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Zusammenfassung

Diese Arbeit beschäftigt sich mit der Modellierung Laser-induzierter ultraschneller Spin-
dynamik von magnetisch geordneten Materialien. Der besondere Fokus liegt auf der
Möglichkeit die Magnetisierung auf einer Zeitskala von nur wenigen Pikosekunden mit
rein optischen Methoden umzukehren. Die mikroskopischen Prozesse, die zu einer Ent-
magnetisierung und einer Ummagnetisierung auf diesen kurzen Zeitskalen führen, sind
im Wesentlichen noch unverstanden und daher von grundlegendem physikalischem Inter-
esse. Opto-magnetisches Ummagnetisieren besitzt ferner auch eine hohe praktische Rele-
vanz, da es als Grundlage für eine neue Generation von energiesparenden, ultraschnellen
magnetischen Datenträgern dienen könnte.

Im ersten Teil der Arbeit wurde die Magnetisierungsdynamik von Antiferromagne-
ten und Ferrimagneten nach Anregung durch externe THz Magnetfeldpulse numerisch
und analytisch untersucht. Es konnte gezeigt werden, dass in Antiferromagneten eine
Dynamik induziert werden kann, die dem Trägheitsprinzip in einem harmonischen Os-
zillator ähnelt. Mittels sehr starker und präzise eingestellter Magnetfeldpulse kann diese
Dynamik ausgenutzt werden, um die Untergittermagnetisierungen auf einer Zeitskala
von wenigen Pikosekunden umzukehren. Um diese unerwartete Dynamik zu erklären,
konnte die nichtlineare Landau-Lifschitz-Gleichung für zwei Untergitter analytisch gelöst
werden. Diese analytischen Berechnungen ermöglichen es zudem, sowohl die benötigte
Feldstärke als auch die optimale Pulsdauer bzw. Frequenz zu berechnen. Die erforderli-
chen Feldstärken bewegen sich in einem Bereich von mehreren Tesla, also in einem Be-
reich, der mit den derzeit verwendeten Hochleistungslasern nicht erreicht werden kann.
Mit Hilfe von atomistischen Spinmodell-Simulationen von antiferromagnetischem NiO
konnte jedoch gezeigt werden, dass sich die benötigte Feldstärke im Falle einer resonan-
ten Anregung drastisch reduzieren lässt. Insgesamt eröffnet die untersuchte Dynamik
eine neue Möglichkeit, die Magnetisierung in antiferromagnetischen Materialien mit rein
optischen Methoden auf Zeitskalen von wenigen Pikosekunden umzukehren.

Der zweite Teil der Arbeit befasst sich mit der Untersuchung von thermisch indu-
ziertem Schalten der Magnetisierung in Ferrimagneten. Dieses wurde kürzlich in fer-
rimagnetischen Seltenerd-Übergangsmetall-Legierungen beobachtet. Hierbei bringt ein
linear polarisierter Laserpuls mit einer Dauer von wenigen Femtosekunden die Unter-
gittermagnetisierungen in ein starkes Nichtgleichgewicht. Die daraus resultierende Dy-
namik führt in einen sogenannten transienten ferromagnetisch geordneten Zustand, in
dem die beiden antiferromagnetisch gekoppelten Untergitter für mehr als eine Pikose-
kunde parallel ausgerichtet sind. Von diesem Zustand ausgehend relaxiert das System in
einen Gleichgewichtszustand mit umgekehrter Magnetisierung. Es wurde zunächst die
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Nichtgleichgewichtsdynamik der Magnetisierung in einem Ferrimagneten mittels atomis-
tischer Spinmodelle untersucht. Es konnte gezeigt werden, dass bereits in einem einfachen
ferrimagnetisches Spielzeugmodell, bestehend aus zwei Untergittern und einer magne-
tischen Kompensationstemperatur, die Relaxation in einen ferromagnetisch geordneten
Zustand und die anschließende Ummagnetisierung erfolgen. Diese nichtlineare Dynamik
lässt sich als eine Folge von Entropiemaximierung bei gleichzeitiger Energie- und Dre-
himpulserhaltung erklären. Der dissipationslose Übertrag des Drehimpulses kann allein
durch den Präzessionsterm der Landau-Lifschitz-Gilbert Gleichung beschrieben werden
und findet auf der Zeitskala der Austauschwechselwirkung zwischen den Untergittern
statt. Eine entscheidende Rolle spielt zudem die Temperatur während der Relaxation
und das Vorhandensein einer magnetischen Kompensationstemperatur. Während der
dissipationslose Drehimpulsübertrag linear ist, das heißt, dass keine transversale Ma-
gnetisierung entsteht, treten bei Temperaturen unterhalb der Kompensationstemperatur
Präzessionen auf, die zu einem Zurückschalten der Untergittermagnetisierungen führen
können.

