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The Road goes ever on and on
Down from the door where it began.
Now far ahead the Road has gone,
And I must follow, if I can,
Pursuing it with eager feet,
Until it joins some larger way
Where many paths and errands meet.
And whither then? I cannot say.
— J.R.R. Tolkien

Preface

Now this is it, after spending months of writing, trying to finish this manuscript on
time. I finally come to the preface, the least formal but nonetheless crucial part of
my thesis.
I started this PhD-project because I loved the kind of experimental work I did
in my Master and Bachelor projects, and wanted to explore more areas and techniques within experimental physics. The prospect of combining femtosecond laser
spectroscopy with high magnetic fields sounded fascinating, even though (and precisely because) I new very little about those topics. The past four years have been
an exciting journey into the world of ultrafast magnetism, lasers and high magnetic
fields. Thankfully, I was not alone on this journey. This preface is a thank you note
to all those that accompanied, taught, helped and supported me during my time as
a PhD student in Nijmegen.
The scientific part of these past four years is quite well documented on the “Data
(D:)” drive on my work laptop. It contains all data and documents I recorded and
worked on in these four years. This amounts to a surprisingly small 10.9 GB, which
is quite ironic, considering how I stress the problem of storing increasingly large
amounts of digital data as a motivation throughout my thesis. Looking into the
folder “Presentations”, I see that I gave 17 group seminars over the course of four
years. This number is of course due to the fact that I was “shared” between two
groups, the HFML and the SSI group. Apparently “...but I just gave a seminar in my
other group” does not serve as a valid excuse to be exempt from seminar duty. On
the other hand, getting cake twice as often kind of compensated the double seminar
load. Also, while having two Christmas parties, two group outings and twice the
amount of borrels per year does take time away from doing research, you won’t hear
me complain about that.
i
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Above all, I had the pleasure to get to know the staff of these two very different
research groups. Over the years I was having coffee, playing table football, attending
seminars and conferences, partying, and of course working with more than 90 people.
Therefore, the length of this preface is in considerable danger of getting out of hand.
Thus first up, I would like to express my gratitude to ALL you former and current
members of the SSI and HFML group that I had the pleasure to meet these past
years, you made this time an unforgettable experience! I would like to go a bit more
into detail and also include some people not situated in Nijmegen, so here we go.
First of all, I want to express my gratitude to the members of my manuscript
committee, professors Nigel Hussey, Stéphane Mangin and Markus Münzenberg for
the effort and interest to review my thesis manuscript.
I wish to thank my supervisors for the guidance and supervision over the years.
You are after all, ultimately responsible for me managing to write this book.
Theo, thank you for giving me the opportunity to learn what I could about ultrafast laser spectroscopy in your lab. I appreciate the genuinely honest way in which
you deal with people. While being demanding of your staff, you are at the same time
completely committed to your group and do not spare yourself. I could always be
sure to get feedback on articles and abstracts in time, no matter how busy you were,
whether you were in your office or overseas.
Peter, thank you for opening up the world of high magnetic fields to me. You
provided an important viewpoint from outside the world of ultrafast magnetism. I
especially appreciate the in depth analysis of every paper and the thesis manuscript.
As you wouldn’t accept my “this-is-how-everybody-does-it” answers, it really made
me reevaluate my own understanding of the matter and how to best lay it out in
written form. I learned a lot from that.
Alexey, you are the one that actually got me into this in the first place. Although
you knew that I came from a different background, you offered me to join the project
proposal for this interdisciplinary PhD position (although malicious gossip has it,
that this was only due to us playing in the same football team). With your scientific
expertise and creativity, you helped me a lot in figuring out which direction to take
when I was stuck. Your steady strive and ambition for the best results, in science as
well as sports (of which the many trophies standing in Marilou’s office are evidence),
have been an example!
Andrei, although you are one of the few professors not in my list of supervisors,
you were always interested in and contributed to my research and had an open ear
for my questions. Thank you for that!
Marilou, the SSI group wouldn’t work without you and that is not just a phrase.
You are the soul and heart of the group and often go the extra mile to help. With
whatever problem I came to you, you would always find a way to solve it (although
sometimes, I foolishly tried to fix things myself, which often resulted in even more
work for you...sorry about that). I am deeply thankful for everything you have done
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for me over the years.
Although I had less interaction with you due to being “not really a part of the
HFML” (U. Zeitler) I also want to thank Ine and Thera for keeping the HFML
together and helping me with ordering consumables and tracing lost sample packages
that were badly needed.
I am deeply indebted to the amazing technical staff that helped me over the years.
Tonnie, Albert, André, Erwin and Sergey from the SSI and Peter, Lijnis, Michel,
Arjan, Frans, Frits, Gideon, Jos v.V. and Hung in the HFML. Without your tireless
efforts to keep the lasers and the magnet installation running, none of the work in
this thesis would have been possible. I especially want to thank Tonnie for all the
help with the 7 T system and always allowing me to borrow stuff for the setup in
the HFML (trusting me to bring it back in one piece) and you, Peter, for taking a
genuine interest in what I was trying to achieve in the HFML and always rescuing me
whenever the laser system in the HFML had problems, even though you were already
swamped with work...
To my peers in and around the SSI group:
Ruslan, while you impressed me as a serious and dedicated scientist (with the
necessary chess-break every once in a while), you are not shy of being silly and make
fun, of yourself and others, if the situation requires it (workshop course). It was fun
working and traveling with you and building the 7 T setup together. Thanks also to
Dima, the three of us started basically together in the SSI group. Some highlights like
the endless odyssey through St. Petersburg in the middle of the night (we just wanted
to find a bar, ANY bar...) and the summer school in Santa Margherita will not be
forgotten. Dennis, thanks for all the fun we had in the office, karting, movies etc.
Try not to kill yourself you crazy devil! My man Sam, long live the 55. Thanks for
helping me in the lab and the discussions! You could probably practice table soccer
a bit more, but you have definitely improved over the years! Matteo (fear the tree!)
and Laura, my favorite Italian couple! Thank you for your support and friendship
over the years, especially for supporting us right after Ava was born! Davide, thank
you for all the discussions that we had, both about science and life. I hope that Japan
treats you well!
Furthermore, I would like to express my gratitude towards Rajasekhar, Benny,
Yusuke, Addis, Thomas Ha., Magnus, Sasha, Ilya, Jeroen, Johan de Jong, Johan
Mentink, my fellow UniVV members Saliba, Valeriy (the rock!) and Minko (oh schiiii),
Yury, Rostislav, the two Annas, Lars and Siebe (sry jongens, misschien 2018 weer...),
Thomas Hui. (“adopted”...), Guido, Kiran, Georgy, Remko, Lennert, Albert, Wei-Ta,
Jialiang, Yulong, Chenghoon and Chenggong.
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To my office mates in the HFML, Suruchi, Thomas, Wei-Tao, Peter R., Andreas,
Roger and Mariana: Thanks for making this office a nice place to come to every day
for two years (although one lived in constant fear of the next nerf-surprise-attack)!
Thomas...I do not know why we gave you the biggest nerf-gun, but it became
a constant terror in the office. Thanks for the good times in and outside of the
HFML and teaching me how to solder (with 70µm wires, I still have nightmares).
Your Halloween costume is the stuff of legends. Suruchi, you happy-go-lucky little
Bollywood princess! Your antics (your life will be made into a movie one day...)
enriched the sometimes dull daily routine. Thank you for making me laugh! Mr.
“get-to-ze-choppa” Robinson... I still don’t understand how you manage to pull off
an Austrian accent (or any other accent for that matter) better than any German
in the lab. You definitely “pimped-up” the borrel tradition in the HFML. Andreas,
we apparently resemble each other so much, that we were regularly mistaken for each
other! Thanks for the discussions, the support and fixing my bad soldering. Laurentio,
you ARE fun at parties, and in the lab, and outside the lab! A pity that we did not
manage in the end to measure together. All the best for “de bebi”! Francesca, I
am impressed by what a cheerful and in general fun person you are, considering how
many times people have tried to poison you. Thanks for the coffee breaks in our office
(no, I didn’t want to work anyways).
I also want to thank Roger (the Pope), Inge (forever whistling), Lucas (forever grinning), Salvo (party catalyst), Mariana (Minions), Maarten (Cola), Bhawana, Alessandro (Oh noooo...), Wei-Tao, Masoumeh, Maryam, Papori, Lisa, Alex, Rava, Andrea,
Bence, Olga, Saman, Jonathan, Anatol, Uli(-pedia), Hans (the joker), Steffen (trying
to speak ALL the languages), Andries, Jos P., Jos R., Tom, Dima, Alix, Martin, Ben,
Jan, Genia and Erik (success with the little one, you know what to name her/him!),
Peter v.R., Veerendra, and my other two fellow UniVV members, Andres (Macho!)
and Sergio (the hair!).
A big thank you also to my collaborators outside of Nijmegen, especially to Dieter
Weller, Sasha Mosendz, Olav Hellwig and Arata Tsukamoto.
A special thanks to Felix, who, although our academic ways separated after the
bachelor, stayed a colleague in spirit!
Of course there is life outside of the university, too, and a lot of it revolves around a
ball. I joined UniVV 4 (then 3) in my Master’s (again, thanks Alexey!) and, although
my wrist was broken by some over-enthusiastic opponent in my 4th match, I stayed
with it ever since. Thanks guys (Sjoooot!), it was (and still is) a great pleasure to be
part of such a diverse and overall great team!
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I dearly thank my family, who, although living not that close, always supported
me over the years. Especially for taking turns sitting Ava when Jil and me had to go
back to work but refused to give her to childcare quite yet. A big kiss to my brother
Simon!
And most importantly, and thus last, the two most important people in my life.
Jil and Ava. You tolerated the long measurement times, extending over weekends,
and the week long trips to conferences. You built me up when I was down and kept
me grounded in the “real” world outside of the lab. I love you.

Jonas Becker
Nijmegen, February 2016.
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CHAPTER

1

Introduction

“[...] magnetic forces - wondrous forces they, surpassing the
powers of all other bodies around us, [...]”
William Gilbert in his preface to “De Magnete” (1600)

1
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1 Introduction

1.1 Magnetism and Data Storage
Magnetism is a phenomenon that has mystified and intrigued mankind since it became
aware of its existence. It has inspired groundbreaking inventions such as the compass,
that greatly facilitated and improved maritime navigation, enabling the great Age of
Discovery that started in 15th century Europe. As great minds such as Oersted,
Ampere, Faraday, Maxwell and the like started to actually investigate and develop
theories about the origins of magnetism in the late 18th and 19th century, more
sophisticated inventions such as the electric motor and generator appeared, which
have since become the building blocks of our modern technological society.
The most recent example of this trend is magnetic data storage which became one
of the driving forces of the digital revolution that started in the mid 20th century.
While other means of magnetic data storage exist (magnetic tape), the hard disk
drive has become its most relevant representative. It consists of disks holding the
recording medium which is made up of nanometer sized grains of magnetic material.
These disks spins underneath a write/read head which is used to record and access
data. The first hard disk drive was developed by IBM in 1956, the IBM 350 Disk
Storage Unit [1]. It weighed about 1000 kg and had 5 mb storage capacity. Although
being ∼60 years old, the HDD is still dominating the world wide data storage market.
There are new contenders, such as flash memory based solid state drives (SDD) [2],
that offer significant advantages in terms of access rates and do not involve any moving
mechanical parts. However, these new alternatives are (at the time of writing) still a
factor of 8-9 more expensive in cost per gigabyte. Market leaders in the global storage
industry expect that by 2020, still more than 80% of the data storage requirements
will be met by HDDs [3].
The greatest challenge in this field is to cope with the ever increasing amounts
of digital data that is being created at an exponential rate. Considering the current
data growth rate and storage manufacturing capacities, there is an expected datagap, a gap between supply and demand for data storage, of more than 6 zettabyte
(1 zettabyte= 109 terrabyte) in 2020 [4]. This gap alone is nearly double the amount
of data created in the whole of 2013. New recording materials allowing for higher data
densities in HDD are thus one of the industries most pressing issues, as materials used
in current generation devices have reached their limit.
Due to its huge social and economic impact, it is not surprising that the data
storage industry has become the main driving force in research in magnetic materials. However, from a fundamental scientific point of view, understanding magnetic
materials and the intrinsic mechanism involved is of far greater importance than their
properties concerning a particular area of application. This thesis aims to combine
both aspects, the technological and the scientific. In order to do that, I employed
femtosecond-short laser pulses and a new experimental setup which combines these
ultrashort light pulses with high magnetic fields.

1.2 Magnetism and Magnetic Interactions
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In this chapter, I will start by giving a brief introduction into the basic concepts
in the field of magnetism which are relevant for this thesis, and end with an outlook
on the chapters to come.

1.2 Magnetism and Magnetic Interactions
Magnetism in atoms mainly stems from the magnetic moments of the electron. There
are two kinds of angular momentum associated with the electron:
• Orbital angular momentum l caused by the motion of the electron around the
nucleus.
• The intrinsic spin angular momentum s.
Both give rise to a magnetic moment µ. The factor connecting the magnetic
moment to the angular momentum is the gyromagnetic ratio γ.
In the ground state of a multi-electron atom, the electrons are distributed according to Hund’s rules. To describe such multi-electron systems, the single electron
quantum numbers ms and ml are replaced by S, L that relate to the sums
L=

X
i

li , S =

X

si ,

(1.1)

i

with li , sj the orbital and spin momentum of all electrons i,j in the atom.
In many atoms, both types of angular momentum are present which may be
strongly coupled by the spin-orbit interaction, giving rise to a total angular momentum J = S + L. The resulting magnetic moment can be written as:
µ = γJ, γ = −gµb /~,

(1.2)

with the reduced Planck constant ~, the Bohr magneton µb = e~/(2me ), the electron
mass me and the g-factor g. In case of no orbital angular momentum contributions,
the spin g-factor is g ∼ 2.00.

1.2.1 Spin-Orbit Coupling
Considering the Bohr model for a one-electron atom, the effect of spin orbit interaction
can be explained as follows. From the electron point of view, the charged nucleus
moves around the electron, creating a magnetic field that interacts with the electrons
intrinsic spin moment. This is the origin of spin-orbit coupling. Accordingly, spinorbit coupling increases with the atomic number Z, as more charged protons are
present in the core, leading to higher magnetic fields.
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The spin-orbit Hamiltonian for an atom can be written as:
H = λso J · S,

(1.3)

with S,J the spin and orbital angular momentum operators and λso the spin-orbit
interaction parameter.

1.2.2 Exchange Interaction
Long range magnetic ordering such as ferro-and antiferromagnetism can not be explained by considering only the interactions between magnetic dipoles that result from
the angular momentum.
If the wavefunctions of two neighboring electrons overlap, their spins can interact
via the exchange interaction. Exchange occurs as a consequence of coulomb repulsion
and the Pauli exclusion principle that forbids electrons to be in the same quantum
mechanical state. This causes the electrons to favor a groundstate with either parallel
or antiparallel spin alignment. In a simple Heisenberg model that takes only nearest
neighbor exchange into account, the Hamiltonian is written as follows.
H = −J

X

Si Sj ,

(1.4)

with the exchange constant J and Si,j the spin operators of adjacent atoms. Depending on the sign of the exchange constant J , there will be a parallel or antiparallel
spin alignment in the groundstate, leading to the phenomena of ferro and antiferromagnetism, respectively. A mean exchange field can be defined, that is given by:
Hex = λex M ,

(1.5)

with the mean field exchange parameter λex that depends on J . Exchange is thus a
purely quantum mechanical effect and is the strongest interaction in magnetism, with
exchange fields that can reach 1000s of Tesla.

1.2.3 Magnetocrystalline Anisotropy
The main origin of magnetocrystalline anisotropy is its single ion contribution. It
arises in materials as a consequence of the crystal field and the spin-orbit interaction.
In a magnetic solid, an atom experiences a static electric field caused by the surrounding charges in the crystal lattice. This crystal field strongly interacts with the atomic
orbitals which, through the spin orbit interaction, can lock spins along certain crystal
directions. As a result, the magnetic alignment in that material is not free (isotropic),
but has one (or possibly more) preferred direction of alignment, called the easy axis
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of magnetization. In case of uniaxial anisotropy, the anisotropy energy can be given
as:
E = Ku sin2 θ,

(1.6)

with the uniaxial anisotropy constant Ku and θ the angle between the magnetization
and easy axis. The magnitude of the corresponding anisotropy field is usually defined
as follows.
Han = 2Ku/Ms
(1.7)

1.2.4 Zeeman Interaction and Demagnetizing Fields
A magnetic moment in an external magnetic field always tries to align along this field
to minimize its magnetic energy. This interaction is called Zeeman interaction and
its Hamiltonian can be written as follows.
H = (−µb g/~)(JB),

(1.8)

with the magnetic induction B and the total angular momentum operator J.
Magnetic dipole-dipole interactions in magnetic materials lead to an effective field
called the demagnetizing field. The demagnetizing field will act on the magnetization
of the sample such as to minimize its stray field. The demagnetizing field is written
as.
Hd = N̂ M ,
(1.9)
with the magnetization M and N̂ the 3×3 demagnetizing tensor that depends on the
sample geometry.
Demagnetizing effects become especially important in thin magnetic films. Here,
the demagnetizing field pushes the magnetization towards an in-plane alignment as
that minimizes the stray field. So in order to have an out-of-plane magnetic alignment,
a strong out-of-plane anisotropy is required.

1.3 Magnetic Structures
A great variety of magnetic structures can be found in magnetic materials. We here
distinguish between two kinds of general magnetic systems. The first are systems with
a single magnetic lattice, such as ferromagnets where spins are exchange coupled and
have the same orientation. The second are systems possessing two kinds of elementary
magnetic moments which results in two magnetic sublattices, such as antiferromagnets
where the two sublattices have equal magnetization magnitudes and an antiparallel
alignment. Furthermore, one can distinguish between collinear and non-collinear spin
arrangements. An overview over common magnetic structures with one and two
magnetic sublattices is given in figure 1.1.
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Magnetic Structures
One Magnetic Lattice:

Ferromagnetism

Paramagnetism

Asperomagnetism

(also: Speromagnetism
in spin glasses)

Two Magnetic Sublattices:

M1

M1
|M1|≠ |M2|

|M1|=|M2|
M2

Anitiferromagnetism

M2

Ferrimagnetism

Sperimagnetism

Figure 1.1: Magnetic structures with one and two magnetic sublattices. Adapted from [5].

1.3 Magnetic Structures

7

In this thesis, magnetic structure plays an important role. Three different kinds
of magnetic structures are found in the samples that are investigated in this thesis. Ferromagnetism (FePt, chapter 4), two-sublattice ferromagnetic sperimagnetism
(NdFeCo and PrFeCo, chapter 5) and ferrimagnetism (GdFeCo, chapter 6). In the
following I will briefly introduce ferri- and sperimagnetism.

1.3.1 Ferrimagnetism
Ferrimagnets have two antiferromagnetically coupled magnetic sublattices. Contrary
to an antiferromagnet, the magnetizations of the sublattices are generally not compensated, giving a ferrimagnet a net magnetic moment Mnet = M1 + M2 (see figure 1.2).
Generally, the two magnetic sublattices show a different temperature behaviour. In
certain ferrimagnets (N-type, for more information about the classification of ferrimagnets see [6, 7]), this leads to a change in sign of the spontaneous magnetization
at a certain compensation temperature Tm . At this compensation temperature, the
magnetizations of the two sublattices cancel each other and the net magnetic moment
falls to zero. This causes the coercive field to diverge at Tm . Below and above Tm , the
magnetization is dominated either by M1 or M2 (see figure 1.2). Above the critical
ordering temperature Tc , the system loses magnetic order and becomes an effective
paramagnet.
In ferrimagnets whose sublattices have different gyromagnetic ratios γ1 6= γ2 , there
exists a second temperature Ta , the angular momentum compensation temperature,
at which net angular momentum Anet of the ferrimagnet vanishes.

0

M1

Mnet

TN

Coercive Field

Ferrimagnet
(N-type)
Magnetization

Magnetization

Antiferromagnet

M1
Hc
Mnet

0
TM

TC

M2

M2
Temperature

Temperature

Figure 1.2: Sketch of the temperature dependence of the sublattice magnetizations for an
antiferromagnet and a ferrimagnet with compensation temperature Tm .
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1.3.2 Sperimagnetism
Sperimagnetism describes a two-sublattice magnet where one or both of the sublattices have a non-collinear magnetic structure (see figures 1.1 and 2.2) [8]. Sperimagnets, in contrast to para-or speromagnets (see figure 1.1), still possess a spontaneous
magnetization along an average easy axis. The origin of the non-collinear structure
differs, depending on the system. Sperimagnetism can occur in ferromagnetically and
antiferromagnetically coupled sublattices and is mainly found in amorphous materials.

1.4 Magnetization Dynamics
At the basis of magnetization dynamics stands the torque a magnetic field H exerts
on a magnetic moment µ, T = µ × H. Mechanically, the torque is related to the
angular momentum L through dL/dt = T . As described in the previous section,
in the quantum mechanical description of magnetism, the angular momentum J is
related to the magnetic moment via the gyromagnetic ratio γ. This leads to the
following basic equation of motion.
dµ
= γµ × H
dt

(1.10)

Equation 1.10 describes a rotation of µ around H as shown in figure 1.3 (a). The
eigenvalues of this system of differential equations are the resonance frequencies of
the system.

(a)

(b)

M x dM
dt

H

μ

Heff

dM
dt

M

Figure 1.3: (a) Magnetic precession without damping according to equation 1.10. (b) Damped
magnetic precession according to the Landau-Lifshitz-Gilbert equation 1.11.

If one considers magnetic materials rather than single moments, it is more convenient to describe the motion of the volume average of the magnetic moment, the
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magnetization M . In magnetic materials, there are intrinsic magnetic fields such as
anisotropy or demagnetizing fields, that also act on the magnetization and have to be
taken into account. Furthermore, dissipative effects will lead to damping that make
the motion of M irreversible (see figure 1.3 (b)).
These considerations lead to the Landau-Lifshitz-Gilbert formula of magnetization
dynamics.


α
dM
dM
= γM × Heff +
M×
,
(1.11)
dt
M
dt
|
{z
}
Gilbert damping

with the effective magnetic field Heff , the Gilbert damping parameter α and the
magnitude of the magnetization M = |M |. The effective field sums up all fields
relevant for the system under investigation, such as for example the applied field H,
the demagnetizing field Hd and the anisotropy field Han .
The Gilbert damping is determined by the phenomenological parameter α that
does not specify the mechanism causing the dissipation of angular momentum away
from the magnetic system. The Gilbert damping term leads to a torque that drives
the magnetization towards the effective field, perpendicular to the precessional motion
(see red arrow in figure 1.3 (b)).
(a)

(b)

M
M
Heff

Heff

Figure 1.4: Precessional switching with the magnetic fields applied antiparrallel (a) and perpendicular (b) to the initial magnetization orientation.

