MgO(001) struc-
tures) allowed us to prove that the mSHG signal possess the SC-induced contribution
and derive its temporal profile.

9.2 Outlook

The present work shed light on laser-induced demagnetization of the ferromagnetic
films and the HC-driven magnetization dynamics in metallic multilayers. In the most
cases the dominant role was attributed to the NEQ HCs. Since the HC excitation and
subsequent dynamics may vary with the spectrum of the pump laser pulse or depend on
the studied materials, further investigation is required for complete understanding of
the underlying elementary processes and development of the theoretical models tending
to describe the experimental observations.

Comparing our experimental results concerning laser-induced demagnetization of
the Fe film with other works performed on Ni [25] [76, 80-84) [86, 89] and Co [75] [85],
there are certain similarities between them. For instance, the characteristic time of the
electron thermalization should be about 200 fs. However, in terms of the magnetization
dynamics, only for Ni two demagnetization time scales have been observed [86, [89].
In Chapter (5| we demonstrated the magnetization change rate due to the NEQ and
thermalized HCs are proportional to the energy flux to the lattice. In general the
corresponding proportionality factors I',,¢, and I'¢, depend on the initial and transient
magnetizations My and M (t), but for the demagnetization values achieved in the ex-
periment we did not notice it. Probably this dependence is more pronounced for Ni
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than for Fe and Co. It may also explain the transition between two regimes, when one
or two demagnetization time scales can be observed [80] [89].

On the example of the Au/Fe/MgO(001) structures, it was demonstrated that the
laser-induced transport of the spin-polarized HCs leads to the accumulation of the SP in
Au, which in turn gives rise to the measurable MOKE rotation and ellipticity. The HC
injection from the ferromagnetic film into the non-magnetic layer is much more efficient
than the usage of the external magnetic field [I55], therefore this technique can be used
to determine the magneto-optical constants of the non-magnetic materials. Also the
observation of the SC-induced SH signal from Au should inspire reconsideration of the
previous works like [I06] and more wide application of the mSHG as the nonlinear-
optical technique for direct monitoring of SC pulses.

In light of further development of the magnetic storage devices, investigation of the
laser-induced SC pulses and SC-induced dynamics will continue to attract interest of
many research groups. Eventually it may lead to a new breakthrough in spintronics.
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Lists

A.1 Abbreviations

DAQ Data acquisition

DOS Density of states

EQ HCs Equilibrium (thermalized) hot carriers
GVD Group velocity dispersion

HC Hot carrier

MRAM Magnetic random access memory
mSHG Magneto-induced Second Harmonic Generation
MOKE Magneto-optical Kerr effect

M3TM Microscopic three-temperature mode
ML Multilayer

NEQ HCs Non-equilibrium HCs

PMT Photomultiplier tube

RF Radio frequency

SH Second Harmonic

SHG Second Harmonic Generation

SC Spin current

SP Spin polarization

STT Spin Transfer Torque

2PPE Two-photon-photoemission

2TM Two-temperature model

XMCD X-ray magnetic circular dichroism
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