Eine unterschiedliche Dynamik der Untergittermagnetisierungen nach der thermischen
Anregung durch den Laserpuls ist essentiell, um das System in einen Nichtgleichge-
wichtszustand zu bringen, der letztlich zu einer Magnetisierungsumkehr führt. Folglich
wurde die Entmagnetisierungsdynamik nach Laseranregung im Seltenerdmetall Gadoli-
nium untersucht. Gadolinium ist eines der Materialien, die in den meisten Experimenten
zu rein optischem Schalten verwendet werden. Hierfür wurde ein Spinmodell entwickelt,
in dem zwischen den magnetischen Momenten, die von lokalisierten 4f -Elektronen und
denen die von itineranten 5d-Elektronen stammen, unterschieden wird. Der Grund für
diese Unterscheidung ist, dass die 4f -Elektronen in Gadolinium, welche den weitaus
größten Beitrag zu dem atomistischen magnetischen Moment liefern, weit unter der
Fermi-Energie liegen und daher nicht direkt durch den Laserpuls angeregt werden. Die
intra- sowie inter-atomaren Austauschkonstanten für das Modell wurden in einer Kol-
laboration von Dr. Karel Carva von der Karls-Universität in Prag mit Hilfe der spi-
nabhängigen Dichtefunktionaltheorie berechnet. Ungeachtet der starken intra-atomaren
Austauschwechselwirkung zeigen die durchgeführten Simulationen eine sehr unterschied-
liche Magnetisierungsdynamik für die beiden Spinsysteme nach der Anregung mit einem
Laserpuls. Die Simulationsergebnisse stehen in guter Übereinstimmung mit neusten zeit-
und winkelaufgelösten Photoemissionsexperimenten. Die unterschiedliche Dynamik wird
durch die hohen Elektronentemperaturen in den ersten Pikosekunden nach der Anregung
erklärt, die nur das Spinsystem der 5d-Elektronen beeinflussen. Die lokalisierten 4f -Spins
werden nicht direkt von dem Laserpuls angeregt und entmagnetisieren daher auf einer
deutlich langsameren Zeitskala, die von der direkten Spin-Phonon-Kopplung bestimmt
ist. Damit konnte erstmalig eine Entkopplung magnetischer Momente von verschiedenen
Orbitalen in einem Atom gezeigt werden.

Basierend auf den Ideen für Gadolinium wurde ein Spinmodell für Seltenerd-Über-
gangsmetall-Ferrimagnete entwickelt. Die mit diesem Modell simulierte thermisch ange-
regte Ummagnetisierungsdynamik zeigt eine deutlich bessere Übereinstimmung mit den
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Messungen in GdFeCo als vorherige Modelle. Die separate Behandlung der Spinsysteme
verschiedener Orbitale trägt wesentlich zu den verschiedenen Entmagnetisierungzeiten
des stark gekoppelten Fe- und Gd-Untergitters bei. Als Folge weisen die Simulationen
die Existenz eines ferromagnetisch geordneten Zustands in der gleichen Größenordnung,
wie bereits experimentell beobachtet werden konnte auf. Das Modell zeigt thermisches
Schalten für ein breites Spektrum von unterschiedlichen Dämpfungsparametern. Dar-
aus lässt sich schließen, dass das Modell auch das Ummagnetisieren in Materialien mit
großer direkter Spin-Phonon Wechselwirkung, wie zum Beispiel in TbCo, beschreiben
kann. Darüber hinaus wurden Simulationen mit einem ferrimagnetischen Modell ohne
magnetische Kompensationstemperatur durchgeführt. In Übereinstimmung mit neusten
Experimenten konnte in diesen Simulationen ein Zurückschalten nach dem transienten
ferromagnetisch geordneten Zustand beobachtet werden, was erneut die Bedeutung der
magnetischen Kompensationstemperatur herausstellt.

Zusammenfassend ist aus den Untersuchungen der Arbeit zu schließen, dass atomis-
tische Spinmodelle sehr gut dazu geeignet sind, thermisch induziertes Schalten in fer-
rimagnetischen Materialien zu beschreiben und die zugrunde liegenden mikroskopischen
Prozesse zu verstehen. Mit Hilfe der Modelle konnte insbesondere gezeigt werden, dass
die starke thermische Anregung der d-Elektronen das System in einen Nichtgleichge-
wichtszustand bringt. Dissipationslose Spindynamik führt in dem Fall zunächst zu einem
Energie- und Drehimpulsaustausch zwischen den Untergittern und als Folge dessen in
einen transienten ferromagnetisch geordneten Zustand auf einer Zeitskala im Pikosekun-
denbereich. Der Drehimpulsübertrag auf das 4f -Spinsystem, das nicht direkt durch den
Laser angeregt werden kann, wird hierbei durch die Austauschkopplung zu den 5d-Spins
vermittelt. Die anschließende Relaxation hängt von der Temperatur und der Energie
in den Spinsystemen ab. Da in Ferrimagneten das Untergitter mit dem größeren Dre-
himpuls die Relaxationsdynamik dominiert, relaxiert das Spinsystem nur in einen um-
magnetisierten Zustand, wenn während der Relaxation ausreichend Energie im System
vorhanden ist, so dass das stärker gekoppelte Fe-Untergitter die Dynamik dominieren
kann. Dies ist stets zutreffend, wenn die Temperatur des Wärmebades während der
Relaxation oberhalb der Kompensationstemperatur liegt.
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1 Motivation and overview

1.1 Ultrafast magnetization dynamics and data storage

The question on what time scales and by what means magnetization in magnetic materi-
als can be manipulated is of significant interest for technical applications, but also from a
fundamental physical point of view. On the technical side the demand for ever-increasing
speed of data storage in magnetic memory devices requires new, faster methods for ma-
nipulating the magnetization in solids to keep pace with computation rates of modern
processors. On the physics side magnetization dynamics on a femtosecond timescale is
at the very heart of relativistic quantum mechanics, since the fundamentals of magneti-
zation in solids are electrons, their spin, orbital momentum and the Coulomb interaction
in combination with the Pauli principle. To understand these basic properties within
the limit of ultrafast timescales is of fundamental interest.