Damping is also a main factor in determining the speed with which a magnetic
moment can be reversed. Figure 1.4 (a) shows a precessional switching process. A
magnetic field is applied opposite to the initial orientation of the magnetization. If
this field is not perfectly aligned antiparallel to the magnetization, it exerts a torque
on M which reverses via a damped precessional motion. Without damping, the only
channel for angular momentum transfer would be closed and the reversal could not
take place as angular momentum has to be conserved. This switching mechanism is
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exploited in the hard disk drive technology. The switching time typically lies in the
range of nanoseconds and decreases with increasing damping and higher precession
frequency.
These switching times can be drastically reduced by applying a magnetic field perpendicular to the magnetization. In that case, switching can be achieved by removing
the magnetic field after half a precession has occurred [9]. This reduces the switching
time from a multiple of the oscillation period to half the period. Even though also
here the switching time is decreasing with increasing oscillation frequency, it was
demonstrated that precessional switching is fundamentally limited to a timescale of
picoseconds [10].

1.4.1 Ferromagnetic Precession
From the Landau-Lifshitz-Gilbert equation we can calculate the ferromagnetic resonance (FMR) frequency of a system [5, 11]. In order to do that, we first have to
calculate the effective field which is given by:
Heff = −δU/δM ,

(1.12)

with U the internal magnetic (also called magnetic free) energy. In general, U will
have contributions from the Zeeman energy, demagnetization energy and anisotropy
energy (see chapter 4). The exchange energy is not important here, because the vector
product of the exchange field λex M with M always vanishes.
In the simplest case of a ferromagnetic sphere with a uniaxial magnetic anisotropy
Ku and an applied field along the z-axis, we get the following effective field:
Heff = Hez − 4πM /3 + ez 2Ku /M,

(1.13)

with ez the unit vector along the z-direction. To calculate the resonance frequency,
we neglect the damping term and solve the vector product γM × Heff . This gives
dMy
x
us two coupled differential equations dM
dt and dt that we can solve with the time
dependency exp{−iωt} of the magnetization. This results in the resonance frequency:
ω0 = γ(H + 2Ku /M )

(1.14)

1.4.2 Ferrimagnetic Precession
The magnetization dynamics in a ferrimagnet is determined by the two antiferromagnetically coupled sublattices [11]. Neglecting demagnetizing fields and without con-
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sidering damping, the system is described by two coupled equations of motion [12, 13]:
dM1
= γ1 M1 × (H + H1an − λ1-2 M2 )
dt
(1.15)
dM2
= γ2 M2 × (H + H2an − λ1-2 M1 ),
dt
with the sublattice gyromagnetic ratio γ1,2 , applied field H, sublattice anisotropy
an
ex
H1,2
and sublattice exchange field H1,2
= λ1-2 M1,2 with λ1-2 the inter-sublattice
exchange field parameter. Here, in contrast to ferromagnetic resonance, the exchange
field plays an important role as it couples the two sublattices and the vector product
with the magnetization does not vanish.
The system has two eigenfrequencies with opposite circular precession directions
which, for H ≪ Hsf and temperatures far from Tm so that |M1 − M2 | ≫ 0, can be
expressed as:
an
ωfm = γeff (H + Heff
)

ωex = λ1-2 (γ1 M2 − γ2 M1 ) −

(1.16)
γ1 + γ2
H−
2

γ2 H2an

−
2

γ1 H1an

(1.17)

with
an
Heff
=

M2 − M1
H2an M2 + H1an M1
, γeff =
M2 − M1
M2 /γ2 − M1 /γ1

ωfm is a low frequency mode where the system behaves like a single sublattice
ferromagnet. The net magnetization oscillates around the effective field and M1 and
M2 remain antiparallel. ωex on the other hand is dominated by the term λ1-2 (γ1 M2 −
γ2 M1 ) and very high in frequency. This exchange mode stores exchange energy as
the sublattice magnetizations are oscillating away from the common axis. While ωex
can be observed at zero applied field, it decreases when H increases, whereas ωfm
increases with H.

1.5 Laser Induced Spin Dynamics
The emergence of laser systems capable of producing sub-ps light pulses opened up
a whole new field of ultrafast (or femtosecond) magnetism. These ultrashort laser
pulses are used in a pump-probe scheme to manipulate and observe magnetism on
a fs timescale, much faster than the typical timescales of magnetization dynamics in
magnetic materials (see chapter 3 for experimental details).
In the following I will give a short introduction on three major effects ultrafast
stimuli can have on a magnetic thin film which are ultrafast demagnetization, excitation of spin precession and all optical switching.
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1.5.1 Ultrafast Demagnetization
The effect of ultrafast demagnetization was first observed by Beaurepaire et al. [14]
in 1996 (see figure 1.5 (a)). It was found that 60 fs laser pulses can quench the magnetization of a Nickel film by more than 60 % on a picosecond timescale. Subsequent
research on other materials such as Fe [15] and Co [16] confirmed the generality of
the effect in magnetic metals. Naturally, this phenomenon raised questions about the
mechanism and processes involved, especially as the ultrashort excitation leads to a
complex, strongly non-equilibrium state.

(a)

(b)
electrons
Te
Ges

spins
Ts

Gel

Gsl

lattice
Tl

Figure 1.5: (a) Ultrafast demagnetization on Nickel [14]. (b) Three temperature model [17].
Gel,es,sl are the coupling constants between the electron, lattice and spin heat reservoirs.

The interactions in the magnetic system can phenomenologically be described with
a three temperature model [17, 18] (see figure 1.5 (b)). This model consists of three
coupled heat reservoirs, one for the electrons, spins and lattice, respectively. Each
reservoir is defined by a temperature and heat capacity and three coupling constants
Gel ,Ges and Gsl describe the coupling among them. The interactions between the
reservoirs in this model are purely phenomenological and contain no information about
the actual underlying processes. It is generally accepted that the electrons respond to
the electro-magnetic pulse almost instantaneously, heating up the electron reservoir
that equilibrates on a timescale of 20-100 fs [18]. Subsequently, the hot electron
reservoir interacts with the spin and lattice reservoirs through different channels to
dissipate its energy. In the process, the spin system loses angular momentum on
a sub-ps timescale that leads to a demagnetization of the material. On a much
slower timescale of tens of picoseconds, the lattice heats up through electron-phonon
interaction.

1.5 Laser Induced Spin Dynamics
The exact process of ultrafast demagnetization, especially the mechanism causing the dissipation of angular momentum from the spin system, is still subject of
discussion.

1.5.2 Laser Induced Spin Precession
Ultrashort laserpulses can also excite spin precession, such as described in sections 1.4.1
and 1.4.2, in magnetic materials. This is used in chapter 4 and chapter 6 to investigate
ferro- and ferrimagnetic resonance.
By applying a magnetic field at an angle with respect to the easy axis of magnetization, the effective field is changed. The system relaxes into a new equilibrium state,
with its magnetization along the direction of the new effective field. A laser excitation
brings the system out of equilibrium by affecting the magnetization and anisotropy
of the material. This tilts the effective magnetic field away from its equilibrium axis,
initiating a precession of the magnetization that can be probed [19–22].
A more precise description and schematic representation (figure 4.5) of the process
can be found in chapter 4.

1.5.3 All Optical Switching
All the above described laser-induced magnetization dynamics only lead to a temporary change in the magnetization state. In 2007 however, Stanciu et al. [23] demonstrated on the rare earth transition metal (RE-TM) alloy GdFeCo that a complete
reversal of the magnetization can be triggered in the absence of an external magnetic
field, using a single laser pulse only. This discovery was called all optical magnetic
switching (AOS). AOS had a significant impact on the field of magnetism, partly due
to its potential for application in the field of magnetic recording. Complete switching
of the magnetization was achieved at a timescale of tens of picoseconds [24], which
is a huge increase in writing speed compared to the nanosecond precession reversal
used in conventional magnetic data storage.
An initial phenomenological explanation relied upon the inverse Faraday effect
through which a circularly polarized, fs light pulse can act as an effective magnetic
field. However, it was soon discovered that the mechanism is entirely heat driven and
switching can be achieved with light pulses of any polarization above a certain fluence
threshold [25, 26]. The mechanism through which the switching occurs is reasonably
well understood in GdFeCo and involves the sublattice dynamics of its ferrimagnetic
structure [26, 27]. Apart from ferrimagnetic RE-TM alloys, AOS was also shown to
occur on RE-free, magnetic multilayers and heterostructures [28].
However, recent results indicating that helicity dependent AOS is also possible in
ferromagnets [29] have sparked new discussions on that matter.

13

14

1 Introduction

1.6 High Magnetic Fields
Applied magnetic fields are widely employed in the field of ultrafast magnetization
dynamics. They are used mostly to bring samples beyond their main hysteresis loop,
in order to have a clearly defined initial state of the magnetic system. Most metallic
magnets that are investigated have coercive fields below two Tesla, as conventional
table top electromagnets are limited to this field range.
High magnetic fields have proven to be a valuable tool across scientific disciplines,
be it in physics, chemistry, biology or geology [30, 31]. In physics for example, transport and photo luminescence measurements are routinely performed in high fields to
investigate phenomena such as the quantum hall effect [32] or excitons in quantum
dots [33]. Magnetic fields above 20 T are not easily generated. There are only a
handful of specialized facilities in the world, that produce the highest DC and pulsed
magnetic fields available. Even though there is currently no appropriate experimental
setup (to the author’s knowledge), the field of ultrafast magnetism could also profit
immensely from these installations.
In general, high fields allow to perform experiments in a regime that is almost
completely unexplored in ultrafast magnetism. High fields would enable investigation
of certain materials such as antiferromagnets with no net magnetization in the ground
state, or materials with high coercive fields. This includes technologically relevant,
high anisotropy materials, such as L10 FePt investigated in chapter 4, that can not
be investigated in fields up to 2 T. Also, high fields of the order of tens of Tesla start
to compete with the exchange interaction in certain materials. As a consequence, this
can lead to changes of the magnetic structure of the system. An example of a field
induced magnetic transition is described in chapter 6.
High magnetic fields in ultrafast magnetism research have the potential to significantly broaden the parameter space and provide a tool to manipulate magnetism on
a scale close to the exchange interaction.

1.7 Scope of This Thesis
I will conclude this introductory chapter by laying out the scope of this thesis and
providing a broad outline of the following 5 chapters.
This thesis deals with the static and dynamic magnetic behaviour of magnetic
metals using ultrashort laser pules and high magnetic fields. It has three main goals,
which are rooted in the areas of experimental technique, technology and science:
1. Enable and demonstrate the potential of ultrafast laser spectroscopy in high
magnetic fields.
2. Use sub-ps laser pulses to manipulate and characterize the magnetic properties
of industrial grade recording media.

1.7 Scope of This Thesis
3. Illuminate the role of magnetic structure in ultrafast magnetism in RE-TM
alloys.
In chapter 2, the materials used in this thesis will be introduced and put into a
broader context. Furthermore, the samples will be described in terms of magnetic
properties, structure and growth.
Chapter 3 will introduce the main physical concepts and experimental techniques
used in this thesis. This includes a short introduction into magneto-optics, ultrafast
laser systems and high magnetic fields. Finally, I give an overview over the unique
high field setup that was built as a part of this thesis.
In chapter 4, it is shown that ultrafast laser pulses combined with high fields up
to 7 T can be used to excite and observe ferromagnetic resonance in granular, highly
anisotropic FePt samples. From these measurements, important material parameters
are deduced such as the anisotropy field, the g-factor and the Gilbert damping parameter.
Chapter 5 deals with the non-collinear magnetic structure of two amorphous light
RE-TM alloys (NdFeCo and PrFeCo), which has significant consequences for their
dynamic magnetic properties. A transient, laser induced state is observed, where the
structure becomes more collinear and the magnetization increases above its initial
value.
Finally, chapter 6 discusses a field induced magnetic transition in the HRE-TM
alloy GdFeCo. Measurements up to 30 T are used to characterize the magnetic properties of GdFeCo in the high field regime. The transition is exposed as a spin-flop
transition, that changes the magnetic structure of the system. The consequences of
the spin-flop transition for the static and dynamic magnetic behaviour of the sample
are investigated and discussed in detail.
The thesis concludes with a general summary and outlook.
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[6] L. Néel, in Annales de Physique, Vol. 3 (1948) pp. 137–198.
[7] J. S. Smart, American Journal of Physics 23, 356 (1955).
[8] J. M. D. Coey, Journal of Applied Physics 49, 1646 (1978).
[9] T. Gerrits, H. A. M. van den Berg, J. Hohlfeld, L. Bär, and T. Rasing, Nature
418, 509 (2002).
[10] C. Back and D. Pescia, Nature 428, 808 (2004).
[11] A. G. Gurevich and G. A. Melkov, Magnetization oscillations and waves (CRC
press, 1996).
[12] R. K. Wangsness, Physical Review 91, 1085 (1953).
[13] S. Geschwind and L. Walker, Journal of Applied Physics 30, S163 (1959).
[14] E. Beaurepaire, J.-C. Merle, A. Daunois,
Letters 76, 4250 (1996).

and J.-Y. Bigot, Physical Review

[15] T. Kampfrath, R. G. Ulbrich, F. Leuenberger, M. Münzenberg, B. Sass, and
W. Felsch, Physical Review B 65, 104429 (2002).
[16] M. Aeschlimann, M. Bauer, S. Pawlik, W. Weber, R. Burgermeister, D. Oberli,
and H. C. Siegmann, Physical Review Letters 79, 5158 (1997).
[17] M. Agranat, S. Ashitkov, A. Granovskıi, and G. Rukman, Zh. Eksp. Teor. Fiz
86, 1376 (1984).
[18] A. Kirilyuk, A. V. Kimel, and T. Rasing, Reviews of Modern Physics 82, 2731
(2010).

References
[19] M. van Kampen, C. Jozsa, J. T. Kohlhepp, P. LeClair, L. Lagae, W. J. M.
de Jonge, and B. Koopmans, Physical Review Letters 88, 227201 (2002).
[20] J.-Y. Bigot, M. Vomir, L. Andrade, and E. Beaurepaire, Chemical Physics 318,
137 (2005).
[21] E. Carpene, E. Mancini, C. Dallera, E. Puppin, and S. De Silvestri, Journal of
Applied Physics 108, 063919 (2010).
[22] E. Carpene, E. Mancini, D. Dazzi, C. Dallera, E. Puppin, and S. De Silvestri,
Physical Review B 81, 060415 (2010).
[23] C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Kirilyuk, A. Tsukamoto, A. Itoh,
and T. Rasing, Physical Review Letters 99, 047601 (2007).
[24] K. Vahaplar, A. Kalashnikova, A. Kimel, D. Hinzke, U. Nowak, R. Chantrell,
A. Tsukamoto, A. Itoh, A. Kirilyuk, and T. Rasing, Physical Review Letters
103, 117201 (2009).
[25] A. R. Khorsand, M. Savoini, A. Kirilyuk, A. V. Kimel, A. Tsukamoto, A. Itoh,
and T. Rasing, Physical Review Letters 108, 127205 (2012).
[26] T. Ostler, J. Barker, R. Evans, R. Chantrell, U. Atxitia, O. Chubykalo-Fesenko,
S. El Moussaoui, L. Le Guyader, E. Mengotti, L. Heyderman, F. Nolting,
A. Tsukamoto, A. Itoh, D. Afanasiev, B. Ivanov, A. Kalashnikova, K. Vahaplar,
J. Mentink, A. Kirilyuk, T. Rasing, and A. Kimel, Nature Communications 3,
666 (2012).
[27] I. Radu, K. Vahaplar, C. Stamm, T. Kachel, N. Pontius, H. A. Dürr, T. A. Ostler,
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CHAPTER

2

Thin Magnetic Films

2.1 Introduction
All samples investigated in this thesis are thin magnetic films, consisting of a nanometer thin magnetic layer. These films are very relevant for magnetic data storage, as
will be discussed later, and have properties that can differ significantly from their bulk
counterparts. For one, their magnetic properties such as anisotropy and coercivity
can be tailored much more easily than for bulk materials. Also optical investigation
and manipulation of thin films are convenient, as even in reflection geometries, the
light will penetrate the material on the length scale of the magnetic layer itself. Thin
magnetic films are a very broad and diverse category of materials, including multilayer
structures, granular, amorphous and crystalline materials. In this work, I focused on
two specific subsets of magnetic films, amorphous rare earth - transition metal alloys
and granular, highly anisotropic FePt crystalline media. This chapter will give an
introduction and description of the samples investigated in chapters 4-6.

2.2 Rare Earth Transition Metal Alloys1
Rare earth transition metal alloys are one of the most important alloys in magnetism
with a big impact on industry and society in general. The ferromagnetic 3d transition
1 Parts

of this section have been adapted from [1–4]
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metals Fe, Ni and Co have always been the main building blocks of any magnetic material. Alloying them with magnetic RE elements can effectively combine the magnetic
properties of both elements. The magnetic data storage industry was among the first
to exploit the unique possibilities these alloys offered, which sparked intense research
on RE-TM alloys in the 70s and 80s. They were later successfully implemented in
magneto-optical storage devices such as the MiniDisc R . RE-TM compounds also have
a significant impact on the low-tech side. NdFeB alloys for example, are the strongest
commercially available permanent magnets and are used in numerable applications
such as loudspeakers, electric motors and hard disk drives.

2.2.1 Rare Earth Elements

Light Rare Earths (LRE)
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Heavy Rare Earths (HRE)
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La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 2.1: Rare Earth elements of the lantanide series. Light rare earths are highlighted in
green, the heavy rare earths in red. La and Lu are grayed out, as they have an empty and full 4f
shell respectively, and subsequently no magnetic moment. Neither does Europium in the trivalent
+3 oxidation state. However, it is conventionally counted as a light rare earth.

Rare earth elements are all 15 elements of the lantanide series (sometimes also
including scandium and yttrium) (see figure 2.1). Contrary to their name, most rare
earth elements are quite abundant in the Earths crust. However, they are rarely
found highly concentrated as minerals, but are mostly so diluted and dispersed that
economic exploitation is not profitable. They have become increasingly important
over the last 60 years and are now found in almost every branch of modern industry
be it as catalysts, in batteries, as lasing media, as medical contrast agents, in fibre
optic amplifiers, as colorant in glasses or in jet engine coatings [5]. Their diverse
magnetic properties however, are what interests us most within the scope of this
thesis.
Magnetism in RE elements is dominated by the uncompensated spins in the 4f
shell. Along the lantanide series, the 4f shell is filled up as the atomic number
increases. This gradually changes their magnetic properties. Unlike the itinerant
3d electrons in transition metals like Fe, the 4f states are buried and well shielded
inside the electronic shell. Therefore, magnetism in RE’s in the metallic state strongly
resembles their atomic magnetic properties. As a consequence, most RE metals show
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strong orbital angular momentum and strong spin-orbit coupling, leading to high
magnetocrystalline anisotropy (see section 1.2.3). In the metallic state, RE’s are
usually found in the trivalent state RE3+ . While the 4f electrons stay localized,
the 5d and 6s shells become band-like and their electrons delocalized. They form
the conduction electron gas throughout the sample. While these itinerant electrons
contribute only little to the magnetic moment (roughly 10% in Gd), they play a crucial
role in mediating magnetic exchange. The 4f and 5d states are coupled through direct
(positive) exchange as their orbitals overlap. The magnetic 4f states then interact
indirectly with the other 4f states of the neighboring atoms through the 5d states,
which are thus responsible for long range magnetic order. However, as this indirect
exchange coupling is quite weak, magnetic ordering temperatures are rather low: All
RE metals are paramagnets at room temperature (see table 2.1), with the exception
of Gd which has the strongest interatomic exchange coupling strength.
Table 2.1: Overview of the ground states of the RE3+ ions and their magnetic ordering temperature Tcrit in the metallic state, where Tn indicates an antiferromagnet and Tc a ferromagnet. S,
L and J are the quantum numbers for the spin, orbital and total angular momentum. m0 = gJ is
the saturation magnetization with the Landé g-factor g = 3/2 + [S(S + 1)L(L + 1)] /2J(J + 1).
The data was taken from [1, 4].
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2.2.2 Amorphous RE-TM Alloys
Despite the strong magnetism in the RE series, pure RE metals are not convenient
from an application point of view because of their low ordering temperatures. This
problem can be circumvented by alloying RE with TM. In these alloys, the RE and
TM are strongly coupled leading to a common Curie temperature Tc . The exchange
between the 3d moments is by far the strongest in that system, which is why this
interaction largely determines Tc which can be tuned to far above room temperature.
Still, the magnetic properties of the RE are largely preserved as the 4f states remain
shielded inside the RE atoms. Two magnetic sublattices are defined, that describe the
behaviour of the RE or TM magnetic moments in the alloy. The term sub-lattice is
adopted from its crystalline analogue, even though there is no such long range atomic
order in amorphous materials.
The advantage of amorphous alloys is, that one can freely adjust the composition
of the sample and therewith gain great control in tailoring their magnetic properties, such as Curie temperature, room temperature saturation magnetization and
anisotropy. This, together with their high magneto-optical (MO) response caused by
the strong spin-orbit coupling, are the main reasons why amorphous RE-TM are so
interesting for magneto-optical storage media [6, 7].
One can broadly separate the RE-TM alloys into two categories: the light and
heavy RE-TM alloys:
• The light RE elements have a less than have filled 4f shell. Thus, according
to Hund’s rules the total angular momentum J = L − S, which implies that
the coupling between spin and orbital momentum is antiparallel. The TM-RE
exchange coupling, which indirectly couples the 4f RE spins to the 3d TM
spins via the 5d states, is also antiferromagnetic in nature. Because the orbital
angular momentum in magnetic RE elements is considerably larger than their
spin angular momentum (see table 2.1), the net magnetic moment of the RE
aligns parallel with the TM magnetic moments. Light RE-TM are thus twosublattice ferromagnets.
• The at least half filled 4f shell in the heavy RE atoms leads, according to
Hund’s rules J = L + S, to a parallel alignment of spin and orbital momentum. Therefore, the resulting RE-TM magnetic alignment is antiferromagnetic.
Heavy RE-TM are ferrimagnets, as their magnetic moments are generally not
compensated. Indeed, the RE and TM magnetization (Mr and Mt ), though
sharing a common ordering temperature Tc , behave differently with temperature: at low temperatures Mr dominates. However, due to differences in the
exchange coupling strength between RE and TM atoms, Mr decreases a lot
faster with temperature than Mt . This leads to a magnetization compensation
temperature Tm (see also section 1.3.1, figure 1.2), at which the net magnetization of the alloy Mnet = |Mr −Mt | vanishes. Tm is a very sensitive function of the
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chemical composition of the alloy and can be tuned during sample growth [8].
There is another compensation temperature Ta associated with the angular momentum Anet = Ar − At . If the gyromagnetic ratio of both sublattices are
the same, γr = γt , both compensation points occur at the same temperature
Ta = Tm . As there is strong spin-orbit interaction in most RE elements however,
the gyromagnetic ratios differ and Ta is separated from Tm .

2.2.3 Magnetic Structure
Sperimagnetic Structures With Two Magnetic Sublattices
(i)

(ii)

(iii)

(iv)

Figure 2.2: Different sperimagnetic structures for two antiferromagnetically (i,ii) and ferromagnetically (iii,iv) coupled sublattices.