The conventional way to record a magnetic bit is to set the magnetization vector of
individual magnetic domains either up or down by using a magnetic field. The fastest
way to do this is to apply a strong field perpendicular to the magnetization axis. The
torque acting on the magnetic moment is proportional to the applied field. Therefore,
one would naively expect that the reversal speed is in principal only restricted by the
available field strength. But recent experiments, using relativistic electron bunches from
Stanford Linear Accelerator (SLAC) to generate short magnetic field pulses up to 3 T,
showed that magnetization reversal becomes non-deterministic, if the pulse is shorter
than 2 ps [175].

The demonstration of sub-picosecond demagnetization by a 60 fs laser pulse by Beau-
repaire et al. [29] opened up a new avenue for manipulating and controlling magneti-
zation on a sub-ps timescale. This finding is exploited in the so-called Heat-Assisted
Magnetic Recording (HAMR), where laser heating is used to reduce the coercive field
of the writing domain so that the magnetization can be reversed by means of a smaller
external magnetic field [106]. This can lead to linear reversal, which is much faster
than conventional writing methods via circular or elliptical precession [86]. However, an
external field is still required to determine the direction of the final state.

While in ferromagnets the ultrafast magnetization dynamics appear due to tempera-
ture effects, antiferromagnetic materials inherently exhibit ultrafast dynamics because
of their strong antiferromagnetic coupling. It has been shown that antiferromagnetic
exchange modes can be directly accessed via the so-called inverse Faraday effect, where
a circularly polarized laser pulse induces a magnetic field in the sample [96]. The latter
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effect has also been shown to be able to trigger a so-called inertia-driven spin switching in
the orthoferrite HoFeO3 [95]. Here, the induced inverse Faraday field is used to deposit
energy in the system, which the system itself uses to overcome an anisotropy barrier
long after the pulse is gone. The magnetization can directly be manipulated in antifer-
romagnets with single cycle THz pulses. This has been shown recently by Kampfrath
et al., who demonstrated that the magnetic field of a single cycle THz pulse is able to
turn coherent precession on and off in the insulating antiferromagnet NiO [83].

More recently it has been shown, that in ferrimagnets an ultrafast reversal is possible
without any additional magnetic field. Stanciu et al. showed that a circularly polarized
laser pulse is able to switch the magnetization in ferrimagnetic GdFeCo compounds on
a fs timescale [162]. Here, the polarization determines the direction of the reversal. A
few years later it was shown by a collaboration of several experimental and theoretical
groups, that switching in ferrimagnets could be a much more general phenomenon. The
magnetization switching in ferrimagnetic GdFeCo compounds can also be achieved with
linearly polarized laser pulses [141, 134]. This is very surprising, since a linear polarized
pulse mainly heats the material. Heat cannot give a direction and one would expect
a random relaxation after the demagnetization process. In fact, the thermally induced
switching is deterministic.

All the effects described above have potential to be used in modern devices, but
before one can create more complex materials which exhibit the properties desired for
technological applications, the underlying mechanisms and the interplay of the different
material properties, which lead to unexpected ultrafast magnetization dynamics like
ultrafast demagnetization, inertia-like or all-optical switching, have to be understood.

In fact, although the first ultrafast demagnetization experiments were performed al-
most 20 years ago, the underlying microscopic mechanisms are still poorly understood.
As magnetism is closely connected to angular momentum, the main question which
arises is how fast energy can be deposited in the system and how fast, through which
mechanisms and between which reservoirs the angular momentum and energy can be ex-
changed. These very fundamental issues of conservation and ultrafast transfer of energy
and angular momentum between electrons, the lattice and magnetic degrees of freedom
on a fs timescale make the subject very interesting from the physical point of view as well.
Since direct energy transfer into the spin system is forbidden as are spin-flip transitions
in the electric dipole approximation, it is assumed that the energy is pumped into the
electron and phonon system first. This leads to a strong non-equilibrium between the
electronic, lattice and magnetic sub-system. Moreover, even the sub-systems itself are
not necessarily in equilibrium on a ps or sub-ps timescale. So, a description of magnetic
phenomena in terms of equilibrium thermodynamics is no longer valid.

This thesis deals with these fundamental ultrafast processes, which occur after exciting
magnetic materials with fs laser pulses by means of atomistic spin model simulations and
analytical calculations. Different systems are investigated including antiferromagnets,
ferrimagnets as well as rare-earth ferromagnets. Different processes are uncovered, which
can lead to switching of the magnetization on a sub-ps timescale.
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1.2 Brief outlook over all chapters

The thesis is organized as follows:
In chapter 2 a short introduction to ultrafast magnetization dynamics is given. The

main experiments on ultrafast magnetization dynamics in antiferromagnets, ultrafast de-
magnetization, all-optical helicity-dependent switching and all-optical thermally-induced
switching are introduced. The focus lies on the experiments, which are in direct connec-
tion to the simulations in this thesis. In the last section a very brief introduction to the
measurement techniques, which give the possibility to image ultrafast magnetization on
ultrafast timescales is given.