Most amorphous RE-TM alloys show a non-collinear magnetic structure in one
or both of their magnetic sublattices. This is called sperimagnetism 2 (see also section 1.3.2). In sperimagnetic materials, the moments of one or both of the magnetic
sublattices are randomly oriented within a cone of opening angle α around a preferred
direction of magnetization (see figure 2.2). There are different mechanisms causing
this fan-like magnetic structure which all originate from the amorphous nature of the
alloy:
RE’s are known for their strong single-ion magnetocrystalline anisotropy. In the
amorphous state of an RE-TM alloy, there is a random distribution of this singleion anisotropy at the RE-sites that will lead to a distribution of the RE magnetic
moments around an easy axis [10–12]. The opening angle α of this fan structure
2 In the strict definition of Coey et al. [9], speri- and ferrimagnetism are mutually exclusive as the
latter only describes collinear structures. Instead, I am using ferrimagnetism here as a general term
for antiferromagnetically coupled, non-compensated two-sublattice magnets and sperimagnetism as
defined above and depicted in figure 2.2.
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depends on the relative strengths of the RE-TM exchange JRE-TM and the RE-RE
exchange JRE-RE with respect to the single-ion anisotropy parameter D. For most
RE-TM compounds JRE-RE ≪ JRE-TM ∼ D and the opening angle α increases with
increasing D/JRE-TM . Accordingly, Gd compounds, where the Gd3+ ion is in an
S-state, possess zero orbital momentum which leads to a small D and consequently
collinear alignment of the RE magnetic moments.
For the TM sublattice on the other hand, JTM-TM is large compared to JRE-RE ,
JRE-TM and D so that a collinear alignment of the TM moments is probable. Especially for Co this holds true [12]. In the case of RE-Fe compounds however, experiments have shown that also the magnetic moment of the Fe-sublattice is smaller than
can be expected for collinear alignment [12]. It was proposed, that the Fe sublattice
too has a non-collinear, fan-like magnetic structure, which was later backed up by
theoretical models [13–17]. This structure is not caused by the random single-ion
anisotropy of the RE element which is small compared to the strength of the Fe-Fe
exchange [14]. The sign of the Fe-Fe exchange is sensitive to atomic spacing. In
a crystal the distances to neighbouring atoms are locked and so is the sign of the
magnetic exchange, making bcc iron a ferro- and fcc iron an antiferromagnet [18]. In
amorphous iron however, varying atomic distances lead to competing ferromagnetic
and antiferromagnetic exchange constants. This frustration causes a non-collinear
magnetic structure [19, 20], in which the TM moments, too, are distributed within a
cone around a preferred direction defined by the ferromagnetic contributions.

2.2.4 Sample Growth and Structure
All RE-TM samples were provided by the group of prof. Arata Tsukamoto from
the Nihon University Japan. They are grown using magnetron sputtering [21, 22].
The sample structure shown in figure 2.3 is the same for all RE-TM samples used
in this work. All layers are grown on a glass substrate. The 20 nm thin RE-TM
layer is capped by 60 nm of SiN that prevents oxidation but still allows for optical
investigation. Apart from the RE element and Fe, the magnetic layer always contains a
small amount of Co: This increases the magneto-optical response of the sample as well
as the Curie temperature due to its strong exchange interaction [23]. The composition
of the RE-TM is always of the form: REx (Fe7y Coy )100−x , with x+8y=100 atomic%.

2.2.5 Alloys Studied in This Thesis
In this thesis, the three RE-TM alloys NdFeCo, PrFeCo and GdFeCo are studied.
NdFeCo and PrFeCo are light RE-TM alloys that show ferromagnetic, sperimagnetic
alignment (see figure 2.2 iv). The samples investigated in chapter 5 have an in-plane
magnetic anisotropy. Their main interest within the scope of this thesis lies in their
non-collinear magnetic structure, the influence of which on the static and dynamic
magnetic properties will be investigated in chapter 5.
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SiN

60nm

RE-TM Alloy 20nm
SiN

5nm

AlTi

10nm

Glass
Figure 2.3: General sample structure of the amorphous RE-TM samples used in this work.

The third alloy is GdFeCo, a ferrimagnetic heavy RE-TM. Gd is a special case
among the RE elements. It is the only non-3d transition metal element that shows ferromagnetism close to room temperature with a Curie-temperature of ∼293 K. The 4f
shell is only half filled in Gd, leading to zero orbital moment which sets Gd apart from
all other magnetic RE elements. Accordingly, the anisotropy in GdFeCo is relatively
weak, leading to low saturation fields and a collinear alignment of the Gd sublattice.
The GdFeCo samples used in this work have an out-of-plane magnetic anisotropy. In
chapter 6, the influence of high magnetic fields on the magnetic structure and on the
static and dynamics magnetic properties is investigated.
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2.3 Granular High Anisotropy Media
The ever advancing process of digitalization of our everyday life ultimately leads to
new demands on data storage. Almost all kind of data gathered in daily life, be it
photographs, videos, written documents etc., is recorded digitally. The increasing
dissemination, speed, quality and resolution of most devices and applications lead to
bigger and more data files that need to be stored in a save and reliable way that
prevents data corruption or loss. First put into practical use in 1956 by IBM, the
hard disk drive (HDD) now has become the mainstream storage device, providing a
secure and affordable medium on which to store data which played a big part in the
popularization of personal computers.

(a)

(b)
=
=

M
M

Figure 2.4: (a) Schematic top view of a granular magnetic recording medium showing adjacent
bits with opposite magnetization. (b) Top view of an interface effect (Néel spikes [24–26])
between domains in a continuous magnetic medium that creates a broad transition region.

The recording medium on the hard disk consists of separated, nanometer sized
magnetic grains. Magnetic information is written using a small electromagnet at the
tip of the read/write head that writes the magnetization of the grains along one of two
directions signifying the binary state ”1” or ”0”. One bit usually consists of about
30 grains. Granular media are used for this kind of data storage to prevent domain
wall formation. Segregated grains with little to no exchange coupling ensure sharp
transitions between adjacent ”0” and ”1” bits with opposite magnetic orientation
(figure 2.4 (a)). In continuous media on the other hand, domain walls and their
motion cannot be properly controlled. Furthermore, unwanted effects can occur at
the domain interfaces (such as the Néel spikes [24–26] shown in figure 2.4 (b)) that
can significantly increase the transition width between domains.
The increasing amount of data can be coped with by acquiring more data storage
devices. Of course, a much more elegant and energy efficient solution is to increase the
capacity of the storage device by increasing the data density. On a HDD, the storage
density is effectively determined by the grain size, and not by the number of grains
per bit. Simply reducing the number of grains per bit leads to a severe decrease in
signal to noise ratio. Reducing the grain size however is tricky. Below a certain size,
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high exchange,
large grains

low exchange,
small grains
Signal to Noise
low head fields

Figure 2.5: The magnetic recording trilemma describes the three properties of magnetic recording
that have to be optimized. The thermal stability, the writability and the signal to noise ratio. The
arrows indicate the contradicting requirements needed to optimize these properties individually.

the magnetization will not be stable at room temperature but randomly flip direction
due to thermal fluctuations. This is the so called superparamagnetic limit. This limit
depends mainly on the strength of the uniaxial magnetocrystalline anisotropy of the
individual grains. The higher the anisotropy, the smaller the minimal stable grain size.
On the downside, high anisotropy values will lead to very high coercive fields of several
Tesla, which cannot be reached with conventional electromagnets in the hard disk
write head. All these factors lead to the so called magnetic recording trilemma [27–
29], where trying to optimize writability, readability and stability leads to mutually
exclusive optimal conditions (see figure 2.5). However, the apparent predicament
between smaller grains and writeability can be overcome using a technique called
heat assisted magnetic recording (HAMR) (also called thermally assisted magnetic
recording TAMR or TAR) [30–35]. HAMR technology merges optical with magnetic
recording as a laser is introduced into the write head assembly as shown schematically
in figure 2.6. The laser acts as a sharply defined heat spot that can reach temperatures
close to the Curie temperature of the recording material. This reduces the coercivity
in the heated spot to the point where head-field strength is sufficient to switch the
magnetization. As the heat is dissipated, the magnetization rapidly freezes in place
and the thus written bit is stable at room temperature.
The material currently used in HDD is a CoCrPt alloy with an uniaxial anisotropy
of 0.20·107erg/cc [36]. With this material, grain diameters of around 10 nm and areal
densities around 600 Gb/in2 can be achieved. For high density magnetic recording beyond 1 Tb/in2 however, materials with uniaxial anisotropies of the order of 108 erg/cc
allowing for minimum grain sizes between 3-5 nm are needed.
Table 2.2 shows two groups of materials that show these promising characteris-
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laser source

write head
magnetic field
lines

nano-focusing
structure

hard disk

Figure 2.6: Cross sectional representation of the HAMR write head on a hard disk (adapted
from [34]).

tics: RE-TM alloys and so called L10 phase materials. Even though SmCo5 shows the
strongest magnetocrystalline anisotropy of them all, the RE-based materials are difficult to grow in the right conditions and are susceptible to corrosion because of their
RE content [33]. Of the remaining group of L10 phase materials, FePt turned out to
have the strongest anisotropy, providing the smallest theoretical grain size < 3 nm
(see table 2.2). In addition, it has a relatively moderate Curie temperature of 780 K
which is also important for the heating process in HAMR.

2.3.1 L10 FePt
FePt can order in different crystalline phases which have different magnetic properties [39]. The two most relevant are the unordered A1 and the ordered L10 phase
(figure 2.7 (a)). In the A1 phase, Fe and Pt atoms are randomly distributed across an
fcc lattice. A1 FePt is magnetically soft with low magnetocrystalline anisotropy. The
L10 phase is face centered tetragonal (fct) and shows chemical ordering. This means
that Fe and Pt atoms are ordered in alternating layers along the c-axis (figure 2.7
(b)). This fct phase is magnetically hard and displays very high anisotropy values
of around 108 erg/cc along the c-axis. The strong spin-orbit coupling combined with
the chemical order is at the origin of the strong anisotropy in this material [40, 41].
Also, the strong spin-orbit interaction leads to high MO activity in FePt. Therefore,
FePt was also investigated as a potential candidate for MO recording media [42].
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Table 2.2: Comparison of current magnetic recording medium CoPtCr with high anisotropy
materials. The anisotropy field is given by Han = 2Ku /Ms . dmin is the minimal stable grain
diameter. The data is taken from [36–38]

System

Material

Ku

Ms

7

(10 erg/cc)

(emu/cc)

Han

Tc

dmin

(kOe)

(K)

(nm)

Co-alloy

CoPtCr

0.20

298

13.7

-

10.4

L10 phase

FePd

1.8

1100

33

760

5.0

FePt

6.6-10

1140

116

750

2.8-3.3

CoPt

4.9

800

123

840

3.60

MnAl

1.7

560

69

650

5.1

Nd2 Fe14 B

4.6

1270

73

585

3.7

SmCo5

20

910

440

1000

2.2

RE-TM

(a)

(b)

Pt
Fe

c1
b

c2
b

a
a = b = c1 = 0.386nm

a
a = b > c2 = 0.370nm

Figure 2.7: Lattices of the A1 and L10 structure of FePt. A1 FePt forms an fcc-structure with
Fe and Pt atoms randomly varying from site to site. L10 FePt shows chemically ordered fct
lattice with alternating layers of Fe and Pt along the (001) direction.

If deposited at room temperature, FePt will form in the unordered A1 phase. To
induce a phase transition to the L10 phase, post annealing at temperatures above
500◦C are typically required [43]. Alternatively, the substrate on which the FePt
layer is grown can be heated to equally high temperatures to cause FePt to form in
the L10 phase [44]. This latter approach was used for the samples in this work.
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2.3.2 Growth and Sample Structure
The FePt samples investigated in this thesis were provided by HGST, a Western
Digital Company. All samples were grown using a Intevac 200 Lean industrial sputter
deposition tool. The general sample structure is shown in figure 2.8.
(a)

Diamond-Like Carbon
(DLC)
FePt
2.9nm
~35% Carbon

(b)

FePt grains segregant material

Magnetic Underlayer
MgO

10nm

Seed Layer
NiTa

Magnetic Underlayer

100nm

High T Glass
Figure 2.8: (a) General layer structure of the FePt samples. (b) Close-up of the FePt granular
layer.

The MgO layer serves as a nucleation layer for the FePt grains. As the material
is supposed to be used in perpendicular magnetic recording devices, the easy axis
(c or (001) axis) must be oriented out-of plane. The lattice mismatch between MgO
and FePt creates tetragonally distorted nucleation sites that favor the formation of
the L10 phase with the required orientation of the c-axis perpendicular to the sample
surface [38].
In order to ensure grain separation, a segregant is used during the growth of the
granular magnetic layer. This segregant typically consists of a material that can
not be incorporated into the FePt L10 matrix during growth, such as carbon. The
segregant not only keeps the grains separated, but is the main factor in determining
their size, shape and even chemical ordering [45, 46]. It can thus change the magnetic
properties of the whole magnetic layer. Indeed, using only carbon as the segregant,
it was shown that increasing the amount of carbon will lead to smaller grains which
are less coupled, but also reduce the coercivity of the sample [47]. The final layer is
made from diamond like carbon (DLC) and called the overcoat layer. It protects the
magnetic layer from environmental influences such as wear and corrosion.

2.4 Summary

2.4 Summary
In general, amorphous RE-TM alloys combine the magnetic properties of the RE
(e.g. high anisotropy, ferrimagnetism) and the TM (high exchange and high ordering
temperature), that can be tuned with relative ease by adjusting the chemical composition. They consist of two exchange coupled magnetic sublattices and show high
magneto-optical activity.
In particular, the light RE-TM such as NdFeCo and PrFeCo show a ferromagnetic, non-collinear magnetic structure. This behaviour is called sperimagnetism.
The heavy RE-TM GdFeCo on the other hand, is ferrimagnetic. Different temperature dependencies of the sublattices lead to angular and magnetization compensation
temperatures.
FePt is the medium most likely used in the next generation of magnetic recording
devices. The magnetic recording layer is not continuous but consist of decoupled
grains. FePt is used in the L10 phase which leads to a large magnetocrystalline
anisotropy. FePt also shows a large magneto-optical response.
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CHAPTER

3

Experimental Techniques

3.1 Introduction
There are multiple techniques for investigating the magnetic state of a material relying on different measurement principles. To measure static magnetic properties for
example, some techniques rely on induction, as the vibrating sample magnetometer
(VSM) [1] or the superconducting quantum interference magnetometers (SQUID) [2],
some on torque such as cantilever magnetometers. Dynamic magnetic processes can
be investigated using microwave absorption as in standard ferromagnetic resonance
(FMR) experiments [3, 4]. The field of optics also offers some versatile and unique
tools for investigating magnetism [5]. Making use of interactions between light and
magnetized matter, coherent polarized light can be used as very sensitive tool to investigate magnetization changes, especially for surfaces and thin films. Furthermore,
the advent of sub-ps pulsed laser systems [6] launched a whole new field of ultrafast
magnetization dynamics. Ultrashort laser pulses offer a unique possibility to study
magnetic processes on a fs-timescale, something that can not be achieved by any other
technique.
Ultrafast magnetism has become increasingly popular over the past 20 years and
can now be considered as one of the most significant research branches in magnetism [7]. At the same time, most investigations are limited by fields up to 2 T,
field strengths readily available through commercial electromagnets. The high field
regime however is almost completely unexplored territory.
This chapter will treat the basic physical and technical principles of the magneto35
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optical measurement techniques used in this thesis. Furthermore, I will explain the
working principle of Bitter high field magnets and finally focus on the unique setup
we built to study ultrafast processes in magnetic fields up to 37.5 T.

3.2 Magneto-Optics
All optical properties of matter are based on how an electromagnetic wave influences
and is being influenced by the electrons of the medium through which the light passes
or is reflected from. Most phenomena can be described in the so called electric
dipole approximation by only considering the oscillating electric field component of
the electromagnetic radiation interacting with electric dipoles.
For continuous media, the electromagnetic wave equation in a medium shows that
light induces electric polarization and vice versa, an oscillating polarization does emit
light. Interaction of light and matter can be classified in two categories, linear optics
in which the relation between electric field and polarization is linear and non-linear
optics if the relation is otherwise. In linear optics, the optical properties of a material
can be described by a single parameter, the dielectric permittivity tensor ε̂ = (1+χ̂)ε0 ,
that connects the polarization P and the electric field E.
P = ε0 χ̂E = (ε̂ − ε0 ) E,

(3.1)

with χ̂ the electric susceptibility tensor and ε0 the electric constant.
Magneto-optics describes all effects in which a magnetically ordered medium or
an external magnetic field applied to a medium changes the properties of an electromagnetic wave that is reflected or passed through that medium. In general, all
magneto-optical phenomena arise due to electron energy level splitting caused by the
magnetic field/magnetization (the Zeeman effect).
It started with Michael Faraday who discovered in the mid 19th century that
linearly polarized light passing through flint glass subjected to an external magnetic
field experienced a rotation of its plane of polarization [8] (see figure 3.1). In other
words, the glass became optically active under a magnetic field. This phenomenon,
now known as the Faraday effect, was the first experimental hint towards the electromagnetic nature of light, providing the basis for the work of James Clerk Maxwell
who would later lay the foundation of electromagnetism through his famous four
differential equations [9].
Shortly after Faraday’s discovery, Scottish physicist John Kerr showed that the
same effect can be observed in reflection, the so called magneto-optical Kerr effect
(MOKE) [10, 11]. Both are linear magneto-optical effects and the rotation angle is in
first approximation a linear function of the magnetic field/magnetization.
This property makes them very useful for measuring the (relative) magnetic state
of a material. The distinguishing feature of the Faraday effect is that the rotation
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increases linearly with the thickness of the sample. So samples with low optical
activity can still cause significant rotation if light is sent through thick enough samples.
The wavelength dependent proportionality factor connecting the rotation angle θ to
the thickness d and magnetic induction B is called the Verdet constant V .
θ = V ·d·B

(3.2)

The sense of rotation of θ reverses if the direction of B is reversed compared to
the propagation direction of the light. Therefore, the polarization rotation of light
reflected back through a magnetized sample is not zero but twice the value it would
have acquired only going through it once.
MOKE on the other hand allows to analyze surfaces of reflective materials that
show little to no transmission. This is especially useful for metallic materials at optical
wavelengths.
The two subsequent sections are focused on these two linear magneto-optic effects,
the MOKE and the Faraday effect, that were used in this work to study magnetism
in thin magnetic films.

3.2.1 Magnetic Circular Birefringence
Assuming a dissipationless medium, one can describe the Faraday effect by considering
the effect of a magnetic field on the dielectric permittivity tensor. In the simple case
of an isotropic medium at zero field, the dielectric permittivity is a scalar. This can
be written as a symmetric tensor with εxx = εyy = εzz and all off-diagonal elements
equal to zero.
In the non-dissipative regime assumed here, ε̂ has to be hermitian.
ε̂ij = ε̂∗ji ,

(3.3)

where ∗ denotes the complex conjugate. To fulfill this condition, the main diagonal
elements have to be real and the off-diagonal terms complex.
Let’s assume an applied magnetic field along the z-direction only. This leads to
two non-zero off-diagonal terms:


εxx


ε̂ = 
−iεxy (Bz )
0

iεxy (Bz )
εxx
0

0




0 
 , εxy ∝ Bz

(3.4)

εxx

If we assume linearly polarized light traveling along the z-direction through the
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The Faraday Effect

θ

H

E

k

Figure 3.1: Schematic representation of the Faraday effect. The plane of linearly polarized light
is rotated over an angle θ as it travels through a transparent medium with a magnetic field H
applied along the propagation direction k.

sample, we get the following eigenvalue-problem:


εxx


D = ε̂E = 
−iεxy(Bz )
0

iεxy (Bz )
εxx
0

0



Ex



 
 
0 
 Ey 
0
εxx

(3.5)

The eigenvectors of this problem Ex = ±iEy are left and right circularly polarized
light, which in superposition give again linearly polarized light. The corresponding
eigenvalues are n2 = εxx ± εxy . Thus, left and right circularly polarized (LCP,RCP)
light experience different refractive indicees nlcp , nrcp inside the medium for B 6= 0.
This effect is called magnetic circular birefringence.
In other words, the applied magnetic field breaks the time-reversal symmetry, as it
has the symmetry of a circular current around the z-direction. This leads to different
speeds at which left and right circularly polarized light waves travel through the
medium. So the phase difference between LCP and RCP contribution of the linearly
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polarized light wave is changed after exiting the material. This leads to a rotation of
the plane of polarization.
θ=

πd
πd εxy
· (nlcp − nrcp ) =
·√ ,
λ
λ
εxx

(3.6)

with thickness of the material d and wavelength λ of the light.
Put in the picture of the Zeeman effect mentioned earlier, the magnetic field splits
the energy levels such as to create states at different energies for different eigenvalues
of angular momentum.
The above discussion is equivalent in case of a magnetized medium with no external
field applied. Then the z-component of B = µ0 (H +M ) simply becomes Bz = µ0 Mz .

3.2.2 Magnetic Circular Dichroism
y
x

η
θ

Figure 3.2: Schematic representation of the Kerr (Faraday) rotation θ and Kerr (Faraday)
ellipticity η in the xy-plane of polarization (z being the direction of light propagation). The
initial polarization is linear along the x-axis (dotted line).

In reality, the no dissipation assumption rarely holds. If dissipation is taken into
account, the refractive index becomes a complex value. In a magnetized medium,
the imaginary part of the refractive index, just as the real part, also becomes nonequivalent for right and left circularly polarized light propagating parallel or antiparallel with respect to B. Thus, one of the two helicities will be absorbed more than
the other. Therefore, linearly polarized light send through a material with dissipation
will become elliptical.
This helicity dependent absorption is called magnetic circular dichroism (MCD).
In most experiments, both MCB and MCD are present. The ellipticity is then a
measure for MCD while the rotation of the axis of the ellipse away from the axis of
initial linear polarization is a measure for MCB.
MCD itself can thus also be used to measure magnetic properties of matter. Especially when combined with X-rays, X-MCD is a very powerful tool that can target
specific absorption edges of atoms and thus attain element specificity [12] as well as
allow magnetic imaging with nanometer spatial resolution [13].
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3.2.3 Magneto-Optical Kerr Effect
The magneto-optical Kerr effect (MOKE) can be separated in three main configurations called longitudinal, polar and transversal (see figure 3.3).

MOKE geometries

M

Longitudinal

Polar

Transversal

Figure 3.3: Schematic representation of the three main MOKE geometries.

In the polar configuration, the magnetization of the medium points perpendicularly to the reflecting plane (the sample surface). In this configuration, one is only
sensitive to changes in the out of plane component of the magnetization. It is the
only configuration in which MOKE can be observed using normal incidence of light.
For normal incidence, the analytical expression for the Kerr-rotation angle is rather
simple:
n0 n1 εxy
,
(3.7)
θpol = − 2
(n1 − n20 )εxx
with n0 and n1 the real part of the refractive index of the non-magnetic (e.g. air) and
the magnetic medium, respectively.
In the longitudinal configuration, the magnetization lies in the sample plane, parallel to the plane of incidence, and in the transversal geometry it lies perpendicular
to the plane of incidence.
The polar and longitudinal configurations have in common that there is a non-zero
projection of M on the wave vector k which gives rise to a polarization rotation. The
transversal MOKE however shows a difference in reflectivity for light polarized in the
plane of incidence (p-polarization) which is proportional to the in-plane magnetization. Only polar and longitudinal MOKE was used in this work.
A simplified analytical description of the Kerr-rotation angle for an arbitrary magnetization direction and arbitrary angle of incidence for p- and s-polarized light was
done by You et al [14].
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3.2.4 Experimental Realization
photo diodes
A

B
balanced detector

lens
Wollaston prism

polarizer
waveplate
chopper

Faraday geometry
magnet
λ/2

LASER
sample
magnet

Figure 3.4: Schematic MOKE setup to measure the polarization rotation caused by MCB. The
setup is easily adapted to measure in transmission (Faraday) geometry (yellow box).

A typical setup to measure the static magnetic properties of a sample using longitudinal MOKE is shown in figure 3.4. Its main components are a light source, a
modulating element, an electromagnet and a detector. Furthermore, a polarizer and
a λ/2 waveplate are often used to ensure optimal linear polarization and control the
angle of polarization of the incident probe light on the sample.
A so called balanced detector with two photodiodes A and B is used to determine
the angle of polarization of the light after it interacted with the sample. It consists of
a Wollaston prism that splits up linearly polarized light into two orthogonal linearly
polarized beams. The intensity of each beam depends on the relative orientation of
the incoming polarization with respect to the axis of the prism. Each beam hits a
photodiode that gives out a signal ρA,B proportional to the intensity ρ0 .
ρA = ρ0 cos2 (θ)
ρB = ρ0 cos2 (90 − θ) = ρ0 sin2 (θ)

(3.8)

The difference of both photodiode signals is proportional to the sine of the rotation
angle θ. As the Faraday/Kerr rotation angles are usually considerably smaller than
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one degree, we can approximate:
∆ρ = ρA − ρB ∝ 2ρ0 θ

(3.9)

Because of the small rotation angles, noise is a significant problem. The main noise
sources are intensity fluctuations of the light source, stray light entering the detector
and the dark current (current in the absence of light) of the photodiodes. Signal modulation techniques are used to increase the signal to noise ratio in the measurements.
If an amplified laser system is used, as is the case in most of the measurements in this
thesis, then we already have a step function-like intensity modulation of our signal.
The repetition rate of the laser is then used to trigger a lock-in amplifier.
The main working principle [15] of this kind of amplifier is to multiply the modulated signal with a sine function of the same frequency. The product is then send
through a low pass filter which averages the signal over time. This yields a DC signal which is the root mean square value of the product. Due to the orthogonality
of sine waves at different frequencies, all contributions other than at the modulation
frequency will go to zero if averaged over a long enough time interval. Thus, a great
part of the noise can be eliminated.
If a continuous laser is used, a modulating element such as a chopper has to be
introduced in the optical path before the sample. Rather than discrete intensity
modulation, one can also achieve continuous, e.g. sine-like polarization modulation
using photo elastic or Faraday modulators.
It should be noted that while the setup in figure 3.4 shows a (longitudinal) MOKE
configuration, it can easily be rearranged for different MOKE configurations by changing the incidence angle of light and the magnet orientation. For Faraday geometry
measurements the detector will be placed behind the sample to detect the transmitted
light (orange box in figure 3.4).

3.3 Time Resolved Magneto-Optical Kerr Effect
To investigate the magnetization dynamics, a stroboscopic technique is used that
requires pulsed rather than continuous lasers. The time resolution of the measurement
is then determined by the pulse width of the individual laser pulses. The general idea
is to make use of MCB and sub-ps laser pulses to observe the dynamic behaviour
of the magnetization on an (ultra) short time scale. To bring the magnetic system
out of equilibrium, a strong pump pulse is used as excitation. The resulting dynamic
changes in magnetization are monitored by weak (so as to not influence the magnetic
state) probe pulses following the initial excitation at different time delays.
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3.3.1 Amplified Pulsed Laser Systems
A commercial amplified laser system from Spectra-Physics was used for all time resolved measurements in this thesis. It consists of an amplifier and two external lasers
that in combination produce high power, sub-ps laser pulses. This kind of amplified
ultrafast laser system is described in detail elsewhere [6, 16] but I will briefly describe
the general working principle here:
A mode-locked Ti:Sapphire laser produces 100 fs short pulses at a frequency of
80 MHz. Selected ”seed” pulses are fed into the amplifier. The amplifier itself also uses
a titanium doped sapphire crystal as a gain medium which is energized to population
inversion by a pulsed neodymium-doped yttrium lithium fluoride (Nd:YLF) laser,
synchronized to the seed pulses. To maximize the amplification by the crystal, the
seed pulses are first stretched before the actual amplification process. This allows
to amplify high power pulses without damaging the crystal which is prone to nonlinear self focusing at high power densities. Finally the amplified pulse is compressed
again as close as possible to its original width. This technique is called chirped pulse
amplification.
The final output of the specific amplified laser system used in this thesis are
100 fs short pulses at a central wavelength of 800 nm at a repetition rate of 1 kHz.
The average power of the system is 4.2 W which translates to a maximum power of
42 GW/pulse or an energy of 4.2 mJ/pulse.
amplifier assembly
Ti:Sapphire seed laser

stretcher

amplifier

compressor

1ms

Nd:YLF pump laser

Figure 3.5: Illustration of the working principle of the amplifier setup. The Ti:Sapphire laser
provides seed pulses which undergo chirped amplification in the amplifier cavity energized by the
Nd:YLF pump laser.

In addition to the amplified laser system, an optical parametric amplifier (OPA)
can be used to tune the wavelength of the pulses [17]. Part of the light guided
into the OPA is used to create white light continuum pulses while the rest serves as
800 nm pump light. Both pump and white light pulses are mixed inside a non-linear
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crystal and undergo parametric amplification [18]. As a result, a certain wavelength
of the white light continuum will be amplified. By changing the delay between the
white light pulse and the pump pulse inside the crystal, the signal wavelength can
be tuned. Using additional crystals for frequency doubling, a wide spectral range
can be achieved. However, this kind of wavelength conversion process has a limited
efficiency, leading to considerably lower output power below 1 mJ/pulse.

3.3.2 TR-MOKE Setup

fs LASER system

pump

chopper

beam splitter
λ/2
delay line

mirror
lens
polarizer
waveplate

retro reflector

magnet balanced detector

probe
λ/2
sample

Figure 3.6: Sketch of a typical TR-MOKE setup in polar Faraday geometry.

A typical table top TR-MOKE setup is shown in figure 3.6. An amplified laser
system delivers 100 fs short pulses. The output of the laser is send through a beam
splitter to separate it into a high power pump and a low power probe beam. The
probe beam is guided via mirrors onto the sample. As in the MOKE setup, a polarizer
and a λ/2 waveplate are used to control the state of polarization.
The pump is guided onto an optical delay line. On this element, a retro-reflector
is mounted on a single axis motorized translation stage. By increasing or decreasing
the path length of the pump path with respect to the fixed probe path, the time delay
between pump and probe arrival on the sample can be controlled. The delay line is
500 mm long and has a minimum step resolution of 0.5 µm. In terms of time delay,
this translates to a range of 3.3 ns and a minimum step of 3.3 fs. The waveplatepolarizer combination in the pump path also serves to control the pump fluence on
the sample.
Both pump and probe are focused onto the sample through lenses. To assure a
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homogeneous pump illumination of the probed spot, the probe is usually focused to
a much smaller diameter than the pump spot. The angle of incidence of the probe is
chosen according to the desired MOKE or Faraday geometry. A balanced detector is
placed in the path of the transmitted (Faraday) or reflected (MOKE) probe light to
measure the angle of rotation. If single colour experiments are performed, the pump is
usually moved to a different incidence angle such as to keep pump light from entering
the detector. For dual colour experiments, an OPA is used in the probe path. In this
case, a filter can be used in front of the balanced detector to block out any pump
light.
Also here, a modulation technique can significantly improve the signal to noise
ratio. The pulsed laser system produces by default a modulation of the signal at its
repetition rate of 1 kHz. In principal, this could be used as in static MOKE as a probe
modulation: If the lock-in is triggered on the repetition rate, the lock-in will compare
the situation when no pulse hits the detector with the situation when a probe pulse
hits the detector. So the resulting signal will be proportional to the absolute value of
the probe A-B signal on the detector. However, we can also put a chopper in the pump
path which operates at half the repetition rate of the laser at 500 Hz. In that way,
every second pulse is blocked and does not reach the sample. If we trigger the lock-in
amplifier to 500 Hz, it will compare the probe signal with pump excitation to the probe
signal without pump excitation. In that way the lock-in signal is proportional to the
pump induced change rather than the absolute signal. This differential measurement
is considerably more sensitive than the probe modulation, even though calibrating
the signal is somewhat more intricate.
All measurements are usually carried out at both, positive and negative, field polarities. By taking the difference between these two measurements, one can eliminate
the non-magnetic contributions to the signal.
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3.4 Magneto-Optics in High Magnetic Fields
The table top, magnetic core electromagnets used in most (TR-)MOKE experiments
are limited to fields below 2 T. The high field regime on the other hand, is almost
completely unexplored territory for ultrafast magnetization dynamics. Especially for
fields above 20 T, beyond the reach of superconducting magnets, there is to the best
of our knowledge no report on ultrafast magnetization dynamics at all.
Being able to perform experiments at high magnetic fields thus enables access to
a new, uncharted area of ultrafast magnetism. Certain classes of samples can only be
investigated at high fields far above 2 T. Two examples are metallic antiferromagnets
with zero net magnetic moment in the ground state, that need a field in the magnitude
range of the exchange field to induce a net magnetization that can be investigated,
and highly anisotropic ferromagnets which possess large coercive fields (see chapter 4).
Two different magnets were used to perform experiments in fields greater than
2 T:
• A 7 T superconducting (SC) magnet from Oxford Instruments.
• A 37.5 T resistive magnet in the High Field Magnet Laboratory (HFML) in
Nijmegen.
The SC magnet, although being significantly bigger than conventional table top
electromagnets, can still be placed on top of the optical table and does not require
extensive changes to the general TR-MOKE setup described in section 3.3.2. Using
a high field magnet in the HFML for (TR-)MOKE measurements however presents a
significantly bigger challenge. The following two subsections will therefore be focused
on introducing the high field Bitter technology and the setup we built to measure
(TR-)MOKE in high magnetic fields.

3.4.1 Bitter Magnet
A conventional electromagnet consists of a coil of insulated wire. The magnetic field
produced on the inside of this solenoid of length l with N turns by a current I is given
by:
N0 I
(3.10)
l
In order to get to high fields, resistive magnets have to be designed very carefully
to maximize the turn density N/l and current I while still be robust enough to endure
the strain forces acting on the magnet at high fields. Two main high field magnet
designs are the polyhelix magnet and the Bitter solenoid. The high field magnet used
in this work is of the latter kind. In general, a Bitter magnet consists of multiple
concentric coils of different diameter that are connected in series. Each coil is built
B = µ0
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up by stacking flat, conducting Bitter plates that replace the wire in conventional
solenoids (see figure 3.7 left). Each plate is made out of a copper alloy and has a
radial slit. To prevent shorts and have the current go along a helical path, insulating
plates are moved in between succeeding Bitter plates but for a small bare connection
area.

Bitter plate

37.5 T magnet
Ø 32mm magnet bore

A coil
B coil
C coil

cooling water leads

D coil
E coil
F coil

Figure 3.7: Sketch of a typical Bitter disk (left). The small elongated perforations serve as water
channels in the disk stack, the bigger holes are openings for the tie rods that clamp the stack
together. Model of the 37.5 T Bitter magnet with a cross sectional view of the six coils (right).

Using flat disks it is possible to keep a high turn density while at the same time
enabling a stable build and good cooling capabilities. The disks are clamped together
with tie rods that go through the bigger holes in figure 3.7. They are crucial in supporting the coil against the tremendous forces occurring at high fields which would
otherwise rip apart the stack. The current sent through the coil is ultimately responsible for creating high magnetic fields. The higher the current, the higher the resulting
field. With only one single coil, the current needed to create fields of the order of 30 T
and the resulting stress on the magnet would be enormous. Therefore, the load is
shared between multiple coils, nested inside one another and connected in series. The
resulting magnetic field at the center of the inner most coil is the sum of the fields
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produced by all coils individually. The Bitter magnet used in this work (figure 3.7)
consists out of six coils that carry a maximum current of 40 kA which produces a
field of 37.5 T. Currents of this magnitude will produce enormous quantities of heat
that have to be dealt with in order to prevent the magnet from deteriorating over
time or even melting. Therefore, small elongated holes are punched into every Bitter
plate such that they align perfectly in the stack. Deionized cooling water of ∼10◦ ◦C
is pressed through these holes at flow rates of up to 160 l/s to keep the magnet at
temperatures below 50 ◦ C.

3.4.2 TR-MOKE Setup for High Magnetic Fields
In conventional TR-MOKE experiments, the whole setup including laser, sample,
magnet and detector are all installed on an optical table. This table is usually damped
which reduces vibrational noise in the measurements and ensures laser stability. With
high field magnets that is impossible due to their size and power and cooling needs.
However, the immediate surroundings of the cell where the magnet is housed is not a
suitable environment for optical experiments.
A proper, light-tight laboratory for optical experiments including climate control
to ensure laser stability is situated one floor above the magnet cell. A hole in the
ground directly above the 37.5 T magnet allows for optical access to the magnet bore
(3.8 (a)). The main challenge of this arrangement is the height difference of 6 m
separating the laser and detection part on the optical table from the sample in the
field center of the magnet.

3.4.3 Optical Insert
The sample is fixed on a sample holder inside a 2 m long optical insert which has
an inner diameter of 10 mm. The insert is shown schematically in figure 3.8 (c). It
consists of 2 hollow tubes which are connected at the top through a screw joint. At
the end of the inner tube sits a small focusing lens, whereas the sample holder is fixed
to the end of the outer tube (figure 3.9). By rotating the inner tube with respect
to the outer one, the screw connection allows to control the distance between sample
and lens within a range of 25 mm. This is crucial in order to focus the laser light
onto the sample. Two common reasons requiring focal readjustment are chromatic
aberration when different wavelengths are used and variations in the tube lengths
caused by thermal expansion/retraction when measuring at different temperatures.
Unfocused light reflected from the sample will not be properly collimated by the lens.
Uncollimated light will hardly be able to reach the detector considering the distance
of ∼6 meters between lens and optical table.
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(b)

filter

collecting mirror

BD
fs laser system

BS 1

BS 2

BS: beam splitter
BD: balanced diode

optical insert

(c)

optical window

6m
screw connection
cryostat

197mm

cryostat support

37.5T Bitter magnet

inner tube
outer tube

lens (SFL6)
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Figure 3.8: Schematic of the TR-MOKE setup in the HFML. (a) General situation of optical
table, laser and magnet. (b) Detailed schematic of the mirror-beam splitter assembly used to
send the beam into the magnet and collect the reflected light. (c) Sketch of the optical insert
consisting of the inner tube holding the focusing lens screwed inside the outer tube holding the
sample. The screw connection between the tubes allows to vary the lens-sample distance.
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The sample holder itself is a flat cylinder on which the sample can be glued (figure 3.9 (a)). The holder also features a diode sensor to monitor the temperature at
the sample (figure 3.9 (b)). The whole insert is placed inside a cryostat that enables
measurements down to liquid helium temperatures. It is important to notice that
while the insert/cryostat ensemble is partly inside the magnet bore such as to bring
the sample into the field center, it is not physically connected to it. The cooling water
flowing through the magnet at 160 l/s causes considerable vibrations that would cause
significant noise in the measurements or even render them impossible. Therefore, the
cryostat is held by an external support structure, freely hanging inside the magnet
bore.

(a)

sample

sample holder

lens holder

(b)

lens holder
sample holder

optical insert

temperature
sensor

Figure 3.9: (a) Detailed view of the sample and lens holder. (b) Sample and lens holder
assembled at the end of the optical insert.
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3.4.4 Bringing the Light Down and Back Up
To be able to analyze the probe light as accurately as possible, it is imperative to
eliminate any contribution of the much more intense pump beam to the signal. Due to
the long path the light has to cover between laser and sample and because of the steep
aspect ratio of the insert (10 mm diameter compared to 2 m length) only incidence
perpendicular to the surface is possible, which implies that pump and probe have to
take the same path down onto the sample. This renders single colour measurements
almost impossible as singling out the probe light after reflection from the sample
becomes very difficult. We therefore use an OPA in the probe path which provides
a broad spectral range in the visible to near infrared allowing to filter out the pump
light only before it reaches the detector.
To bring pump and probe along the same path, a beam splitter (BS1 in figure 3.8 (b)) is used. This part is crucial as already tiny deviations from their coincidence will prevent spacial overlap of pump and probe on the sample. 50% of the
combined pump and probe beams are sent down onto the sample via another beam
splitter (BS2 in figure 3.8 (b)), which will allow 50% of the reflected light to pass
through and be collected by a mirror. The mirror sends the reflected light through a
filter and onto the balanced detector. The filter blocks the pump light at 800 nm and
is either a short or long pass filter depending on the frequency of the probe light.
The most crucial part in the above described arrangement is the proper alignment
of all optical elements. From the beam splitter that sends pump and probe down
onto the sample, the light travels roughly 12 meters before it reaches the collecting
mirror. In order for the probe beam to hit that mirror after being reflected from the
sample, it has to be almost perfectly collinear with itself: As the hollow core of the
optical insert is only 1 cm in diameter, that is about the margin in which the beam
is allowed to deviate from collinearity over 12 meters. Accordingly, the angle under
which the light is sent down has to be controlled within a margin of ∼0.04◦.
Concerning the pump, another delicate optical element is the delay line on the
optical table. Already a small misalignment of the delay line will cause the beam
to move slightly as the delay is shortened or lengthened. A change in position of
the pump beam up on the optical table can have severe consequences for the pumpprobe overlap down on the sample. Due to spherical aberrations that are present in
the singlet lens, position changes of the beam on the lens can lead to differing focal
positions and shapes on the sample. This is especially problematic regarding the small
difference between pump and probe spot diameter on the sample due to both beams
being focused by the same lens (see section 3.4.6).
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3.4.5 SFL6 Glass

(a)

(b)

Figure 3.10: (a) Static MOKE measurement on FePt using a BK7 lens. (b) The same measurement as in (a) using an SFL6 glass lens.

The lens fixed to the inner tube of the insert has a focusing distance of 1 cm.
This means, that it is pretty much in the field center and experiences the same high
magnetic fields as the sample. As most glasses have a non-zero Verdet constant, this
can cause problems especially when measuring static magnetic properties at varying
fields. In the case of a conventional borosilicate crown (BK7) glass lens in a field range
of 30 T, the Faraday rotation caused by the lens was more than 90◦ . Rotation of that
magnitude brings the detection mechanism far out of its linear regime and completely
overpowers the MOKE-rotation from the sample (below 0.5◦ for all samples measured
within the scope of this thesis), making it difficult to obtain proper data. An example
of this can be seen in figure 3.10(a) which shows a static MOKE measurement on
FePt using a BK7 glass lens.
A solution to this problem is using a special heavy flint glass called SFL6. This
glass is known to have a close to zero Verdet constant, at least in the optical to near
infrared range. It is routinely used for optical elements in high temperature plasma
experiments (e.g. fusion reactors) [19, 20], where the axis of polarization is aligned

3.4 Magneto-Optics in High Magnetic Fields

Figure 3.11: Spectral dependence of the Verdet constant from 400-1000 nm for BK7 (red curve)
and SFL6 (black curve) glass.

with the internal magnetic field in the plasma through an effect called the motional
Stark effect [21].
Figure 3.11 shows the Verdet constant measured over a wavelength range from 400
to 1000 nm for conventional BK7 and SFL6 glass. As can be seen, the Verdet constant
is significantly lower in SFL6 glass. The difference in the data obtained can be seen
by comparing figure 3.10 (a) and (b). Both show a static MOKE measurement of the
same FePt sample using a BK7 (a) and a SFL6 (b) glass lens, respectively. Using a
BK7 lens we mainly see the sine-like response function of the measurement scheme
due to the large Faraday rotation from this glass, while the hysteresis loop of the FePt
sample shows nicely when using the SFL6 lens. We therefore employed custom made
SFL6 glass focusing lenses inside the insert in all high field measurements.

3.4.6 Evaluation of the High Field Setup
The above described setup is unique in that it is the only setup worldwide that offers
time resolved pump-probe spectroscopy measurements with 100 fs time resolution
in fields up to 37.5 T. In its current state, it provides a (single scan) resolution of
0.03◦(static) and 0.002◦ (dynamic) of polarization rotation. This resolution is only
slightly below what is reached with comparable table top systems. Furthermore, it
covers a spectral range from 300 nm to 1600 nm. However there are some limitations
to the setup in its current state.
• The sample can not be moved inside the insert. Every change in position requires
a complete removal of the insert from the cryostat and manual re-positioning of
the sample on the sample holder. This is inconvenient especially if small samples,
partially damaged samples or nanostructures are the object of investigation. In
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a new optical insert (that is being finished as these lines are written) this issue
is solved by using a stack of piezo-actuators below the sample for xy(and z)position control.
• Only the polar MOKE geometry has been used so far (see figure 3.12). This
geometry is the simplest to realize considering the tight space restrictions imposed by the high field experimental conditions. Varying the incidence angle
on the sample is tricky as the light has to be reflected back as collinearly and
collimated as possible in order to arrive at the detector. This problem cannot
easily be overcome. However, there is one more measurement geometry which
can be realized relatively simply: the Voigt geometry. Here, the sample surface
lies parallel to the external magnetic field and perpendicular to the incident
light. This can be realized using a mirror tilted at a 45◦ angle with respect to
the sample (see figure 3.12). In this geometry the so called Voigt effect can
be measured in which the polarization rotates according to M2 due to linear
magnetic birefringence [5].
sample
mirror
Light

polar MOKE geometry

B

Voigt geometry

Figure 3.12: Schematic of the polar MOKE and Voigt geometry.

• Another limitation is the use of a single lens to focus pump and probe onto
the sample. Therefore it is not possible to independently tune the spot sizes of
pump and probe on the sample. The lens is set to such a distance as to focus the
probe light onto the sample to ensure optimal collimation of the reflected light.
Due to chromatic aberration, the pump light will be slightly out of focus and
therefore bigger (∼55µm) than the probe (∼30µm). However, no fine tuning of
the spot sizes is possible up to now. One possible solution to this problem is
to place a long focal distance lens in the pump path before the beam splitter
that combines it with the probe. By moving the long distance focus through
the back focal plane of the insert lens, it is theoretically possible to significantly
increase the pump spot size. In practice however, lenses with focal distances of
several meters do not have a very sharply defined focal point, which decreases
the effectiveness of this approach. The maximum yield using this approach has
been an increase of the pump spot diameter by a factor of ∼2.