Chapter 3 deals with the theoretical background of the thesis. The fundamental
models of Heisenberg and Stoner are introduced and the basic definitions of exchange
splitting and exchange interaction are given. Since in the simulations in this thesis
data from first principles for the exchange constants in the Heisenberg model is used,
also basic concepts of density functional theory are presented. In sections 3.2-3.4 the
basics of atomistic spin model simulations, the main method used in this thesis, are
introduced. The general Hamiltonian of a localized atomistic spin model is shown in
section 3.2. Section 3.3 deals with the equation of motion for magnetization dynamics,
the Landau-Lifshitz-Gilbert equation with thermal noise term. Crucial for simulations
of laser induced magnetization dynamics is the interaction of the laser pulse with the
magnetic sample. It is usually modeled with temperature models, in which it is assumed
that the laser mainly excites the electronic system. The following relaxation dynamics
between different reservoirs can then be described in terms of rate equations within
the so-called two temperature model. The temperature model and how this enters spin
model simulations is discussed in section 3.4.

Direct excitation of antiferromagnetic exchange modes is the topic of chapter 4. Ac-
cording to one recent experiments, in which an inertia-like behavior in antiferromagnets
is claimed and one, in which antiferromagnetic NiO is excited directly by the magnetic
field of a single cycle THz pulse, the possibility of switching the sublattice magnetiza-
tions in antiferromagnets with B-fields of single cycle laser pulses is investigated. The
Landau-Lifshitz equation is solved analytically in the non-linear regime and computer
simulations are performed. Both methods show that an antiferromagnetic switching
mode can indeed lead to a sub-ps inertia-like switching, if the exciting field pulse pumps
enough energy into the system. For rectangular field pulses the needed field strength is
calculated analytically, which reveals that for realistic materials like NiO large fields of
about 20 T are needed. Simulations with resonant excitations show that the necessary
field strengths are reduced if the B-field stays in resonance for as many cycles as possi-
ble. Furthermore, simulations with ferrimagnets are done. It is shown that this type of
switching also works for ferrimagnets at the magnetization compensation temperature,
but fails for other temperatures. It is shown that this is due to the reduced symmetry
of a ferrimagnet which leads to more complex precessional dynamics.

The subsequent chapter deals with modeling all-optical thermally-induced magneti-
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zation switching in ferrimagnets. The switching dynamics is investigated by means of
atomistic spin model simulations. To uncover the underlying microscopic processes toy
models are used and only the dynamics after the initial laser pulse has led to a demag-
netization is investigated. The transient ferromagnetic-like state can be explained by
redistribution of the induced energy among the sublattices under the constraint of angu-
lar momentum conservation as a consequence of the maximization of statistical entropy.
This dissipationless spin transfer between the sublattices is driven by their antiferromag-
netic coupling. Furthermore, the importance of the magnetization compensation point
is stressed, because precessional motion can lead to a back-switching, if the temperature
after electron-phonon equilibration is below the compensation temperature.

In chapter 6 demagnetization dynamics of the rare-earth ferromagnet Gd is investi-
gated. Gd is one of the elements in the ferrimagnetic compounds used in most of the
experiments, in which all-optical switching was demonstrated. In contrast to transition
metals, within which the magnetic moments are due to the valence electrons, the mag-
netic moment in Gd is dominated by the 4f shell, which lies deep below the Fermi level.
The 5d6s valence electrons carry only a small magnetic moment, but are coupled via an
intra-atomic exchange to the magnetic moment of the 4f electrons and via inter-atomic
exchange to the neighboring 5d6s magnetic moments. In pump-probe experiments usu-
ally photon energies are used, which can only directly excite the 5d6s electrons and
do not affect the low lying 4f electrons. In a collaboration with Dr. Karel Carva from
Charles University in Prague and Prof. Peter M. Oppeneer from Uppsala University a
full ab initio orbital-resolved spin model is developed to simulate the demagnetization
dynamics in hcp Gadolinium. To compare the simulation results with experiments from
the collaborating group of Prof. Martin Weinelt from the Freie Universität Berlin, an
improved temperature model for a thin Gd film on a W substrate is introduced. The
simulations show very good agreement with the performed angle resolved photoemission
experiments and indicate a decoupling of the 4f and 5d6s moments on a ps timescale
despite their strong intra-atomic exchange coupling. This also explains the slower de-
magnetization of the Gd sublattice in GdFeCo in all optical switching experiments.

An orbital-resolved spin model is also used in chapter 7, in which the thermally-
induced all-optical switching dynamics of rare-earth-based ferrimagnets is investigated.
It is also a collaboration with Prof. Peter M. Oppeneer and Dr. Karel Carva. It is
shown that the switching dynamics is much better described with this orbital-resolved
model than with a conventional spin model, in which a single spin per atom is used.
The transient ferromagnetic-like state, which was observed in time resolved XMCD
measurements, is reproduced and it is shown that the intra-atomic exchange is sufficient
to switch the large magnetization of the 4f electrons in Gd. The dependence on the
fluence of the laser as well as the coupling to the heat bath parameter α is investigated
in more detail. In the last part it is shown that in an orbital-resolved spin model without
a magnetic compensation temperature switching is not observed.

In chapter 8 the results are summarized and a short outlook on open questions and
current research is given.
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2 Introduction to ultrafast

magnetization dynamics

The development of optical methods to probe magnetization in solids opened up the
possibility to investigate magnetization dynamics on a fs timescale in a framework of
so-called pump-probe measurements. Within these experiments a first laser pulse excites
a magnetic material and a second pulse is used to measure the magnetization after a
certain time delay. In 1996, Beaurepaire et al. used this technique to demonstrate sub-
picosecond quenching of the magnetization in thin Ni films excited by fs laser pulses
[29]. Today, this new field in magnetism is known under the collective term ultrafast
magnetization dynamics.