3.5 Summary

3.5 Summary
Linear magneto-optic effects are a very sensitive way to probe magnetism. Amplified fs
laser pulses allow us to do use these effects in a pump probe scheme to manipulate and
observe magnetism on an ultrashort timescale. This TR-MOKE technique is combined
with high magnetic fields in a unique setup built specifically for the 37.5 T magnet
at the HFML Nijmegen. This opens up a whole new area of high field experiments in
ultrafast magnetism.
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CHAPTER

4

Magnetization Dynamics in Highly Anisotropic Granular FePt1

Abstract:
The dynamic magnetic properties of a highly anisotropic, granular L10
FePt thin film in magnetic fields up to 7 T are investigated using time
resolved magneto-optical Kerr effect measurements. We find that ultrashort laser pulses induce coherent spin precession in the granular FePt
sample. Frequencies of spin precession up to over 400 GHz are observed,
that are strongly field and temperature dependent. The high frequencies
can be ascribed to the high value of the magnetocrystalline anisotropy
constant Ku leading to large anisotropy fields Ha of up to 10.7 T at
170 K. A Gilbert damping parameter of α ∼ 0.1 is derived from the
lifetimes of the oscillations. Results on samples with different segregant
materials show a change in Gilbert damping.

1 In part adapted from: J. Becker, O. Mosendz, D. Weller, A. Kirilyuk, J. C. Maan, P. C. M.
Christianen, T. Rasing, and A. Kimel, Applied Physics Letters 104, 152412 (2014).

59

60

4 Magnetization Dynamics in Highly Anisotropic Granular FePt

4.1 Introduction
The field of ultrafast magnetism offers two main practical incentives that could potentially be exploited for industrial applications: Characterization of magnetic properties
and control of magnetism on ultrafast timescales.
It was shown that sub-ps laser pulses can be used to trigger spin resonance oscillations in ferromagnets [1, 2]. Using the time resolved magneto-optical Kerr effect
(TR-MOKE, see section 3.3) these oscillations can be probed in the time domain
(rather than the frequency domain as is done in conventional ferromagnetic resonance (FMR, see section 1.4.1) techniques relying on microwave absorption) and can
be used to characterize magnetic materials.
In terms of control of magnetism, all optical switching in ferrimagnetic metallic
alloys such as GdFeCo using single subpicosecond laser pulses received widespread
attention. As was shown, the magnetization reversal occurs via a strongly nonequilibrium state [3–5]. For ferromagnetic materials another mechanism of reversible
switching of the magnetization was suggested [6, 7]. In this mechanism the switching
proceeds via coherent spin precession triggered by a subpicosecond laser pulse.
In short, the excitation of spin precession is a crucial factor for both sample characterization and potential control of magnetization, in highly anisotropic ferromagnets.
Despite the claimed importance of the research for magnetic recording technologies,
most studies treating laser-induced magnetization dynamics have been focused on
continuous metallic films with relatively low values of magnetic anisotropy (Ku < 107
erg/cm3 ). On the other hand, recording media for next generation technologies such
as heat assisted magnetic recording (HAMR) are based on granular ferromagnetic
compounds featuring high anisotropy values (Ku > 107 erg/cm3 ) such as FePt [8],
in order to increase the data storage density (as described in detail in section 2.3.1).
However, since the nm-sized grains are exchange decoupled and have a certain spread
in size and crystallographic orientation, it is not known whether a μm-sized, fs laser
excitation will result in a collective, coherent response of their spins. Hence, using
TR-MOKE as a tool for sample characterization and a possible ultrafast control of
the magnetization depends crucially on whether subpicosecond laser excitations can
trigger coherent spin dynamics in such a granular compound.
In this chapter we demonstrate on samples of highly anisotropic, granular FePt
of industrial quality that this excitation is indeed possible. We furthermore analyze
the precession frequency and lifetimes to deduce the anisotropy fields and Gilbert
damping parameter.

4.2 Experimental Details
We used the (TR-)MOKE techniques described in chapter 3 to investigate FePt granular media. The samples were provided by HGST, a Western Digital company. Because

4.2 Experimental Details
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Type 0

carbon single layer segregant
→ spherical grains
→ many grains < dmin

<Diameter>
= 7.2nm
<Pitch>
= 9.0nm
Packing fraction = 65%

topview

cross sectional view

5 nm

50 nm

Type II

Type I

Type III

carbon single layer segregant
→ spherical grains
→ many grains < dmin

double layer segregant
→ voronoi, more columnar grains
→ many grains < dmin

double layer segregant
→ voronoi, more columnar grains
→ almost no grains < dmin

topview

topview

topview

20 nm

20 nm

20 nm

<Diameter>
= 10.5nm
<Pitch>
= 11.9nm
Packing fraction = 66%

<Diameter>
= 8.2nm
<Pitch>
= 9.5nm
Packing fraction = 74%

<Diameter>
= 9.9nm
<Pitch>
= 11.7nm
Packing fraction = 70%

Figure 4.1: TEM images of samples type 0, I,II and III. dmin denotes the minimum stable grain
diameter.

of the high coercive fields of these samples, a 7 T superconducting magnet from Oxford Instruments was used in the measurements. The MOKE hysteresis loop at 4.2 K
was measured in the HFML.
We investigated a total number of 4 samples with different growth parameters
leading to differences in grain size distribution, grain geometry and FePt packing
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fraction (see figure 4.1). The following section comprises an in depth analysis of the
magnetization dynamics in sample type 0. In section 4.4 we will compare differences
in the Gilbert damping parameter between all sample types.

4.3 Laser Induced Magnetization Dynamics in FePt - Spherical
Grains
The investigated sample type 0 (see figure 4.1) was grown by sputter deposition at
a substrate temperature of 550◦ C on a set of underlayers with MgO (001) surfaces
directly beneath the FePt, resulting in an out of plane easy axis of magnetization (for
more information see [9]). The elevated growth temperature leads to the formation of
the face centered tetragonal (fct ) L10 phase rather than the face centered cubic (fcc)
A1 phase [10, 11].
The L10 phase is chemically ordered (chemical order parameter S = 1), as atomic
layers of Fe and Pt alternate along the [001] direction. It has been shown that in
contrast to the fcc phase, the fct phase has a high magnetocrystalline anisotropy of
Ku ∼ 7 x 107 erg/cm3 [12]. Thus, the higher the chemical ordering in the FePt layer,
the higher the magnetocrystalline anisotropy [13].
The cubic MgO-(001) seed layer provides a correct template for FePt crystal
growth, while a slightly larger lattice parameter of MgO stretches the FePt a-axis.
The FePt/MgO interface induced stress in combination with the tetragonal nature
of the FePt L10 crystal results in a desired configuration with in-plane orientation
of the hard magnetic a-axis and the easy magnetic c-axis in the out of plane direction. Even though X-ray diffraction measurements have confirmed a high degree of
chemical ordering in this sample, structural defects such as mis-oriented grains cause
a slight reduction of the overall order in the sample [9].
To ensure magnetically decoupled, separate grains, 35 volume % of carbon is added
as a segregant during the growth process. Carbon does not coalesce with FePt, hence
forming physically isolated and exchange decoupled grains of spherical shape, roughly
7 nm diameter and a grain size distribution of σ=16 % [9]. The magnetic layer is
capped by a 3 nm thick protective diamond like carbon (DLC) overcoat [14], allowing
for optical access.

4.3.1 Static Magnetic Properties
To characterize the static magnetic properties of the sample type 0, the polar magnetooptical Kerr effect was measured at a wavelength of 800 nm. Magnetic hysteresis loops
were recorded applying an external magnetic field along the easy axis of magnetization, normal to the sample plane. The resulting hysteresis loops (figure 4.2) reveal
a high coercive field (Hc ) of 5.0 ± 0.1 T at room temperature. Decreasing the tem-
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Figure 4.2: Hysteresis loops acquired using the polar MOKE at 290 K (red curve) and 4.2 K
(black curve). (a) shows the polar measurement geometry (red and black curve) while (b) shows
the 45◦ geometry (blue curve). The high coercive field Hc =5 T at 290 K is increased to 8.2 T
at 4.2 K. Applying the field at a 45◦ angle (blue curve) to the easy axis results in a reduced
Hc =3.7 T.

perature to 4.2 K leads to a significant increase in coercive field to 8.2 ± 0.5 T. To
saturate the magnetization at 4.2 K, fields greater than Hs =11.0 ± 0.5 T are required.
This increase in Hc and Hs can be attributed to an increase in anisotropy at lower
temperatures [13] as is also confirmed by our measurements of the magnetization dynamics (see below). The rather wide switching field distribution that can be observed
in the hysteresis curves can be explained with structural (grain size distribution) and
chemical (S < 1) inhomogeneities [9].
Another notable effect was observed when applying the external field at a 45◦ angle
with respect to the sample normal. In this configuration the coercive field is reduced
to 3.7 ± 0.1 T. This effect can be attributed to the granular nature of the FePt layer.
The individual grains are single domain, exchange decoupled ferromagnets which can
be described by a Stoner-Wohlfarth (SW) model [15]. For ideal SW particles, the
switching field is minimal if applied between the hard and easy axis of magnetization
which corresponds to a 45◦ angle for the here presented sample.
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4.3.2 Magnetization Dynamics - Spin Precession
In order to investigate the dynamic magnetic properties, the sample type 0 was excited
with a 100 fs light pulse at a central wavelength of 800 nm and a fixed fluence of
0.4 mJ/cm2 . It was subsequently probed with a similar pulse 100 times lower in
power. During the measurement, an external magnetic field up to 7 T was applied at
an angle of 45◦ with the sample normal.
A measurement at room temperature and an applied magnetic field of 7 T is shown
in figure 4.3 (a). The laser pulse excitation leads to an initial ultrafast demagnetization within 1.5 ps. The point of maximum demagnetization is defined as zero on the
x-axis. Following the demagnetization, a relaxation of the magnetization is observed,
overlayed by an oscillation. The overall re-magnetization can be described by a biexponential function f (t) = f (0) − A1 exp(−t/τ1 ) − A2 exp(−t/τ2 ) with amplitudes
A1 , A2 . The lifetimes τ1 and τ2 represent the typical timescales of the relaxation of
the spin temperature and heat diffusion away from the irradiated site, respectively.
Our measurements yielded a typical value for τ1 ∼ 1.5 ps whereas τ2 > 25 ps can not
be accurately determined as the data only extend to delay values of 16 ps. This background re-magnetization at positive ∆t was subtracted in figure 4.3(b) to present the
oscillatory part only. A damped sine function A0 exp(−t/τL ) sin(2πf t − φ) is used as
a fitting function, with A0 , τL , f and φ representing amplitude, lifetime, frequency
and phase of the oscillation respectively. Only data for positive ∆t is considered for
the fitting. This yields a frequency of ∼ 385 GHz for the room temperature measurement at 7 T applied field.
To investigate whether ferromagnetic resonance (FMR) is observed here, measurements at different applied magnetic fields at temperatures of 290 K (figure 4.3(c)) and
170 K (not shown) were performed. Starting with a magnetically saturated sample at
7 T, the magnetization dynamics were measured reducing the field in steps of 0.25 T
down to 3 T. The oscillations show a monotonic decrease in frequency as the applied
magnetic field is reduced (squares in figure 4.4), which is to be expected for FMR.
At 170 K (circles in figure 4.4), similar behaviour is observed, but shifted to even
higher frequencies of up to ∼ 430 GHz at 7 T. Both data sets are fitted (orange and
blue lines in figure 4.4) according to the frequency-field relationship for ferromagnetic resonance, derived from the Landau-Lifshitz(-Gilbert) (LLG) formula (also see
section 1.4):
dM
α
= γM × Heff +
dt
M



M×

dM
dt



,

(4.1)

with the gyromagnetic ratio γ = gµb /~, g-factor g(=2 for an electron), Bohr magneton µb , effective field Heff = −δU/δM , the damping parameter α, the saturation
magnetization M and the internal magnetic energy U . For a thin film with out of
plane anisotropy, taking into account the Zeeman energy, demagnetization energy and
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(a)

(c)

(b)

Figure 4.3: (a) TR-MOKE time traces on FePt at 290 K, 7 T. Following the initial demagnetization, damped oscillations are visible during the magnetization relaxation, even more so if the
exponential contribution of the relaxation is subtracted (b). (c) TR-MOKE data at 290 K at
different applied magnetic fields ranging from 7 T down to 3 T.
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the uniaxial anisotropy energy, the internal magnetic energy can be written as follows.
U = −M · H + 2π(M · n)2 −

Ku
(M · u)2 ,
M2

(4.2)

with applied magnetic field H, the sample normal n and the easy axis vector u.
Here the sample is considered as a continuous film, neglecting a possible reduction
of the demagnetizing fields due to the granular structure. However, the effect of
this reduction on U is small as the spherical grains occupy 65 volume % of the film
and due to the high Ku , the anisotropy energy will be significantly higher than the
demagnetizing energy. Using spherical coordinates, the equilibrium angles for the
magnetization M , θeq and ϕeq , that minimize U are then given by
sin(θeq − θh )
4πM − 2Ku /M
=
, cos ϕeq = 0,
sin 2θeq
2H

(4.3)

with θh the polar angle of the applied magnetic field H relative to the sample normal.

Figure 4.4: Magnetic field dependence of the extracted frequency at 290 K (black squares) and
170 K (black circles). The respective FMR fits are given by the orange (290 K) and blue (170 K)
curves.

For the magnetization M , time dependent azimuthal and polar angles θ,ϕ ∼ eiwt
and small oscillation amplitudes around the equilibrium are assumed. This yields the
following formula for ferromagnetic resonance from equation (4.1):
ω2
= H1 · H2 , with
γ2

(4.4)

4.3 Laser Induced Magnetization Dynamics in FePt - Spherical Grains

H1 =H cos(θeq − θh ) − (4πM − 2Ku /M ) cos2 θeq

H2 =H cos(θeq − θh ) − (4πM − 2Ku /M ) cos 2θeq
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(4.5)

Using the measured saturation magnetization for this sample of 950 emu/cm3 at
room temperature, the fit yields values for the anisotropy fields and the g-factor as
shown in table 4.1. The anisotropy field found at room temperature is not equal to
the coercive field, as theory would predict for ideal Stoner-Wohlfarth particles. Here
however, a great ensemble of grains is measured. The grains in the FePt sample have
slightly differing shapes and are spread in size as well as in crystalline alignment, thus
showing merely near-SW behaviour [16]. We find that the anisotropy field Han =
2Ku /M increases with decreasing temperature. It has been shown for L10 FePt that
with decreasing temperature, Ku increases stronger than M [13] according to:
2.1

MS (T )
K1 (T )
≈
(4.6)
K1 (0)
MS (0)
Table 4.1: Results of the FMR-fit for 290 K and 170 K

Temperature (K)

g-factor

Han (T)

290

2.2± 0.1

170

2.2± 0.1

8.9 ± 0.3

10.7 ± 0.3

If one extrapolates the fit towards zero applied field (figure 4.4), the FMR frequency does not drop to zero but reaches a value of ∼ 240 GHz at room temperature
(∼ 280 GHz at 170 K). As can be seen from equation (4.4-4.5), the magnitude of this
zero field frequency is determined by the demagnetizing field 4πM and the anisotropy
field 2Ku /M acting against each other. At room temperature, the demagnetizing field
equals ∼ 1.2 T which is small compared to the anisotropy field of 8.9 T. This leads
to the conclusion that the strong magnetocrystalline anisotropy Ku is responsible
for the high frequencies of spin precession. As Ku has a stronger temperature dependence than M (see equation 4.6), the shift in the frequency observed between the
measurements at 290 K and 170 K can likewise be ascribed to the increase of Ku with
decreasing temperature.
The light induced excitation of coherent spin precession can be explained phenomenologically. Initially, the magnetization points along the out of plane easy axis
(figure 4.5 (a)). After applying an external field H, the magnetization aligns along
the effective field at an angle θeq (see equation (4.3)) between the easy axis and the direction of the applied field (figure 4.5 (b)). Upon pump arrival, two possible processes
can initiate the above seen coherent spin precession: An ultrafast demagnetization,
decreasing the Zeeman and demagnetization energy, or an ultrafast change of the
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(a)

(b)

(c)
θeq

M

Heff

(d)

H
45°

Figure 4.5: Schematic illustration of the magnetization and effective field behaviour without
applied field (a), with applied field (b), at pump excitation (c), and following dynamic response
(d).

magnetocrystalline anisotropy Ku . In both cases, the effective field Heff is tilted out
of its equilibrium position (figure 4.5 (c)), so it does not lie parallel to M anymore.
This creates a torque that acts on the magnetization, thereby starting the precessional motion around Heff which also relaxes back to its initial position as the energy
is dissipated (figure 4.5 (d)).

4.3.3 Magnetization Dynamics - Gilbert Damping
Damping ultimately determines the spin relaxation time and thus the speed of the
switching process. Especially regarding data rates, the damping of the medium is of
great importance for device performance [17]. High anisotropy media already push
the required maximum write head fields to the limit, even using laser assisted heating.
High data rates imply magnetization reversal on very short time scales. Switching
on short timescales requires even higher fields as the gyro-magnetic magnetization
dynamics (dominated by damping) has to be taken into account. So characterizing the
damping properties is crucial to optimizing magnetic recording media for applications.
In general, one distinguishes between intrinsic and extrinsic Gilbert damping. Intrinsic Gilbert damping was shown to arise from spin orbit coupling [18] only and
does not change with temperature or applied magnetic field. Extrinsic Gilbert damping results from non-local spin relaxation processes such as magnon-magnon grain
boundary scattering [19], inhomogeneous line broadening [20] due to grain size variations, leading to a spread in magnetocrystalline anisotropy and magnon-electron
scattering [21]. This extrinsic contribution to the Gilbert damping parameter does
depend on varying external conditions such as changing temperatures and/or applied
magnetic field.
By evaluating the lifetimes τL of the oscillations the damping parameter α can be
extracted, using the following relationship derived from the LLG equation assuming

4.4 Damping for Different Segregant Materials
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Figure 4.6: The extracted values for the damping parameter α (red line indicates mean value)
for 290 K and 170 K.

that α << 1:
α=

2
τL γ(H1 + H2 )

(4.7)

A damping factor of α ∼ 0.1 is obtained for measurements at 290 K as is shown in
figure 4.6. No significant change in α above the experimental error is observed upon
reducing the temperature to 170 K. Also, the damping does not change notably as
a function of applied magnetic field. This suggests that there is only little extrinsic contribution to the measured Gilbert damping parameter. Indeed, strong external
magnetic fields as applied here are known to suppress extrinsic damping [22, 23]. Similar relatively high values for the intrinsic Gilbert damping parameter were reported
on continuous FePt films with lower magnetocrystalline anisotropy [24–26].

4.4 Damping for Different Segregant Materials
The segregant material ensures grain separation during the growth process of FePt
recording media. It is a key factor in determining the grain shape, pitch (the distance
between the centers of adjacent grains), size distribution and even chemical ordering
in the FePt grains [27, 28]. All of these factors can potentially have an effect on the
damping in the system.
We have investigated three kinds of FePt granular samples with different segregant
materials to investigate the effect of these changes on the Gilbert damping. Except for
different growth parameters and segregant materials used in the magnetic recording
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layer, the samples were all grown with the same underlayers and capping structure
using sputter deposition as described in section 4.3.
Sample type I is very similar to the sample type 0 investigated in section 4.3.3. A
single layer segregant, carbon, was used and it displays circular or oval grain shapes,
10 nm in diameter (figure 4.1). Samples of type II and III are different however. Here
a dual layer segregant is used, the exact materials and composition of which can not
be disclosed. The resulting grains are more columnar and have a more voronoi-like
partitioning leading to a higher grain packing fraction (figure 4.1). Also, the amount
of small grains below the superparamagnetic limit is greatly reduced which is desirable
for magnetic data storage as these small grains do not retain magnetization and thus
can not store magnetic information. Especially sample type II shows the smallest
average grain size with the least number of thermally unstable grains and has the
highest packing fraction of all three samples.
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Figure 4.7: Room temperature TR-MOKE data for samples type I,II and III at applied magnetic
fields from 3 T to 7 T.
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The samples were all measured using TR-MOKE at room temperature, in the same
45◦ geometry as reported in section 4.3.2. Figure 4.7 shows the data at different fields
for all three samples. In an analysis analogous to the one described in section 4.3.3,
we extracted the anisotropy field and Gilbert damping parameter of the samples. The
results are condensed in table 4.2.
Table 4.2: Anisotropy field Han and Gilbert damping parameter α results.

Sample

Han (T)

α

Type 0

8.9±0.3

0.11±0.005

Type I

8.5±0.3

0.10±0.005

Type II

5.3±0.3

0.14±0.005

Type III

10.5±0.3

0.11±0.005

The sample of type I shows the lowest damping of α = 0.10. A similar result
was obtained for the type 0 sample in section 4.3.3. Also the anisotropy fields have
similar values. This comes to no great surprise as the two sample types also have a
very similar grain geometry and size distribution.
The other two samples, where the dual layer segregant was used, show a marginally
higher Gilbert damping constant 0.11 for sample type III, which lies within the noise
of the measurement, and a significantly higher damping of 0.14 for sample type II. It
is difficult to pinpoint the exact origin of this increase in damping, as many parameters are changed compared to sample I because of the use of the dual layer segegrant
material. However, a main consequence of the reduced amount of very small grains
below the superparamagnetic limit and the voronoi layout of the grains is a significant increase in packing fraction. The denser the grains are packed, the smaller the
intergranular spaces become. This can lead to an increase in exchange interaction
between the grains. As described in section 2.3.1, the grains of high anisotropy hard
disk drive media should ideally be exchange decoupled to minimize bit boundaries
and increase the signal to noise ratio. In reality however, inter-granular exchange
cannot completely be prevented if at the same time, the packing fraction has to be
maximized.
There is experimental evidence on granular magnetic materials [29] supported by
micromagnetic simulations [30] that an increased intergranular exchange coupling can
lead to an increase in the Gilbert damping parameter. Although this seems contradictory to the requirement of decoupled grains for magnetic recording, it actually
enables a route towards control of the dynamic magnetic properties of these materials. Though exchange coupling can have negative effects on the bit size and signal to
noise ratio, it potentially provides a means of controlling the damping in the magnetic
system which is essential for switching as described in section 4.3.3.
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4.5 Summary
Through laser induced spin dynamics we investigated FMR and damping behaviour
of highly anistropic granular FePt recording media of industrial quality using MOKE
and TR-MOKE. Our findings can be summarized as follows:
• Coherent spin precession can be excited in a highly anisotropic, granular L10
FePt films using ultrashort light pulses of 100 fs.
• The high anisotropy fields up to more than 10 T found in the here investigated
sample lead to FMR frequencies in the THz range.
• Lowering the temperature increases the magnetocrystalline anisotropy Ku which
leads to a substantial increase in the observed precession frequency.
• For spherical grains, a Gilbert damping parameter of α ∼ 0.1 is found, similar
to results for continuous films of L10 .
• Changing the segregant material has significant influence on the damping parameter.
• Frequencies in the THz regime together with the relatively strong damping are of
considerable relevance to the data rate (writing speed) in these media, possibly
due to a change in intergranular exchange.

Outlook
The results on FePt samples in section 4.4 hints towards a tunability of the damping
parameter through the segregant material. A deeper understanding of the parameters
such as grain-size distribution, grain shape (columnar voronoi vs spherical) and its
effect on the inter-granular exchange and damping is required. To achieve that I would
propose further TR-MOKE measurements on samples only differing in one parameter
(such as the segregation width for example). In addition, accompanying theoretical
modeling (e.g. atomistic models) of the same system would help in determining the
intergranular exchange and it’s effect on the damping.
Another important extension of this work is investigating FePt media at temperatures close to their Curie temperature Tc . HAMR (see section 2.3.1) relies on
laser-heating at the sample in order to reduce the required switching field. Thus, the
behaviour of Han , Hc and especially the damping parameter α at elevated temperatures is of immense practical importance to the hard disk drive industry.

References

73

References
[1] M. van Kampen, C. Jozsa, J. T. Kohlhepp, P. LeClair, L. Lagae, W. J. M.
de Jonge, and B. Koopmans, Physical Review Letters 88, 227201 (2002).
[2] M. Vomir, L. Andrade, L. Guidoni, E. Beaurepaire, and J.-Y. Bigot, Physical
Review Letters 94, 237601 (2005).
[3] K. Vahaplar, A. Kalashnikova, A. Kimel, D. Hinzke, U. Nowak, R. Chantrell,
A. Tsukamoto, A. Itoh, A. Kirilyuk, and T. Rasing, Physical Review Letters
103, 117201 (2009).
[4] I. Radu, K. Vahaplar, C. Stamm, T. Kachel, N. Pontius, H. A. Dürr, T. A. Ostler,
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CHAPTER

5

Spin Structure Dynamics in Light Rare Earth - Transition
Metal Alloys1

Abstract:
The fanned out, non-collinear spin structure of the Fe(Co) sublattice
in amorphous NdFeCo and PrFeCo alloys is shown to strongly affect
its ultrafast laser-induced magnetization dynamics. An overshooting effect is discovered at low applied magnetic fields, where the magnetization
temporarily increases above its equilibrium value. We explain this phenomenon by considering the dynamics of the non-collinear spin structure.
After femtosecond laser excitation the system first reconstructs magnetic
order on a timescale of 50-150 ps arriving at a state with a smaller opening angle of the fan. Subsequently, the original opening angle is restored
on a timescale of nanoseconds. Increasing the field up to 0.6 T we can
fully close the fan and therewith suppress the overshooting behavior.

1 Adapted from: J. Becker, A. Tsukamoto, A. Kirilyuk, J. C. Maan, Th. Rasing, P. C. M.
Christianen, and A. V. Kimel, Physical Review B 92, 180407(R) (2015).
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5.1 Introduction
Magnetic structures in materials come in much greater variety than the basic collinear
ferro- and antiferromagnetic ordering. There is an intriguing diversity of non-collinear
spin structures ranging from completely disordered spin glass states to canted structures in frustrated systems and even more exotic constructs, such as magnetic vortices
and skyrmions [1, 2]. In the past decade, research directed towards modeling and understanding these structures has intensified as they became increasingly interesting
within the rising field of spintronics. Understanding and controlling the magnetic
degrees of freedom and especially the dynamics of these non-collinear structures are
thought to be key elements in developing next generation memory devices [3].
Amorphous magnets such as amorphous rare earth - transition metal (RE-TM)
alloys, are one class of materials which is known to show non-collinear magnetic behavior [4] as described in section 2.2. Subjected to an ultrashort optical stimulus, the
interplay between the competing magnetic interactions that cause sperimagnetism in
RE-TM alloys could possibly lead to yet unexplored non-equilibrium magnetic phases
on a ps timescale. So far however, little is known about the effect of this non-collinear
magnetic structure on the spin dynamics as most studies focus on longitudinal and
precessional dynamics [5–7].
In this chapter, using static characterization and time resolved magneto-optical
studies, we show that the TM sublattice in NdFeCo and PrFeCo alloys indeed possesses a non-collinear magnetic structure, which leads to a sudden increase in magnetization above its equilibrium value in response to a femtosecond laser excitation. This
unexpected behavior of the magnetization dynamics can be described by a transient
ferromagnetic alignment of the TM moments.

5.2 Samples
The investigated NdFeCo and PrFeCo samples are prepared using magnetron sputtering and have the same general multilayer structure. A 20 nm RE-TM amorphous film
is deposited on a glass |AlTi(10 nm) |SiN(5 nm) stack. The AlTi film serves as a heat
sink, whereas the dielectric SiN is used as the buffer layer. The samples are capped
by 60 nm SiN to prevent oxidation while also being highly transparent in the visible
to near infrared, allowing for optical access to the RE-TM layer. The RE-TM layer
is of the form REx Fe100−(x+y) Coy . This chapter focuses on two representative samples with different light RE-elements, Nd30 Fe61.3 Co8.7 and Pr20 Fe70 Co10 (hereafter
referred to as NdFeCo and PrFeCo).
For comparison, two samples containing the heavy RE-elements Gadolinium and
Dysprosium were also investigated.

5.3 Experimental Details

5.3 Experimental Details
We used conventional static and time resolved (TR) magneto-optical Kerr effect
(MOKE) methods as described in chapter 3 to study the static and dynamic magnetic
properties of these samples. Because the light rare earth-transition metal (RE-TM)
samples have an in-plane easy axis of magnetization, the probe light was applied at an
angle of 65◦ with respect to the sample surface allowing for longitudinal MOKE sensitivity. All subsequent measurements were done in transmission. However, measuring
in reflection geometries yielded the same results. In all measurements, the central
wavelength of the probe light was 630 nm, whereas light of 800 nm was used for the
pump.

5.4 Static Characterization - The Fan Structure
Figure 5.1 (a) shows typical MOKE hysteresis loops at room temperature of the two
light RE-TM samples. The external magnetic field µ0 H was applied along the inplane easy axis of magnetization (inset figure 5.1 (a)). The results for the PrFeCo
(figure 5.1 (a) top) and the NdFeCo (figure 5.1 (a) bottom) sample show specific
similarities. The loops are composed of three distinct regions, labeled I, II and III.
Region I is the ”main” hysteresis loop wherein the magnetization switches and thus
determines the coercive field. The loop closes at a certain field Hcl . At fields larger
than Hcl the signal continuously rises in region II until it reaches saturation at HS ,
which defines the onset of region III. This onset occurs at ∼ 0.44 T for PrFeCo and
∼ 0.23 T for NdFeCo. Magnetization curves with the field applied perpendicularly to
the film plane show no hysteresis loop but only linear behaviour (figure5.3).
To understand these results, one has to take into account the sperimagnetic structure of the samples as described in section 2.2. To recapitulate, this implies a fan-like
distribution of the magnetic moments in possibly both magnetic sublattices. For
the TM sublattice, the TM-TM exchange JTM-TM is dominating over the RE-TM
exchange JRE-TM and local anisotropy. In RE-Fe compounds, experiments [8–13]
backed up by theoretical models [14–16] suggest, that the Fe sublattice has a noncollinear, fan-like magnetic structure with opening angle α (figure 5.1 (b)) caused by
competing ferromagnetic and antiferromagnetic exchange interactions. This magnetic
frustration arises due to non-uniform distances between neighboring Fe-atoms. For
the RE sublattice on the other hand, it was shown that the strong random single-ion
anisotropy at the RE-sites will lead to a distribution of magnetic moments around an
easy axis [8, 17, 18]. The opening angle of this fan structure depends on the relative
strengths of JRE-TM and JRE-RE with respect to the single-ion anisotropy.
To connect the results with the above described fan-like structure, it is helpful
to know to which sublattice we are sensitive to. The samples were probed with
light of 630 nm central wavelength corresponding to a photon energy of 1.97 eV.
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Figure 5.1: (a) MOKE hysteresis loops of PrFeCo and NdFeCo at room temperature and
schematic of the experimental geometry (inset). A paramagnetic background was subtracted
from the measurements. Vertical lines indicate the boundaries of regions I,II and III.(b) Schematic
representation of the closing of a magnetic fan structure with opening angle α.

1

5.4 Static Characterization - The Fan Structure

79

In principle, this photon energy is not sufficient to excite the transitions involving
4f states, which carry most of the RE magnetic moment and lie at energies higher
than 3 eV [19, 20]. However, photoemission spectra show splitting of the 4f peaks
in certain Pr and Nd-TM alloys [21] to energies below 2 eV. Therefore we measured
the magneto-optical spectrum of the NdFeCo and PrFeCo samples between 1-3 eV
to check. The magneto-optical rotation as a function of wavelength of the NdFeCo
sample shown in figure 5.2) strongly resembles that of pure iron [22, 23]. This agrees
with work on amorphous NdCo alloys where it was shown that at photon energies of
2 eV, the Faraday rotation decreased drastically upon increasing the Nd content [24].
The PrFeCo sample shows similar behavior, though a shoulder appears that peaks at
2.3 eV. However, TR-MOKE measurements (see figure 5.2 (b)) at probe wavelengths
of 630 nm (1.9 eV) and 740 nm (1.68 eV) show no significant difference. We therefore
can assume that we are mainly sensitive to the Fe(Co) sublattice. Still, we cannot
rule out a contribution of the RE sublattice.
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Figure 5.2: (a)Magneto-optical spectra of NdFeCo and PrFeCo. (b) TR-MOKE measurements
on PrFeCo at a probe wavelength of 630 nm and 740 nm.

5 Spin Structure Dynamics in Light Rare Earth - Transition Metal Alloys

normalized MOKE signal

(a)

1.0

(b)
NdFeCo

normalized MOKE signal

80

PrFeCo

0.5

0.0

-0.5

-1.0

-1.5 -1.0 -0.5 0.0
applied field

0.5

0

1.0

H (T)

1.5

1.0
DyFeCo
GdFeCo

0.5

0.0

-0.5

-1.0
-0.8 -0.6 -0.4 -0.2 0.0
applied field

0.2

0

0.4

0.6

0.8

H (T)

Figure 5.3: (a) MOKE measurements with an out of plane applied field at room temperature
for Nd30 Fe61.3 Co8.7 and Pr20 Fe70 Co10 . No Hysteresis is visible. (b) 3 MOKE hysteresis loops at
room temperature for Dy20 Fe70 Co10 and Gd26 Fe65 Co9

To conclude, in the NdFeCo and PrFeCo sample, both sublattices most probably
have a non-collinear magnetic structure. Although we are measuring mainly the TM
sublattice, the RE sublattice acts upon the former through JRE-TM .
The increasing magnetization in region II can then be explained with a transition
from a non-collinear structure to a collinear ferromagnetic structure as the Fe(Co)
magnetic moments align with increasing external field (figure 5.1(b)). This effectively
closes the fan as the Zeeman-interaction overcomes the effect of local magnetic frustration. In region III the loop is completely closed and the net sample magnetization
saturated. This behavior has been observed in light RE-based alloys but was ascribed
to the sperimagnetic structure of the RE element. [8, 25, 26] However, as in this experiment we probe the magnetization of the TM sublattice [19, 20], the above described
effect is evidence for a non-collinear magnetic structure in the Fe(Co) sublattice.
Assuming that the TM sublattice magnetization in region III is indeed collinear
and thus equal to the saturation magnetization MS , one can extract the opening
angle α of the fan-like structure in region II from the relative magnetization values in figure 5.1(a). The following formula gives the relation between the effective
magnetization Meff and the opening angle α for the two-dimensional case of in-plane
magnetization. It is derived from purely geometrical considerations and assumes a
constant length (equal to MS ) of the magnetization vectors, randomly distributed
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within an opening angle α:
Meff

2
= MS
α

Z

α/2

cos φdφ = MS

0

2 sin(α/2)
α

(5.1)

Using equation (5.1) we can calculate the opening angles at the onset of region II
to be αn =196◦for NdFeCo and αp =221◦ for PrFeCo.
This behavior was not observed in DyFeCo and GdFeCo (see figure 5.3). As they
are heavy RE-TM alloys, the RE-TM exchange coupling is negative, which was shown
to facilitate collinear ferromagnetic alignment in the Fe(Co) sublattice [4]. Moreover,
in the case of Gd, the RE-TM exchange is considerably stronger than for Nd and
Pr and the Gd spin arrangement is collinear [4, 8]. Even though there might be
a fan structure, the closing effect might not be strong enough to show up in our
measurements or might become visible only at even higher applied fields.

5.4.1 VSM vs MOKE

a)

b)

Figure 5.4: (a) VSM and MOKE hysteresis measurements of NdFeCo at room temperature. (b)
VSM hysteresis loops on NdFeCo at different temperatures.

Vibrating sample magnetometer (VSM) measurements of the same NdFeCo sample reveal hysteresis loops almost identical to the MOKE result (figure 6.4 (a)). As
VSM is sensitive to the net magnetic moment of the sample, this suggests that the
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magnetic structure of the TM sublattice is dominating the static magnetic behavior
of the magnetization in region II, at least at room temperature. Additionally, VSM
measurements at different temperatures show that the coercive field and the width of
region II is shrinking with increasing temperature (figure 6.4 (b)). This behavior is
consistent with our model: An increase in temperature will lead to smaller opening
angles in both sublattices, although the mechanism behind the non-collinear structure differs. In the case of the RE-sublattice, this is due to a decrease in single ion
anisotropy whereas in the Fe-sublattice the ferromagnetic exchange contributions are
increasing with temperature [9]. The smaller the initial opening angle, the smaller
the applied magnetic field at which the magnetic structure becomes collinear.

5.5 Influence of the Spin Structure on the Spin Dynamics
To investigate the influence of the non-collinear magnetic structure on the magnetization dynamics, region II to region III were studied in detail using TR-MOKE
(figure 5.5), using the same experimental geometry as in the static MOKE experiment (inset figure 5.1 (a)). The material was both excited and probed with 100 fs
short laser pulses at a central wavelength of 800 nm for the pump and 630 nm for the
probe. We again expect to be sensitive mostly to the magneto-optical response of the
TM magnetic sublattice (see section 5.3). All data shown here were extracted from
measurements of both field polarities to eliminate non-magnetic contributions to the
signal. Figure 5.5 (a) and (b) show the magnetization dynamics at a low pump fluence
of 0.23 mJ/cm2 for PrFeCo and 0.45 mJ/cm2 for NdFeCo. The probe fluence was
2 μJ/cm2 for all measurements. In both samples an overshooting effect can clearly be
observed at the lowest applied magnetic fields: After an initial demagnetization, the
signal increases to a value greater than at negative probe delay. This indicates a transient higher magnetization than in the unperturbed state before pump arrival. The
effect is reduced with increasing magnetic field, showing a strongly field dependent
remagnetization, until it vanishes completely. Interestingly, a complete quenching of
this field dependent behavior occurs with the onset of region III (figure 5.5) for the
respective sample. For fields above HS , the magnetization dynamics does not change.
This field dependent remagnetization and overshooting of the signal occurs exclusively
in region II of the NdFeCo and PrFeCo samples and was not observed in GdFeCo and
DyFeCo.

5.5.1 Separating the Longitudinal and Fan Structure Dynamics
We here offer a phenomenological explanation by not only taking into account the
longitudinal magnetization dynamics of the magnetic moments but also a dynamic
response of the fan structure. If we assume that the pump stimulus causes the opening
angle of the fan to first close, then relax back to its original equilibrium angle, we

5.5 Influence of the Spin Structure on the Spin Dynamics

(a)

(b)

Figure 5.5: TR-MOKE data showing the time evolution of the Kerr rotation angle θK at different
applied magnetic fields for PrFeCo (a) and NdFeCo (b) at room temperature. Overshooting
behavior is clearly visible at low fields whereas the relaxation process does not change at the
highest fields above HS .
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can retrace the observed overshooting behavior as a combination of the fan-dynamics
and the longitudinal dynamics (figure 5.6 (a)). The following approach is used in
order to single out and quantify the dynamics of the magnetic fan structure of the
TM sublattice:
We first fit the remagnetization occurring in region III (blue curve figure 5.6 (a))
using a bi-exponential function, which is then subtracted from the measurements at
fields in region II. Assuming that in first approximation, the longitudinal dynamics of
the magnetic moments - independent of the fan dynamics - does not change throughout region II and region III, this procedure reveals the fan dynamics only. As an
example, figure 5.6 (a) shows the separate and combined contributions of the fan (red
dashes) and longitudinal dynamics (blue curve) for a low field measurement on the
PrFeCo sample. Using this procedure, one can extract the amplitude (green A in
figure 5.6 (a)) and delay position of the peak in the fan dynamics signal for all fields.
The peak amplitudes shown in figure 5.6 (b) clearly illustrate the disappearance of
the overshooting effect towards higher applied fields. Furthermore, it is possible to
deduce the change in the fan opening angle ∆α using equation (5.1). It is assumed
that the equilibrium opening angle before pump arrival for a measurement at a certain
field corresponds to the value derived from the static measurements at the same field.
For the lowest fields measured in region II we calculate a change in opening angle of
8◦ at 0.11 T for PrFeCo and 20◦ at 0.08 T for NdFeCo.
The peak position on the other hand, lies at a delay of ∼ 50 ps for PrFeCo and
∼ 150 ps for NdFeCo and changes little with field. However, first preliminary data
suggests that it strongly depends on temperature (not shown) and pump fluence (see
section 5.5.3). A more rigorous study has yet to be performed.

5.5.2 Phenomenological Explanation of the Process
In the following, we give a tentative description of the mechanism leading to the overshooting phenomenon. Upon pump arrival, the electron system is heated up which
leads to a partial demagnetization within the first couple of picoseconds. Electronphonon interaction heats up the lattice until thermal equilibrium between electrons
and lattice is reached. Taylor et al. [9], investigating sperimagnetic amorphous
GdFeCo and GdFeNi alloys, showed evidence that increasing the temperature will
in turn increase ferromagnetic alignment in the TM magnetic sublattice. This agrees
with our measurement of magneto-optical hysteresis loops at different temperatures
(see section 5.4.1) which show a shrinking of region II upon increasing the temperature. As competing antiferromagnetic and ferromagnetic exchange interactions are
the main force behind the fanning of the Fe(Co) magnetic moments, they are now
(more) free to align collinearly. This effectively reduces the opening angle of the
magnetization cone, leading temporarily to a higher net magnetization.
Depending on how fast this process occurs and on how much the longitudinal
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Figure 5.6: (a) Contributions from longitudinal dynamics (solid blue curve), fan structure dynamics (dashed red curve) and both dynamics combined (dotted orange curve) plotted together
with TR-MOKE data at 0.11 T (black squares) for the PrFeCo sample at room temperature.
The (green) A denotes the amplitude of the fan structure dynamics. The (red) arrows schematically show the evolution of the TM fan structure in one pump-probe cycle. (b) Peak amplitudes
relative to θF /θF (-1 ps)=1 extracted from the fan dynamics (see dashed red curve in (a)) at
different applied magnetic fields for the Nd- and PrFeCo sample.
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magnetization has recovered at that point, the measured signal can be above the initial
value. Towards longer delay times the energy is dissipated and the local magnetic
frustration, and with it the opening angle of the magnetic fan structure, recovers
until it reaches its initial value. Following this mechanism one can explain the field
dependent behavior. The higher the applied field, the smaller the initial opening
angle. Accordingly, the overshooting effect decreases along with the difference in net
magnetization between the aligned state and the fan-state and finally vanishes at HS .

5.5.3 Fluence Dependence
First fluence dependence data shows that increasing the fluence significantly changes
the magnetization dynamics in regime II. As shown in figure 5.7 (a), the overshooting
increases in amplitude and peaks at later delay times the higher the applied pump
fluence. This increase in amplitude agrees with the phenomenological mechanism
described in the previous section 5.5.2. Higher powered pump pulses will quench
the mechanism responsible for the fan structure more, temporarily allowing the magnetic moments to align even more parallel than at lower fluences. At the same time,
the longitudinal dynamics changes as well. The demagnetization increases in first
approximation linearly with the applied pump fluence.
As the measured dynamics is a product of longitudinal and fan structure dynamics, one has again to separate the two in order to get conclusive information.
Figure 5.7 (b) shows again measurements at different applied magnetic fields on the
NdFeCo sample but at a fluence of 0.23 mJ/cm2 . This is approximately half the fluence used for NdFeCo in the first measurements discussed in section 5.5. As explained
in section 5.5.1, we subtract the longitudinal dynamics as measured in region III from
each time-trace to extract the fan dynamics. From the fan dynamics we again extract
the amplitude vs. field relation, shown in figure 5.7 (c) for both fluences. We clearly
see that the amplitude increases with increasing fluence. The amplitude at an applied
field of 0.11 T for example is with 0.048% half as big for 0.23 mJ/cm2 than 0.094%
at 0.45 mJ/cm2 . This hints towards a linear relationship between pump fluence and
overshooting behaviour.
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Figure 5.7: (a) TR-MOKE time traces at different pump fluences on the NdFeCo sample at
0.11T. (b) TR-MOKE time traces at different pump fluences on the NdFeCo sample at 0.11 T.
(c) Peak amplitudes relative to θF /θF (-1 ps)=1 for 0.23 mJ/cm2 and 0.45 mJ/cm2 pump fluence
on the NdFeCo sample.
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5.6 Summary
We measured NdFeCo and PrFeCo samples by means of static MOKE and TR-MOKE
to investigate the spin structure and its role in the magnetization dynamics. We
conclude the following:
• We provided direct experimental evidence through static and dynamic magnetooptical measurements that the TM sublattice in Nd- and PrFeCo alloys possesses
a fan-like magnetic structure.
• If stimulated by an ultrafast laser pulse, this fan structure undergoes its own dynamics, the results of which mix with the longitudinal dynamics of the magnetic
moments.
• Upon applying an external magnetic field of sufficient strength to align all TM
magnetic moments, the fan dynamics is suppressed and only the longitudinal
response of the magnetic system remains.
⇒ By increasing the magnetic field it is thus possible to switch between a regime
determined by magnetic frustration to a regime purely governed by ferromagnetic exchange.
• This behavior might not only be limited to light RE-TM alloys but could potentially be a general feature of non-collinear spin structures.