In the following chapter a short introduction to ultrafast magnetization dynamics is
given. Firstly, experiments showing non-thermal control of magnetization dynamics in
antiferromagnets on a ps timescale are introduced. Afterwards, a short review of the lat-
est measurements and theories in ultrafast demagnetization is given. This is followed by
an introduction to the more complex phenomena of helicity-dependent all-optical switch-
ing and all-optical thermally-induced switching. At the end of this chapter a very brief
introduction to the measurement methods, which are used to monitor magnetization
dynamics on a fs timescale, is given.

2.1 Ultrafast magnetization dynamics of

antiferromagnets

The easiest way to manipulate the magnetization in a solid is to apply an external
magnetic field. Via Zeeman interaction the field couples to the magnetization of the
solid leading to precessional motion around the effective field. This is well described by
the Landau-Lifshitz-Gilbert (LLG) equation [110]. Altering the field with a resonant
ac-field at the eigenfrequencies of a ferromagnetic material leads to the phenomena of
ferromagnetic resonance (FMR) [100]. The frequencies are mainly determined by the
anisotropy and are usually in the GHz regime. In contrast, the resonance frequency in
an antiferromagnet are determined by the strong antiferromagnetic exchange between
the different sublattices which is usually a few orders larger than the anisotropy. Thus,
the antiferromagnetic resonance (AFMR) frequencies lie in the THz regime [99] and a
direct excitation is very challenging due to the lack of sufficiently fast magnetic fields.
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Figure 2.1: Inertia-like switching of the orthoferrite HoFeO3. Left hand side: A magnetic
field pulse induced via the inverse Faraday effect excites the system, which
uses its “inertia” to switch from the meta-stable state Γ12 to the meta-stable
state Γ24 long after the pulse is already gone. Right hand side: Theoretical
modeling (a) and measured Faraday rotation (b) after the laser excitation.
Taken from [95].

Exploiting the inverse Faraday effect (IFE) is an alternative possibility to directly
manipulate the magnetization via the Zeeman interaction. The IFE induces a magnetic
moment proportional to the Verdet constant of the material and arises due to incident
circularly polarized light [187, 137]. The theory of the IFE was recently extended to
the extreme conditions occurring in fs laser excitation [140, 25]. Several experiments
have shown that a direct excitation of antiferromagnetic resonance modes by means
of the inverse Faraday effect is possible. In particular Kimel and coworkers showed
excitations of AFMR modes with 200 fs circularly polarized laser pulses in the rare-
earth (RE) orthoferrite DyFeO3, within which a large spin-orbit coupling gives rise to
strong magneto-optic effects [96]. The IFE is assumed to rest on Raman-like coherent
optical scattering processes and, therefore, the effect of light on the magnetization is
supposed to be non-thermal. Similar experiments have also been done on the easy-plane
antiferromagnet FeBO3 [81] and the orthoferrite TmFeO3 [97].

More recently Kimel and coworkers were able to show that this kind of excitation
can lead to a switching between two meta-stable states [95]. Surprisingly, this switching
process is mediated via the exchange interaction between the different sublattices and
shows a kind of inertial behavior (see left hand side of Fig. 2.1). This means in particular
that during the ultrashort field pulse energy is put into the system which is used to
overcome the anisotropy energy barrier long after the pulse is gone. It can be seen as
analogous to classical mechanics where the kinetic energy in a system can be transferred
to potential energy to overcome a potential barrier. In the experiments Kimel and
coworkers used the orthoferrite HoFeO3 which exhibits two meta-stable states (Γ12 and
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Figure 2.2: Coherent control of antiferromagnetic resonance modes in NiO by means of
single cycle THz laser pulse. Left hand side: The magnetic field component
of the pulse (a) gives rise to precessional dynamics, which are observed by
time-resolved Faraday measurements (b). Right hand side: A single pulse
excites precessional motion (a). Depending on the phase a second pulse can
either double the amplitude (b) or turn off the precession (c). From [83]

.

Γ24) in the temperature regime between 38 and 58 K (see fig. 2.1). A 100 fs circularly
polarized laser pulse is then used to induce an inverse Faraday field in the sample which
triggers a precessional motion leading into the meta-stable state. The final meta-stable
state depends on the polarization of the light and, therefore, on the direction of the
induced Faraday field (right hand side of Fig. 2.1).

A different way to excite antiferromagnets has been demonstrated by Kampfrath and
coworkers [83]. Using the magnetic field component of single cycle THz laser pulses
they were able to control previously inaccessible antiferromagnetic resonance modes in
the insulator NiO. The left hand side of Fig. 2.2 shows the magnetic field component
of the exciting pulse (a) and the measured time-resolved Faraday signal, which parallels
the magnetization of the sample (see section 2.4.1). Surprisingly, it was shown that the
strong electric field has no effect on the dynamics. So the dynamics is solely driven by the
magnetic field and therefore proportional to the strength of the pump pulse. By precisely
adjusting the frequency to a resonance mode and using several pulses Kampfrath and
coworkers were even able to switch the coherent precessions on and off or double the
amplitude by a second pulse (right hand side of figure 2.2).
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2 Introduction to ultrafast magnetization dynamics

In chapter 4 it is investigated whether also collinear antiferromagnets can show inertia-
like switching upon excitation with sufficiently strong resonant ultrashort pulses.

2.2 Ultrafast demagnetization

Pioneering work in measuring demagnetization dynamics upon optical excitation has
been done by Vaterlaus et al. in 1991 [189, 188]. In this work spin polarized photoe-
mission spectroscopy was used to measure the demagnetization dynamics in Gd and Fe
during a strong ns laser pulse. The demagnetization is usually described by an expo-
nential decay with a so-called demagnetization time constant. As the probe pulses with
60 ps were still relatively long in these experiments, Vaterlaus and coworkers were only
able to determine the demagnetization time constant within a large error bar. In Gd
they found a demagnetization time constant of 100 ± 80 ps. For Fe they were only able
to give lower and upper limits of 30 ps and 20 ns. The demagnetization was associ-
ated to direct spin-lattice relaxation given by the spin-orbit induced magnetocrystalline
anisotropy energy [75].

Due to the development of lasers with pulse lengths of a few fs, Beaurepaire et al.

were able to show in 1996 that the magnetization dynamics can be much faster in ferro-
magnetic transition metals (TM) [29]. Beaurepaire and coworkers observed a reduction
of the magneto-optical Kerr effect (MOKE) signal of a thin Ni film of 40 percent within
less than 1 ps after an excitation with a strong 60 fs laser pulse (see Fig. 2.3). The
experiment demonstrated for the first time demagnetization on a sub-ps timescale which
opened up a new area of physics called ultrafast magnetization dynamics. The obser-
vations were qualitatively well described by employing a phenomenological three tem-
perature model, implying that the effect is mainly temperature driven. Similar results
were observed later by means of time-resolved pump-probe second-harmonic generation
(SHG) measurements in Ni and Co [72, 62].

After the first investigations of ultrafast magnetization dynamics, it was highly de-
bated whether magneto-optical measurements in non-equilibrium systems can be affected
by non-magnetic effects in the electronic system. In particular it was doubted that the
measurements really show the demagnetization of the samples [144, 104]. Also Oppeneer
and Liebsch concluded in a theoretical study of the non-equilibrium spin distribution that
the Kerr signal cannot measure magnetization on a sub-ps timescale [132]. However, dif-
ferent other approaches with different measurement techniques, e.g. spin-resolved two
photon emission [156, 43, 191, 53], measuring the exchange splitting in time-resolved
photoemission spectroscopy [147] and x-ray magnetic circular dichroism (XMCD) mea-
surements [161, 79] confirmed sub-ps demagnetization in transition metals. Moreover,
La-O-Vorakiat et al. showed with extreme ultraviolet light from high-harmonic gener-
ation that the signal from the transverse magneto-optical Kerr effect at the M2,3 edges
is hardly perturbed at all by non-magnetic artifacts [109]. So nowadays the existence of
ultrafast demagnetization in transition metals is commonly accepted.
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2.2 Ultrafast demagnetization

Figure 2.3: Ultrafast drop of the magneto-optical Kerr signal from a thin Ni film after
excitation with a 60 fs laser pulse. Taken from [29].

While in the last years more and more experimental studies have shown ultrafast
demagnetization dynamics in a broad variety of materials, the quantum mechanical
processes underlying ultrafast demagnetization are still poorly understood. The main
question is how the energy is transferred to the spin system and how the magnetization,
or more precisely the angular momentum, which is connected to the magnetization via
the gyromagnetic ratio, leaves the system. The direct spin-lattice relaxation mediated by
the spin-orbit coupling which is assumed to be responsible for the demagnetization in Gd
after heating up the lattice with a long ns laser pulse [189, 188, 75] is too slow to explain
the ultrafast demagnetization channels in transition metals excited by fs radiation.

A lot of effort has been made to uncover the microscopic processes by means of ab

initio calculations. A first theoretical approach by Zhang and Hübner rest on a co-
operative effect of the external laser field and the internal spin-orbit coupling [200],
but there is still no experimental evidence that the proposed mechanisms really exist
in these materials [98]. Another approach in which the laser field is directly involved
was recently given by Bigot et al. [30]. They claim a direct coupling of the laser to
the spin system beyond the spin-orbit interaction which contributes significantly to the
demagnetization. Many investigations focus on Elliot-Yafet-like electron-phonon scat-
tering processes [103, 102, 166, 38, 50] whereby the spin-orbit interaction mediates a spin
flip with a certain probability, when an electron scatters with a phonon. Also electron-
electron spin-flip scattering is assumed to play a crucial role [105]. Other experiments
reveal the importance of direct electron-magnon interaction mediated by spin-orbit cou-
pling [37] or magnon emission due to hot electrons [154]. Recently a mechanism called
superdiffusive spin transport was proposed [26, 27]. Here, the angular momentum is
carried away by the hot electrons via an effective spin current due to different mean
free paths of the electrons in the “spin up” and “spin down” bands. Recent experiments
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2 Introduction to ultrafast magnetization dynamics

confirm the existence of the effect, but the magnitude of its contribution is still up for
debate [150, 49].