Outlook
As a continuation of this work, a rigorous study of the fluence and temperature dependence would yield important additional information about the dynamics of the
fan-structure. To clarify the role and behaviour of the RE magnetic sublattice, valuable data could be gained by measuring the RE sublattice independently through
element specific probing. At least for PrFeCo, element specificity at or close to optical frequencies as shown by Khorsand et al. [27] would be feasible as the 4f magnetic
transitions should be accessible with light of 380 nm wavelength.
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CHAPTER

6

fs-Spectroscopy of GdFeCo in High Magnetic Fields

Abstract:
GdFeCo is investigated by means of the time resolved and static magnetooptical Kerr effect (TR-MOKE) in high magnetic fields up to 30 T and
close to the compensation temperature. We find that the onset of a spin
flop transition occurs at fields above 2 T that prevents the divergence of
the coercive field. Furthermore, anomalous hysteresis loops are observed
close to the compensation temperature that are explained with a magnetic 2-layer model. The magnetization dynamics change considerably
for fields above the spin-flop field Hsf , displaying higher amplitudes and
longer timescale dynamics that are related to excitations of the magnetic
structure. Moreover, the spin-flop mode of ferrimagnetic resonance is
observed at fields > Hsf at two different temperatures, and the effective
g-factors are deduced from the measurements.
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6.1 Introduction
The amorphous rare earth transition metal (RE-TM) alloy GdFeCo has been extensively studied in the recent past [1]. This is mainly due to the fact that ultrafast
laser excitation of this material triggers rather counter-intuitive spin dynamics and
results in such intriguing phenomena as helicity dependent all-optical switching [2],
formation of a transient ferromagnetic like state [3] and toggle switching [4, 5]. However, most of these studies have been performed relatively far from the compensation
temperature and in rather low magnetic fields below two tesla.
Little is known about the magnetic behaviour of GdFeCo close to the compensation temperature Tm,a , at which the magnetization and angular momentum of the
antiferromagnetically coupled RE and TM magnetic sublattices cancel each other
and the coercive field is thought to diverge. Indeed, due to the high coercive fields
around Tm , it becomes impossible to study GdFeCo by means of conventional table top
electromagnets in close vicinity to this temperature. Moreover, high magnetic fields
can change the spin alignment in these alloys dramatically by promoting spin-flop
transitions. How such a dramatic change of the magnetic structure affects ultrafast
magnetization dynamics is an intriguing question, which has not been investigated up
to now.
In this chapter we report on the first time resolved magneto-optical Kerr effect
(TR-MOKE) measurements in high magnetic fields up to 30 T in GdFeCo. These high
fields reveal phenomena that have significant consequences for the magnetic structure
and the magnetization dynamics.

6.2 Samples
The samples were grown using the magnetron sputtering technique and sample structure described in section 2.2. The magnetic GdFeCo layer is 20 nm thick and has a
composition of Gd24 Fe66.5 Co9.5 . At this composition, the compensation temperature
lies conveniently below room temperature. This allowed us to study the sample below
and above Tm , as the high field setup used in the experiments does not have enough
heating power to reach temperatures beyond 320 K.

6.3 Experimental Details
The sample was measured in the high field setup described in section 3.4.2, which only
allows polar MOKE measurements (see figure 3.12). Thus, the propagation direction
of the light, the applied magnetic field and the magnetic anisotropy of the sample all lie
along the same axis perpendicular to the sample plane. We performed static and time
resolved MOKE measurements at different temperatures around the compensation
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temperature. We used 100 fs pulses with a central wavelength of 630 nm (∼2 eV) for
the probe and 800 nm (∼1.5 eV) for the pump. It is conventionally accepted that as
d-f electronic transitions of Gd lie around 8 eV [6, 7], and thus very far away from
the probe-proton energy in our experiment, the probe is mostly sensitive to the TM
sublattice in all subsequent measurements.

6.4 Magnetic Structure of GdFeCo in High Magnetic Fields

-μ0Hc μ0Hc

-μ0Hsf

μ0Hsf

Figure 6.1: Static MOKE measurement at 295 K up to 30 T on Gd24 Fe66.5 Co9.5 . The inset
shows a detailed view of the measurement up to 1.5 T.

An exemplary polar MOKE measurement at room temperature up to 30 T, including a detailed view of the loop in low fields, is shown in figure 6.1. The low
field measurement shows a square, hard hysteresis loop and the signal seems to be
saturated after the loop closes. This is the typical result for MOKE studies on this
kind of sample [2, 8]. The high field measurement however shows a striking change
in signal occurring at ∼ 2.5 T, indicating a magnetic transition. At this field, the
MOKE signal abruptly drops (for µ0 H > 0, rises for µ0 H < 0) and even crosses zero
as it changes sign. Complete saturation of the signal can not be observed up to 30 T.
As this measurement shows, there are interesting features in GdFeCo appearing
at fields beyond 2 T. In the following, we investigated the static magnetic behaviour
of GdFeCo around the compensation temperature in fields up to 30 T.
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6.4.1 Experimental Observations
Magneto-optical hysteresis loops recorded at different temperatures around Tm are
shown in figure 6.2. Comparing the measurement at 146 K to the measurement at
320 K, we observe a change in hysteresis loop orientation from negative to positive,
which is one of the main characteristics of ferrimagnetic materials (see section 1.3.1):
As we cross the compensation temperature Tm , the Fe(Co) magnetic sublattice, which
at low temperatures was oriented antiparallel to the applied magnetic field, becomes
dominant and thus aligns along the field while the Gd magnetic sublattice points
away from it. Another characteristic feature of ferrimagnets is the increase of the
coercive field Hc close to Tm (see section 1.3.1). At the compensation temperature,
Hc is supposed to diverge as the magnetic structure effectively resembles an antiferromagnet with zero net magnetization that could be reversed. In figure 6.2, a definite
increase in Hc can be observed as the temperature approaches Tm . Upon crossing the
compensation temperature however, the coercive field does not diverge but reaches a
maximum value of ∼ 2 T before decreasing again.
Another interesting behaviour can be observed inside the hysteresis loop between
281.5 K and 286.0 K. The compensation temperature lies in this temperature range
and the orientation of the hysteresis loop reverses as the dominating magnetic sublattice changes from RE to TM. This reorientation does not occur suddenly but the
shape of the loop gradually “transforms” towards the inverse one. Therefore Tm cannot be extracted from these data with absolute precision. However, at a temperature
of 283 K the transformation appears to be half way between the two orientation states,
so we take Tm ∼283 K in all subsequent discussions.
Another peculiarity is the drastic change in signal at fields >2 T already described
at the beginning of this section. This indication of a magnetic transition can be
observed at all temperatures around Tm . The rate and amplitude of this sudden
change in signal strongly depends on the temperature relative to Tm . The closer to Tm
one measures, the sharper the transition and the higher the amplitude of the change.
Measurements above Tm show high amplitude transitions, crossing zero, whereas for
measurements below Tm a sign change in signal is not observed.
To summarize, there are four main observations of interest in the static magnetooptical measurements:
1) A magnetic transition at fields above 2 T. (section 6.4.2)
2) A difference in high field behaviour for T < Tm and T > Tm .(section 6.4.3)
3) Anomalous hysteresis loops in a narrow range around Tm .(section 6.4.4)
4) Gradual temperature dependence of Hc and lack of divergence. (section 6.4.5)
The following sections we will investigate and discuss these four points in more
detail.
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Figure 6.2: Static MOKE data measured at 630 nm wavelength at different temperatures from
146.0 K to 321.0 K. The magnetization compensation temperature Tm lies at around 283 K.
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6.4.2 Spin-Flop Transition in GdFeCo
A likely explanation for the signal changes in GdFeCo at high fields is the so called
spin-flop transition, in which the magnetic sublattices reorient themselves to minimize
energy. Originally described in antiferromagnets [9, 10], spin-flop transitions also
occur in ferrimagnets [11].

T < TM
θ

(a)

θR

π

MR

MT

π/2

0
(b)

H

θT

H

0

M

MR + MT
Hsf = λR-T |MR- MT|
Hs = λR-T (MR+ MT)
|MR - MT|
0

0

Hsf

Hs

H

Figure 6.3: Schematic representation of the spin-flop transition in a ferrimagnet. (a) shows the
sublattice magnetization angles, red for the TM sublattice, green for the RE sublattice, and (b)
the total magnetization as a function of an external magnetic field applied along the easy axis of
magnetization (adapted from [12]).

When a magnetic field H is applied along the magnetization axis of a ferrimagnet,
no changes in magnetic structure occur up until a critical field strength Hsf . For fields
> Hsf , the magnetizations of the magnetic sublattices will suddenly start to tilt away
from the common axis: The sublattice magnetization previously aligned antiparallel to
H, now tilts towards it, whereas the sublattice magnetization previously aligned along
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H tilts slightly away (see figure 6.3 (a)). This process is called spin-flopping [13]. As
H is increased further, the sublattice magnetizations will continuously rotate towards
it. Upon reaching a certain saturation field Hs , both magnetic sublattices are aligned
parallel to H in a forced ferromagnetic state.
The reorientation of the sublattice magnetizations is caused by the Zeeman interaction that tries to align both magnetizations along the applied magnetic field.
At Hsf , the system can gain more in Zeeman energy than it loses in anisotropy and
exchange energy by canting the magnetic structure such as to increase the net magnetization along the applied field (figure 6.3 (b)). As the field is further increased, it
starts to compete with the exchange field between the two sublattices and the spin
structure starts to cant more and more. Eventually, as the applied field becomes
stronger than the intersublattice exchange field, the two sublattices align along H.
This field induced transition from an antiferromagnetic to a ferromagnetic alignment
is called a metamagnetic transition. As exchange is the strongest force in magnetism,
the fields required to complete a full transition are usually very high.
The canting angle of the magnetic sublattices (see figure 6.3) depends on the
intersublattice exchange, the magnetization and anisotropy, the latter two depending
on the temperature. The onset of the spin-flop transition depends equally on the
temperature. The smaller the magnitude of the net magnetization Mnet = |Mr − Mt |,
the smaller Hsf . If, for simplicity, one neglects the magnetocrystalline anisotropy, the
spin-flop and saturation field can be described as follows [11].
Hsf = λr-t |Mr − Mt |,
Hs = λr-t (Mr + Mt ),

(6.1)

with λr-t the inter-sublattice exchange field parameter that depends on the RE-TM
exchange coupling Jr,t [14].
Neglecting the magnetic anisotropy will inevitably lead to an underestimation of
Hsf . However, the assumption is reasonable for Hs which is equal to the intersublattice
exchange field which is a lot stronger than the anisotropy in our sample [3, 5].
Using the above description, we can explain our static MOKE data. As already
discussed in section 6.3, we are only sensitive to the projection of the TM-magnetic
sublattice on the out-of-plane z-direction as we measure in polar MOKE geometry
using λ= 630 nm light. Using the reasonable assumptions that the maximum value of
the hysteresis loops indeed corresponds to a saturated magnetization of the TM sublattice along the z-direction and that the net value of Mt does not change throughout
a measurement, one can readily relate the signal to the angle θt (see fig 6.3 (a)):
θt = cos−1 (Mz /Msat )

(6.2)

with the saturation magnetization Msat and the z-component of the magnetization
Mz .
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(a)

(b)

Figure 6.4: (a) MOKE and VSM measurement taken at 230 K. The onset of the spin-flop
transition leads to an increase in Mnet . (b) Magnetic moment vs temperature at fields < Hsf
extracted from VSM measurements. The red line is a linear fit for T < Tm illustrating the linear
behaviour of the magnetic moment.

The temperature dependent transition at high fields can then be related to the
onset of the spin-flop transition at Hsf , where the TM magnetic sublattice is abruptly
canted away from the z-direction. Apparently, we can not break the exchange completely as the sample does not saturate up to 30 T. This agrees with a reported
intersublattice exchange field of the order of 300 T [15].
To further investigate, whether the observed high field transition is indeed a spinflop transition, we used a vibrating sample magnetometer (VSM) to measure the net
magnetization of the GdFeCo sample. Figure 6.4(a) shows a VSM measurement and a
MOKE measurement at 230 K. We see that the net magnetization starts to increase
at the same Hsf that is observed in the MOKE measurement, as is expected for a

spin flop field

0

Hsf (T)
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Figure 6.5: The spin-flop field Hsf as a function of temperature extracted from the MOKE data
shown in figure 6.2. The red line is a linear fit for temperatures below Tm .

spin-flop transition in ferrimagnets (see figure 6.3).
The net magnetization Mnet at fields < Hsf is extracted from the VSM measurements. Mnet is decreasing linearly with T approaching Tm from below (see figure 6.4 (b)). This agrees with equation 6.1, as the spin flop field also shows a linear
decrease with temperature for T < Tm as shown in figure 6.5. By comparing the
two linear relationships of Mnet and Hsf with respect to temperature and using equation 6.1, we can deduce an exchange field parameter of λr-t = 34.
Furthermore, we see that Hsf does not reach zero as predicted by 6.1. GdFeCo
has a relatively low magnetocrystalline anisotropy due to the half filled 4f shell of Gd
which means that there is practically no orbital contribution to the magnetic moment
(also see section 2.2). However, it cannot be completely neglected. This explains that
especially close to Tm , the actual field at which the collinear spin alignment is broken
lies above the value equation 6.1 predicts.
We therefore conclude that our data below Tm is consistent with a spin-flop transition starting at Hsf . The spin-flop behaviour for T > Tm will be discussed in the
next section.
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6.4.3 Spin-Flop Behavior Above and Below the Compensation Temperature
There is a striking difference in the spin-flop behaviour at temperatures above Tm
as compared to temperatures below Tm . Crossing Hsf for T > Tm leads to a much
bigger jump in signal, even crossing zero (figure 6.6 (a)). This implies that the TM
sublattice magnetization orients itself opposite to the applied magnetic field H. This
seems counter intuitive as Mt > Mr at these temperatures and Mt should thus align
along the direction of H. At the same time, Mnet is increasing upon crossing the
spin-flop field (see figure 6.6 (b)). There is no significant difference in behaviour of
Mnet at Hsf for T > Tm and T < Tm .

(a)

(b)

Figure 6.6: (a) MOKE measurement up to 10 T at 289 K. (b) VSM measurement up to 5 T at
320 K.

Similar anomalous effects have been observed in MOKE and extraordinary Hall
effect measurements (EHE) (for details about the technique see [16]) in amorphous
GdCo [17], GdFe [18, 19] and TbFe [20] alloys and even in ferrimagnetic garnets [21].
Here too, sensitivity mainly to the TM sublattice is claimed and hysteresis loops close
to compensation show a reversal of the TM sublattice after an initial closing of the loop
(see figure 6.7 (a)). This anomalous shape of the hysteresis loop is explained through
a gradient in element concentration along the out-of-plane z-direction of the sample.
This gradient leads to different local compensation temperatures, that separate the
sample into two regions. One is dominated by the RE magnetic sublattice and the
other by the TM magnetic sublattice (see figure 6.7 (b)). These two magnetic layers
are separated by a compensation wall [17]. The appearance of a second region with
opposite net magnetization due to a different compensation temperature was shown
to cause the side loops that can be seen in figure 6.7 (a) (see also section 6.4.4).
However, there are significant differences between the effect described in literature
and the effect observed in our work: We do not observe hysteresis in the transition.
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Also the behaviour described in literature is not related to the spin-flop transition.
It should be noted that samples thicker than 100 nm where used in the cited
works. This leads to spatially well separated regions that can be probed individually
by performing MOKE on opposite sample surfaces [17] (see figure 6.7 (b)). Only the
surface bordering on the smaller region with reversed magnetization showed anomalous hysteresis loops.

(a)
0

0

(b)
T << TM

T < TM

T ~ TM

T > TM

minority
layer

T >> TM

legend:
surface

MT dominates
majority
layer

MT = MR
majority
layer
minority
layer

MR dominates
surface

Figure 6.7: (a) Schematic representation of a hysteresis loop at T < Tm resulting from the
magnetic two-layer model (b) in a thick sample with a composition gradient perpendicular to
the sample surface [17]. The colors in (b) denote which part of the sample along its thickness is
dominated by either the RE or TM sublattice.

Still, taking into account the differences between the samples used in literature
and in this work, an effect similar to the one described above can tentatively explain
our observations:
Already tiny changes in the RE concentration x can have big effects on Tm . For the
here measured sample, a small distribution/gradient of 0.5 % of the Gd concentration
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x, ∆x = 0.005 · x, would already lead to a ∆Tm ∼ 9K [22]. Because our sample is
only 20 nm thick, a lateral spread in composition, distributed around the average
composition of Gd24 Fe66.5 Co9.5 , is more likely than a gradient along the z-direction.
These composition inhomogeneities have to be smaller than the probe spot size of
∼ 30 µm, as changing the probe position on the sample had no effect on the measured
data. Indeed, Graves et al. [23] found that there are regions of increased RE and TM
concentration in Gd24 Fe66.5 Co9.5 on a length scale of ∼ 10 nm.
topview

T ~ TM

y
MT dominates
MT=MR
MR dominates

10nm
x
Figure 6.8: Schematic representation of the distribution of the magnetization on the GdFeCo
sample surface at T ∼ Tm , caused by the lateral spread in composition as reported by Graves et
al. [23].

Thus, depending on the local RE-TM composition and as the temperature approaches the average Tm , some parts of the sample will have a TM dominated magnetic structure while others are still dominated by the RE sublattice (see figure 6.8).
This effectively creates two magnetic layers with opposite magnetic orientation, as
described in reference [17]. However, these layers are not spatially separated into two
regions as in figure 6.7 (b), but distributed laterally throughout the sample depending
on the local RE-TM composition as shown in figure 6.8. The magnetic layer occupying the bigger part of the sample will be called majority layer, the other minority
layer respectively. Thus, the majority layer for T > Tm is the one dominated by Fe,
whereas for T < Tm the Gd dominated layer is the majority layer. This could affect
spin flop behaviour in the following way:
What we observe in MOKE measurements is the average value of the projections
along the z-direction of all the local TM sublattice magnetic moments. Upon crossing
Hsf we consequently have a distribution of angles along which the local magnetic
moments are oriented due to the spread in composition leading to different canting
angles in the flopped state. Thus, the minority layer could increase the measured
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amplitude in the spin-flop transition as it is oriented opposite to the majority layer.
However, this is not symmetric around Tm , as one always has Mr,t (T < Tm ) >
Mr,t (T > Tm ). Therefore, the minority layer has a bigger effect at T > Tm than
at T < Tm . This could explain the asymmetry in amplitudes in the MOKE signal
measured above and below the compensation temperature. As the temperature is
increased further above Tm , the effect weakens as the minority layer shrinks.

6.4.4 Magnetic Structure Around the Compensation Temperature
As mentioned in section 6.4.1, the reversal of the hysteresis loop occurs over a broad
temperature range. Figure 6.9 (a) shows the MOKE hysteresis loops around Tm in
detail. A trend can be observed around this temperature range: At 281.5 K, a dent
in the loop appears at positive and negative fields from ±0.95 T to ±1.8 T. The next
measurement at 282.8 K, this dent seems to have grown in depth and width, stretching
now from ∓0.33 T to ±1.95 T. As the temperature is increased, the indentations
move toward the opposite side of the loop while growing in width. At 286 K the two
indentations have switched position and the loop is almost completely reversed.
We here give a phenomenological explanation of what is happening inside the loops
using the magnetic two-layer model [17] described in the previous section 6.4.3. Even
though the spread in composition is occurring laterally in our thin film sample, we
model its magnetic behaviour close to Tm as two separate magnetic layers as motivated
in section 6.4.3. The difference to reference [17] is, that we are probing both layers
at the same time rather than only the minority layer.
The minority layer has its own hysteretic behaviour, which is influenced by the
majority layer: Following the two-layer model of Esho et al., we get two critical
fields at which the magnetization angle of the minority layer switches between the
equilibrium angles θ = 0 and π (θ as defined in figure 6.3):
Hc-,c+ =

2
γ
2
∓
(K − 2πMmin
),
2Mmin d Mmin
| {z }

(6.3)

Hd

with γ the energy density of the wall separating the two layers, Mmin , Ku and d the
magnetization, anisotropy and thickness of the minority layer respectively.
The result of equation 6.3 are two hysteresis loops, one for each field orientation,
displaced by the displacement field Hd = γ/(2Mmind). These hysteresis loops are
directed opposite to the majority loop, as the minority layer is already dominated by
the Fe(Co) sublattice. For the case Hc- , Hc+ > Hc , with Hc the coercive field of the
majority layer, these side loops can be fully seen as shown in figure 6.7 (a). These
additional loops only play a role close to Tm , as there is no second layer present for
T ≫ Tm (see figure 6.7 (b) ).
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(a)

(b)

(c)

(d)
majority layer loop
minority layer loops

Gd
Fe(Co)

majority
minority

Figure 6.9: (a) Detailed view of the anomalous hysteresis loops measured with MOKE. (b)
Schematic of the side loops causing the anomaly inside the main loop. (c) Orientation of the
magnetic sublattices in both magnetic layers at key positions in the loop at 283 K. (d) Drawing
of the minority layer and majority layer contributions to the measured hysteresis loop at 283 K.

Using the fact that we observe the contributions of the TM sublattice of both
layers to the signal, we can explain our observation as a sum of the hysteresis loop
of the majority layer and the minority layer loops described by equation 6.3 causing
the indentations (see figure 6.9 (d)):
At 281.5 K, the indentations happen exclusively during the back-trace of the loop
as the field decreases. This happens because at this point, Hc- < Hc < Hc+ (see
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figure 6.9 (b) bottom). As the spin-flop field, which coincides with Hc , changes the
magnetic structure for fields > Hc , we only observe the switching occurring at Hc- . At
this field, the minority layer switches such that its magnetic moment points opposite
to the moment of the majority sublattice (figure 6.9 (c)). Therefore, the respective
Fe(Co) magnetic sublattices are parallel and the MOKE signal is maximal along the
respective field direction. If one were only sensitive to the minority layer, one would
observe the inverted loop drawn in red in figure 6.9 (b) (as demonstrated in [17]).
The same process is responsible for the anomalous hysteresis loops at 282.8 K and
283.0 K. With increasing temperature, the net magnetic moment of the minority layer
is increased as it quickly grows. This causes the displacement field to decrease, moving
the center of the side loops towards zero. As the minority layer grows it contributes
more to the MOKE signal, increasing the amplitude of indentation. At the same
time, the majority layer shrinks, contributing less and less to the signal. This process
is visualized in figure 6.9 (b) where the minority loops and their contribution to the
signal is shown.
At 286.0 K, the loop has clearly reversed and we see an extra kink appearing at the
transitions inside the loop (arrows in figure 6.9 (a)). These kinks appear because now
Hc- and Hc+ are now both inside the loop (see figure 6.9 (b)). As the temperature is
increased further, Hd goes to zero and the Fe-dominated layer has now become the
majority layer.

6.4.5 Temperature Dependence and Limitation of the Coercive Field
In figure 6.10, the coercive field Hc was extracted from the measurements and plotted
as a function of temperature. As Tm is approached, Hc increases significantly. However, Hc peaks at 2.03 T instead of diverging as predicted by theory. This can be
explained phenomenologically by taking into account the spin-flop transition. As was
discussed in section 6.4.2, the onset of the spin-flop transition at Hsf occurs at lower
fields the closer one measures to Tm (inset figure 6.10). If one compares measurements
at 277.0 K and 281.2 K it appears that Hsf , clearly ascertainable at 277.0 K, shifts to
fields ≤ Hc at 281.2 K where the signal drops significantly right after the loop closes.

At this point the spin-flop field seems to become smaller than the coercive field.
This leads to a competition inside the loop between the anisotropy that acts to keep
the magnetic orientation of the sublattice structure out-of-plane along the z-direction
and the Zeeman interaction that pushes the system towards a canted state. Due to
this competition, the measured coercive fields in this region are smaller than expected
and do not diverge. Also, as the spin-flop transition coincides with the closing of the
loop, it prevents the system from reaching a stable, saturated ferrimagnetic state
outside of the loop.
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Figure 6.10: The coercive field Hc as a function of temperature extracted from the MOKE data
shown in figure 6.2. The inset shows Hc and Hsf around Tm .

6.5 High Field Magnetization Dynamics in GdFeCo
To study the high field behaviour and influence of the spin-flop transition on the
magnetization dynamics, we performed TR-MOKE measurements below (at 230 K
and 270 K) and above (at 289 K) the compensation temperature across a broad range
of applied magnetic fields. All measurements were performed with 800 nm pump and
630 nm probe wavelengths. If not indicated otherwise, a pump fluence of 32 µJ/cm2
was used.
In the following, I will first describe the experimental observations at temperatures
below and above Tm . After that follows the analysis and interpretation of the observed
effects.

6.5.1 Results Above the Compensation Temperature
Figure 6.11 (a) shows a set of TR-MOKE measurements at 289 K (above Tm ) in fields
up to 30 T. In (b), the respective position of the measurements is indicated with
lines (up to 10 T) on the static MOKE measurement at the same temperature. At
relatively low fields up to 2.2 T, we observe ultrafast demagnetization and subsequent
relaxation of the magnetization. The amount of demagnetization is about 3 %. For
fields up to 2.2 T, the magnetization dynamics does not change considerably.
However, as the field is increased to 2.4 T, crossing the spin-flop transition, the
magnetization dynamics changes drastically: The first effect that can be observed is
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a change in sign of the signal. After the pump stimulus, the dynamics now evolves
towards positive values of the signal. This change in sign is also present in the
static magneto-optical measurements seen in figure 6.11 (b) which was discussed in
section 6.4.3. Furthermore, the amplitude of the signal and the timescales of the
dynamics have increased significantly. As the field is increased further, the amplitude
is reduced again and peaks at earlier delay times. On the other hand, oscillations,
barely visible in the data at 2.4 T become more visible between 5 T and 30 T. These
oscillations increase in frequency as the field is increased.

(a)

(b)

Figure 6.11: (a) Magnetization dynamics at different applied magnetic fields at 289 K. (b)
Corresponding MOKE hysteresis loop, the fields at which TR-MOKE was measured are indicated
by arrows of the respective color.
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6.5.2 Results Below the Compensation Temperature
Measurements at 230 K show effects, similar to those observed at 289 K (see figure 6.12). Again, at low fields we apparently observe the typical magnetization dynamics of GdFeCo. The demagnetization at fields below Hsf = 3 T is about 4 % of the
saturation magnetization of the TM sublattice. Upon crossing Hsf , the amplitude of
the signal increases distinctly, and subsequently subsides again upon further increase
of the applied magnetic field. The TR-MOKE signal however, does not change sign
upon crossing Hsf and neither does the static magneto-optical signal. Oscillations are
clearly visible for fields > Hsf that also increase in frequency as the field is increased
up to 20 T.

(a)

(b)

Figure 6.12: (a) Magnetization dynamics at different applied magnetic fields at 230 K. (b)
Corresponding MOKE hysteresis loop, the fields at which TR-MOKE was measured are indicated
by arrows of the respective color.
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6.5.3 Amplitude and Timescale
For temperatures above and below Tm we observe the same trend in the magnetic
field dependence of the position in time and amplitude of the peak signal (see figure 6.13). The main reason for this common trend is the changed magnetic structure
and orientation compared to fields below Hsf . As above Hsf , the canted magnetic
structure is very sensitive to changes in temperature and magnetization, the pump
pulse can also cause changes in structure rather than only demagnetize the sample as
it does for fields below Hsf when the structure is collinear. In the polar TR-MOKE
configuration used here, we are sensitive to the projection of the TM magnetization on
the z-direction. Therefore, changes in the canting angle θ, leading to changes in the
transversal as well as longitudinal components of the magnetization, will contribute
to the signal.
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Figure 6.13: Amplitude (a) and position (b) of the signal peaks in figures 6.12 and 6.11.

Thus, the increase in timescale and amplitude of the magneto-optical time traces
at fields just above Hsf , as compared to fields below Hsf , can be explained by an
increased susceptibility of the magnetic structure to femtosecond optical excitations.
At temperatures below Tm , we see no sign change in the signal upon crossing Hsf .
Thus, the relative change of Mz occurs along the same direction above and below Hsf
which implies, that our pump stimulus causes the TM magnetization to align more
towards the sample plane. Above Tm , there is a change in sign. However, there is also
a sign change in the static MOKE signal, which means that the initial state, from
which the subsequent dynamic change occurs, has also reversed (see section 6.4.3).
Therefore, also here, the magnetization aligns more towards the sample plane after
pump excitation. For both temperatures, we observe a continuous decrease in peak
amplitude and peak position of the signal for increasing fields > Hsf (see figure 6.13).
It appears that the magnetic structure is becoming more stiff as the field increases.
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6.5.4 Spin-Flop Resonance
It was shown that, if a magnetic field is applied at an angle with respect to the out of
plane anisotropy direction of the sample, both modes of ferrimagnetic precession (see
section 1.4.2) can be excited and observed using TR-MOKE [24, 25]. In our case, no
oscillations are visible below Hsf , as H k Mnet . This makes it impossible to excite
spin precession through the pump pulse excitation, as all components of the resulting
effective field are parallel to the magnetization. Oscillations become visible only for
fields > Hsf where the spin structure is non-collinear and the spins tilt away from H.
For this field regime, equations 1.16 and 1.17 are not valid anymore. For fields > Hsf
we have [12, 26]:
p
ω1 ≃ γeff H 2 − H ex H an ,
(6.4)

with the effective gyromagnetic ratio γeff , the exchange field H ex and the anisotropy
field H an as defined in section 1.4.2.
There is a second mode with ω2 ≃ 0 that describes an infinitely slow precession
of the two sublattice magnetizations around the z-axis.
ω1 is a ferromagnetic-like mode (see section 1.4.1), as the anisotropy in our sample
is small compared to the applied field. One can then approximate equation 6.4 with:
ω1 ∼ γeff H

(6.5)
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Figure 6.14: Frequencies extracted from figures 6.12 and 6.11 as a function of applied magnetic
field. The red lines are linear fits of the data according to equation 6.5.
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Figure 6.14 shows the frequency vs field relationship for the observed oscillations
at 230 K and 289 K. Using equation 6.5 to fit the data, the following effective g-factors
geff = ~γeff /µb are obtained: geff = 0.99 at 289 K and geff = 1.89 at 230 K.
The difference between the values can be explained by the temperature dependence
of the effective gyromagnetic ratio. As γr 6= γt , the temperature for the magnetization compensation Tm and the angular momentum compensation Ta are separated in
temperature [24, 27]. While the effective gyromagnetic ratio γeff = Mnet /Anet (with
Anet the absolute value of the net angular momentum of the sample) diverges at Ta , it
vanishes at Tm . The fact that 289 K lies much closer to Tm = 283 K than 230 K is thus
responsible for the difference in geff of the two measurements. However, one should
be aware that beyond Hsf the situation is slightly more complex as the magnetization
of both sublattices never fully compensates due to their canted structure. A more
detailed investigation of the influence of Tm and Ta on the magnetization dynamics in
the high field, non-collinear state would definitely be of interest (see outlook of this
chapter).

6.5.5 Lattice Heating
A peculiar effect appears below Tm at fields below Hsf . Figure 6.15 (a) shows TRMOKE data for fields from 1.5 T to 3.0 T. At longer timescales, the signal starts to
fall again, creating a plateau that shrinks the closer one measures to Hsf . We could
only observe this phenomenon at temperatures below Tm , and also in an alloy with
higher Gd concentration (Gd26 Fe65 Co9 ). MOKE hysteresis loops taken at different
pump-probe delays reveal (figure 6.16) that for longer pump-probe delays, the spinflop transition occurs at smaller fields. Also, the slope of the transition becomes
steeper at longer delay times.
(a)

(b)

Figure 6.15: (a) TR-MOKE measurement at 230 K at fields below Hsf . (b) lattice temperature
(extracted from (a) using figure 6.5) as a function of probe delay.
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These observations together with the fact that we only observe the phenomenon
below the compensation temperature hints towards a lattice heating effect: Due to
weak electron-phonon coupling (compared to the electron-spin coupling), the lattice
heats up on a timescales of tens of picoseconds, much slower than typical demagnetization times (< 1 ps) [1]. As the lattice reaches higher temperatures, Hsf is reduced
according to figure 6.4 (a). MOKE measurements taken at temperatures above Tm
(not shown) actually show the opposite behaviour: The transition becomes less steep
with increasing time delay and occurs at higher fields.
Thus, only experiments in fields > Hsf can reveal this effect. An effect similarly
relying on lattice heating occurs for AOS in the same sample GdFeCo [28, 29].

(a)

(b)

Figure 6.16: TR-MOKE measurement at 270 K, taken at a pump fluence of 0.2 mJ/cm2 . The
colored lines correspond to the delay times at which the corresponding MOKE measurement in
(b) was performed. The dashed line in (b) indicates the field (1.9 T) at which (a) was measured.

We can map the fields in figure 6.15 to temperature values using the linear temperature behaviour of the spin-flop field below Tm established in section 6.4.2. The
result is a graph displaying the heating of the lattice over time 6.15(b).
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6.6 Summary
Using the TR-MOKE setup we built in the HFML, we investigated the behaviour of
GdFeCo around the compensation temperature in high magnetic fields.
We could identify a temperature dependent, magnetic transition occurring at high
fields as the spin-flop transition. This transition cants and tilts the magnetic structure
of the system, which in turn heavily influences the static magnetic properties and the
magnetization dynamics.
• The spin-flop transition limits the divergence of the coercive field at Tm .
• The onset of the spin-flop transition in TR-MOKE measurements below the
compensation temperature can be used to investigate the heating of the lattice
over time.
• Spin-flop resonance can be excited at fields > Hsf .
• Magnetization dynamics in the spin-flop regime are field dependent up to 30 T.
Furthermore, using a magnetic two-layer model, we showed that a small spread
in chemical composition of the sample can phenomenologically explain anomalous
hysteresis loops occurring around TM . The same phenomenon could also explain the
partly reversed TM-magnetic sublattice upon crossing > Hsf at temperatures > Tm .

Outlook
The results on GdFeCo described in this chapter are the very first TR-MOKE measurements done in fields up to 30 T. These first results are but the beginning of
high field research. On GdFeCo, it would be interesting to investigate the spin-flop
precession in more detail over a broad range of temperatures. The behaviour of the
system in the non-collinear state close to Tm and Ta could be mapped in great detail,
without the interference of the exchange mode (see section 1.4.2) that complicates
measurements below Hsf [24].
Within the class of RE-TM ferrimagnets, it would be interesting to investigate
the role of the spin-orbit interaction on the static and dynamics magnetic properties
in high fields. Especially the increased separation between Tm and Ta could help
individually adressing the influence of these two compensation points on the magnetization dynamics at high fields. TbFeCo, known for its strong spin orbit coupling
and resulting in high magnetic anisotropy, would be an ideal candidate.
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Summary

Time resolved magneto-optical Kerr effect (TR-MOKE) investigations have been instrumental in the development of the field of ultrafast magnetism in the past 20 years.
Femtosecond (fs) laser pulses allow us to probe, manipulate and even control magnetism in thin magnetic films on an ultrafast timescale. In this thesis, I address the
technological relevance of ultrafast magnetism research, as well as certain topics in
the field that are sparsely explored. The three main themes of this work are:
• High magnetic fields as a valuable tool for time resolved magneto optical Kerr
effect studies.
• Manipulation and characterization of next generation recording media using fs
spectroscopy.
• The role of non-collinear magnetic structures in ultrafast magnetization dynamics.
TR-MOKE measurements so far have been mostly limited to fields below 2 T.
This hinders research on certain classes of samples, such as high anisotropy materials,
and effects only occurring at high fields, such as field induced magnetic transitions.
In this thesis we combine, for the first time, ultrashort laser pulses and high magnetic
fields in a unique setup that allows TR-MOKE measurements in fields up to 37.5 T.
This setup was built in the High Field Magnet Laboratory (HFML) and is described
in detail in chapter 3.
All samples investigated in this thesis (introduced in chapter 2) are thin magnetic films. This class of materials is used most prominently in magnetic data storage
devices such as the hard disk drive (HDD). To overcome the storage limitations of current generation HDD’s, research into new materials allowing for higher data densities
is a main focus of the magnetic recording industry. The most prospective candidate
for the next generation of granular magnetic recording media is crystalline FePt in the
117
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L10 phase. In chapter 4 we demonstrate that we can excite collective ferromagnetic
resonance oscillations in granular, industrial grade L10 FePt samples using 100 fs laser
pulses. The observed high frequencies of up to over 400 GHz are due to the large
anisotropy fields of the order of 10 T that were deduced from the measurements.
Analyzing the oscillation lifetimes, the Gilbert damping parameter is determined for
different FePt samples. First data indicates that different materials used for grain
segregation lead to different damping values.
Chapter 5 and 6 deal with the influence of a non-collinear magnetic structure on
the static and dynamic magnetic properties of continuous films of amorphous rare
earth transition metal (RE-TM) alloys. Amorphous RE-TM alloys are known for
their diverse magnetic properties that can be tuned by adjusting the composition of
the sample.
In chapter 5, the light rare earth transition metal alloys NdFeCo and PrFeCo are
investigated. These alloys are ferromagnets with a fan-like, non-collinear magnetic
structure in the amorphous state. We show that this structure undergoes its own
dynamics when excited by an ultrashort laser pulse. At low excitation fluences, this
dynamics dominates the magnetic response of the sample and leads to a transient
state with a higher net magnetization than in the equilibrium state before the laser
excitation. This behaviour is field dependent and can be quenched if the applied
magnetic field is high enough to suppress the non-collinear fan structure.
A field induced magnetic transition and its influence on the magnetization dynamics is investigated in chapter 6 in GdFeCO. The heavy rare earth transition
metal alloy GdFeCo is a ferrimagnet with a compensation temperature, at which
the RE and TM magnetic sublattices cancel out and the coercive field is thought to
diverge. Performing measurements in fields up to 30 T, we show that we can induce a
spin-flop transition in the material that changes the magnetic structure to a canted,
non-collinear state. This is shown to prevent the divergence of the coercive field at
the compensation temperature. The magnetization dynamics displays major changes
in the timescale and signal amplitude in the high field flopped state, which are attributed to excitations of the magnetic structure. Spin-flop resonance oscillations are
also observed, which can be used to determine the effective g-factor of the system at
different temperatures. Furthermore, we demonstrate that the signature of the spinflop transition in time resolved magneto-optical measurements can yield information
about the lattice temperature.
The findings of this thesis are a starting point for further work and developments
in all three themes mentioned at the beginning of this summary:
• The high field ultrafast laser spectroscopy setup offers unique possibilities. The
here shown results are but a first proof of principle. Many systems, magnetic
thin films as discussed in this thesis but also other materials (e.g. cuprate
superconductors), could profit from the possibilities offered by this system. The
setup is now also available in the HFML for external users.
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• In general, using time resolved magneto-optical techniques to manipulate and
characterize magnetism in FePt is of great potential from an application point
of view. In particular, the effect of the segregant material on the intergranular
exchange and the Gilbert damping is of practical relevance for the ongoing
development of the next generation recording medium.
• Non-collinear magnetic structures show exciting phenomena, that we have only
begun to investigate and understand. Along with further experimental investigation, a theoretical treatment, including modeling of the processes, is crucial
in order to advance our understanding of the dynamics in these systems.
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Samenvatting

Tijd opgeloste magneto-optische Kerr Effect (TR-MOKE) onderzoeken zijn leidend
geweest in de ontwikkeling van het onderzoeksveld van ultrasnel magnetisme in de
afgelopen 20 jaar. Met behulp van femtoseconde (fs) laser pulsen kan magnetisme
worden gemeten, gemanipuleerd en zelfs volledig worden gecontroleerd op een ultrakorte tijdschaal. In dit proefschrift ga ik in op zowel de technologische relevantie van
het onderzoeksgebied van ultrasnel magnetisme, als bepaalde fundamentele onderwerpen in dit veld die slechts beperkt zijn onderzocht. Dit werk kan onderverdeeld
worden in de volgende drie thema’s:
• Hoge magneetvelden als een waardevol hulpmiddel in onderzoeken met het
magneto-optische Kerr effect.
• Manipulatie en karakterisatie van materialen voor de volgende generatie harde
schijven met behulp van femtoseconde-spectroscopie.
• De rol van niet collineaire magnetische structuren in ultrasnelle magnetisatiedynamica.
Tot op heden zijn TR-MOKE metingen over het algemeen beperkt gebleven tot
magnetische velden kleiner dan 2 T. Dit belemmert onderzoeken van bepaalde klasse
magneten waaronder magneten met een hoge anisotropie of magneten die magneetveldgeı̈nduceerde overgangen vertonen bij sterke magneetvelden. In dit proefschrift brengen wij voor het eerst ultrakorte laserpulsen samen met zeer sterke magneetvelden in
een unieke experimentele opstelling die gebruik maakt van TR-MOKE in combinatie
met magneetvelden tot 37.5 T. Deze opstelling is gemaakt in het High Field Magnet
Laboratory (HFML) en is uitvoerig beschreven in hoofdstuk 3.
Alle materialen die zijn onderzocht in dit proefschrift zijn dunne magnetische
films, in detail beschreven in hoofdstuk 2. Deze klasse van materialen wordt onder
andere gebruikt in apparaten voor magnetische opslag van data, zoals harde schijfen (HDD). De materialen die in de huidige generatie van HDD’s worden gebruikt
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hebben hun limieten bereikt in termen van datadichtheid. De voortdurende vraag
naar steeds meer data opslag heeft ertoe geleid dat de aandacht van de data opslag industrie voornamelijk is gevestigd op onderzoek naar nieuwe materialen die een
nog hogere data dichtheid toestaan. De meest veel belovende kandidaat voor de volgende generatie van korrelige magnetische opslag is kristallijn FePt in de L10 fase.
In hoofdstuk 4 onderzoeken we de magnetisatiedynamica van korrelig L10 FePt van
industriële kwaliteit. We laten zien, dat een ultrakorte laserpuls een collectieve ferromagnetische resonantie oscillatie kan exciteren. De geobserveerde hoge frequenties
tot meer dan 400 GHz worden veroorzaakt door een groot anisotropie veld in de orde
van 10 T, welke is bepaald aan de hand van metingen. Uit de analyse van de oscillaties is de Gilbert-demping parameter vastgesteld voor materialen met verschillende
groeiparameters. Uit de eerste bevindingen blijkt dat de demping afhankelijk is van
het materiaal dat wordt gebruikt voor korrel segregatie.
In hoofdstuk 5 en 6 onderzoeken we de invloed van een niet collineaire magnetische structuur op de statische en dynamische magnetische eigenschappen van continue
dunne films van amorfe legeringen van zeldzame aarde en transitiemetalen (RE-TM).
Amorfe RE-TM legeringen staan bekend om hun diversiteit aan magnetische eigenschappen welke nauwgezet afgestemd kunnen worden aan de hand van de samenstelling.
De lichte RE-TM legeringen NdFeCo en PrFeCo zijn ferromagneten met een
waaierachtige, niet collineaire magnetische structuur in een amorfe toestand. In hoofdstuk 5 laten we zien dat deze waaierachtige structuur beweegt wanneer het wordt
aangeslagen met een ultrakorte laserpuls. Bij lage excitatie intensiteiten domineert
deze beweging de magnetische reactie van het materiaal. Dit leidt tot een tijdelijke
toestand waarbij de magnetisatie van de magneet groter wordt dan zijn magnetisatie
in evenwichtstoestand. Dit gedrag is afhankelijk van het magneetveld en kan worden
onderdrukt als het magneetveld sterk genoeg is om de niet collineaire waaierstructuur
op te heffen.
Het laatste deel van dit proefschrift gaat over de invloed van hoge magneetvelden
op de magnetische structuur en magnetisatiedynamica van GdFeCo. De zware RETM legering GdFeCo is een ferrimagneet met een compensatietemperatuur. Bij deze
temperatuur heffen de zeldzame aarde en transitiemetaal subrooster elkaars magnetisatie op waardoor het coercieve magneetveld divergeert. In hoofdstuk 6 tonen we aan
dat we spin-flop overgangen kunnen induceren bij magneetvelden tot 30 T, waardoor
de magnetische structuur van GdFeCo gekanteld en niet collineair wordt. We laten
zien dat deze overgang voorkomt dat het coercieve veld divergeert bij de compensatietemperatuur. Verder wordt de magnetisatiedynamica ook sterk beı̈nvloed op de
ultrakorte tijdschaal wanneer het materiaal zich in deze spin-flop toestand bevindt.
Uit de spin-flop resonantie oscillaties die we hebben waargenomen kon verder de
effectieve g-factor van het systeem worden bepaald bij verschillende temperaturen.
Daarnaast hebben we laten zien dat de signatuur van de spin-flop transitie in tij-

123
dopgeloste magneto-optische metingen gebruikt kan worden om de temperatuur van
de rooster te bepalen.
De bevindingen in dit proefschrift vormen het beginpunt van verder onderzoek en
ontwikkeling in de drie thema’s genoemd aan het begin van deze samenvatting:
• De door ons ontwikkelde opstelling brengt voor het eerst ultrasnelle optische
metingen samen met sterke magneetvelden en biedt unieke mogelijkheden. De
getoonde resultaten vormen het eerste bewijs van het concept. Het onderzoek
naar de magnetische eigenschappen van veel vaste stof materialen waaronder de
besproken magneetfilms, maar ook bijvoorbeeld supergeleiders, zouden kunnen
profiteren van de mogelijkheden die deze experimentele opstelling biedt. Deze
opstelling wordt nu ook beschikbaar gesteld voor externe gebruikers van het
HFML.
• Over het algemeen biedt het gebruik van tijdopgelosde magneto-optische meettechnieken voor de manipulatie en karakterisatie van de magnetisatie van FePt
veel potentie voor de industrie. In het bijzonder is het effect van het segregatie materiaal op de wisselwerking tussen de korrels en de Gilbert demping
van belang voor de ontwikkeling van de volgende generatie van harde schijven.
• Niet collineaire magnetische structuren laten exotische fenomenen zien, die
wetenschappers pas sinds kort zijn gaan bestuderen en begrijpen. Naast experimentele onderzoeken is een theoretische benadering, inclusief het modelleren
van de fysische processen, van cruciaal belang om voortgang te boeken in ons
begrip van de dynamica van deze systemen.
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