Evidence for temperature driven effects has been given by modeling ultrafast demag-
netization dynamics either with atomistic simulations based on the LLG equation [88] or
microscopic simulations based on the Landau-Lifshitz-Bloch equation [14, 86, 15, 125].
In these models it is assumed that the laser primary excites the electronic system which
thermalize in tens of fs. The magnetic system is then coupled via a phenomenologi-
cal damping constant to the electronic system which can reach temperatures up to a
few thousand K. The following relaxation of the electron with the phonon system takes
∼ 1 − 2 ps and is driven by electron-phonon scattering mechanisms. The underlying
quantum mechanical processes of the damping are not specified, but it is assumed that
they can be described by a single parameter usually denoted as α. The damping param-
eter determines the timescale of the ultrafast demagnetization as well as the timescale
of the somewhat slower remagnetization. Thus, it is assumed that underlying physical
mechanisms are the same for both processes [47]. The models are in excellent agreement
with experiments which gives strong evidence that the hot electrons play a crucial role
in ultrafast demagnetization dynamics.

Most of the investigated mechanisms rest on a direct excitation of the valence elec-
trons, which carry the magnetic moments in transition metals (see section 3.1.2). In
rare-earth metals the situation is quite different. The valence electrons only contribute
with a very small magnetic moment, but are responsible for the ferromagnetic ordering.
The dominating part of the magnetic moment comes from the 4f electrons which lie
deep below the Fermi level and cannot be excited directly with the laser pulses usually
used in fs pump-probe experiments. The demagnetization dynamics in rare-earth metals
is, therefore, assumed to be much slower than in transition metals. The experiments by
Vaterlaus which were already mentioned above give a large demagnetization time con-
stant of 100 ± 80 ps for the rare-earth ferromagnet Gd [189], but they were performed
with ns laser pulses which make them not comparable to fs pump-probe experiments.
Melnikov and coworkers investigated the demagnetization dynamics in Gd upon laser
excitation with a 100 fs laser pulse [123]. They used magnetic linear dichroism (MLD)
to measure the magnetization dynamics of the 4f spin system and showed that the elec-
tron, phonon and spin system stay out of equilibrium for almost 80 ps [123, 31, 124].
This is in contrast to the magnetization dynamics in transition metals in which the
magnetization follows the evolution of the lattice temperature once equilibrium between
electrons and phonons has been established [29, 72]. However, the time resolution in
these works was of 50 ps and, therefore, not accurate enough to give a reasonable demag-
netization constant. A recent study by means of XMCD measurements by Wietstruk et

al. [196] suggests a two-step demagnetization of the 4f spin system in Gd and Tb. In
Gd the demagnetization consists of a first ultrafast demagnetization with a time con-
stant of 750 fs and a second slower demagnetization with a time constant of 40 ps (see
Fig. 2.4). It has been argued that the ultrafast drop of the magnetization is mediated via
the exchange coupling between the directly excited valence electrons and the magnetic
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Figure 2.4: Time resolved XMCD measurements showing two-step demagnetization in
polycrystalline Gd and Tb. Taken from [196].

moments of the 4f electrons, but the measurements were done on poly-crystalline Gd
and it is not clear whether these results can be directly compared with single-crystalline
Gd. Therefore, it is still up for debate, whether this ultrafast drop of the 4f magneti-
zation exists in single crystalline Gd. In fact, it will be shown in this thesis that new
MLD measurements suggest slow demagnetization dynamics of the 4f magnetization
in single crystalline Gd(0001) grown on a W(100) substrate. Simultaneous time- and
angle resolved photoemission spectroscopy (ARPES) measurements show ultrafast de-
magnetization of the magnetization due to the valence electrons and, therefore, distinct
dynamics of the magnetization due to localized and valence electrons. Ultrafast demag-
netization of the valence spin system was also recently observed by means of MOKE and
ARPES measurements in single-crystalline Gd [169, 36].

2.3 All-optical magnetization switching

First experiments investigating switching of the magnetization in ferrimagnets supported
by magneto-optical processes have already been performed in 1990 by Aeschlimann and
coworkers [2]. It was shown that the magneto-optical writing process in ferrimagnetic
GdTbFe alloys is much faster around the magnetization compensation temperature TM

than around the Curie temperature TC. However, the pump pulses they used were still in
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Figure 2.5: All-optical helicity-dependent switching. A 40 fs circularly polarized laser
pulse was swept over the sample, so that each spot is hit only once. Black
indicates magnetization pointing up and gray the magnetization pointing
down. Taken from [162].

the ns regime and an external field was used to determine the direction of the switching.
A much faster reversal could be observed by Hohlfeld and coworkers in 2001 [71]. Due
to the development of fs laser pulses, they were able to show the first femtosecond pump
pulse induced switching on a ps timescale. For this purpose Hohlfeld and coworkers used
a ferrimagnetic GdFeCo compound. A fs pump pulse led to an ultrafast quenching of
the magnetization and an external magnetic field determined the direction of the final
magnetization.

2.3.1 All-optical helicity-dependent switching

The first experiment showing all-optical magnetization switching without any additional
magnetic field was done in 2007 by Stanciu et al. [162]. Circularly polarized fs laser
pulses were used to switch the sublattice magnetizations in a ferrimagnetic GdFeCo
compound. They proposed a reversal mechanism based on heating and a strong mag-
netic field induced by the circularly polarized laser pulse via the IFE [138, 187, 137, 140]
which determines the direction of the magnetization after recovery. Due to the very
strong magneto-optical properties of the GdFeCo compounds it was estimated that the
IFE can induce fields up to 20 T. The switching process itself was assumed to occur via a
linear non-equilibrium path as found in simulations based on the Landau-Lifshitz-Bloch
equation for ferromagnets by Kazantseva et al. [86]. The possibility to reach a linear
reversal path in ferromagnets with available temperatures and fields is also supported
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by atomistic spin model simulations for FePt [21]. For the switching in ferrimagnets
qualitatively good agreement was achieved between simulations based on the model of
Kazantseva et al. and measurements [181, 180]. However, in contrast to the ferrimag-
netic GdFeCo compound used in the experiments, the simulations were performed by
means of a ferromagnetic model. Furthermore, it was assumed that the IFE can induce
fields of 20 T with a duration time of more than 250 fs, which is 2.5 times longer than
the pulse duration time of the laser.

Further studies on helicity-dependent all-optical switching were focused on the ques-
tion of how big the role of the helicity and the IFE is in comparison to the induced
heat. While Hohlfeld and coworkers proposed that heat slows down the switching pro-
cess and is not needed for switching [73], Alebrand and coworkers showed that heating
plays a significant role [6]. In their experiments two pulses, one linearly and one cir-
cularly polarized, were applied one after the other. With this setup less intense pulses
were necessary to switch the magnetization, showing that the heating of the linearly
polarized pulse reduces the needed helicity-dependent effect of the circularly polarized
pulse. Furthermore, they showed that switching also occurred if the pulses were applied
with a time delay of a few ps. This time delay could be even longer, if the second pulse
was the heat pulse. This demonstrated that heat alone can trigger the switching, if the
system is already in an excited state. By the same group it was shown that switching
can be observed in a wide range of pulse duration from 45 fs up to 10 ps pulses [167]
and that switching is also possible in highly anisotropic TbCo compounds [5].

More recently Mangin and coworkers showed that switching can be achieved in a
broad variety of materials, including different RE-TM compounds, RE-TM multilayers
and even in synthetic ferrimagnets of different transition metals [119]. These experiments
suggested that materials showing all-optical magnetization reversal need to fulfill three
criteria [94].

1. They have to consist of two sublattices which are antiferromagnetically coupled.

2. The magnetic sublattices need to have different temperature dependencies, so that
the sample has a compensation temperature TM.

3. The medium has to exhibit perpendicular anisotropy.

The rules are all phenomenological, but probing thousands of samples fulfilling the three
criteria, Mangin and coworkers were able to find a number of samples showing all-optical
helicity-depended switching.

However, the origin of all-optical helicity-dependent switching is still quite unclear and
especially the role of the helicity-dependence is highly debated. Indeed, experiments
as well as spin model simulations have shown that linearly polarized light can also
induce switching of the magnetization in ferrimagnetic GdFeCo compounds, revealing
that helicity is not necessary [141, 134]. The phenomenon is called thermally-induced
switching and is introduced in the next section.
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Figure 2.6: Time-resolved element-specific probing of the sublattice magnetizations in
GdFeCo after excitation with a 60 fs linearly polarized laser pulse. The
switching occurs via a so-called transient ferromagnetic-like state, in which
both sublattice magnetizations point in the same direction for more than
1 ps. Taken from [141].

2.3.2 Thermally-induced all-optical switching

A few years after the discovery of all-optical helicity-dependent switching, Radu and
coworkers performed time-resolved element-specific XMCD measurements showing all-
optical switching in GdFeCo with linearly polarized light [141]. On the one hand this
was a break-through in ultrafast switching dynamics, because it was the first experiment
monitoring the switching process for the FeCo and Gd sublattice separately. On the
other hand the switching was triggered by a linearly polarized laser pulse indicating
that a large IFE field is not necessary. The linearly polarized laser pulse is assumed
to serve as a heat source only which rapidly heats the electronic system. Hence, this
type of reversal is called thermally-induced switching. Most surprisingly, it was observed
that the switching occurred via a so-called transient ferromagnetic-like state (TFLS),
meaning that both sublattices, although strongly antiferromagnetically coupled, point
in the same direction for more than one ps (see Fig. 2.6). In a recent experiment Li and
coworkers were also able to demonstrate that no huge field from the IFE is needed, but
a small external field of 0.7 kOe is sufficient to determine the direction of the switching
in a TbFeCo compound upon excitation linearly polarized laser pulse [112].

Shortly after the findings of Radu et al., Ostler and coworkers showed, by means
of atomistic spin model simulations and experiments, that not even a small external
magnetic field is necessary, but switching can be achieved with a linearly polarized laser
pulse only [134]. Furthermore, they were able to show that thermally-induced switching
works for materials with out-of plane as well as in-plane magnetization and even with

14



2.3 All-optical magnetization switching

Fluence mJ cm

FF

LC

LP

RC

LC RC

σ

Figure 2.7: Comparison of threshold fluence for left-handed circularly (LC), right-handed
circularly (RC) and linearly (LP) polarized light to achieve all-optical switch-
ing in GdFeCo. Taken from [92].

an external field applied in the opposite direction. This finally revealed that an inverse
Faraday effect is not required for all-optical magnetization switching. Switching against
an external magnetic field was also observed in recent experiments by Xu et al. [199].

Moreover, investigations by Khorsand and coworkers suggest that thermally-induced
magnetization switching is the dominant process also in helicity-dependent switching
in rare-earth-based ferrimagnets [92]. They demonstrated that all-optical switching in
GdFeCo is subjected to a threshold fluence absorbed in the magnetic layer and can be
achieved with left-handed, right-handed and linearly polarized light. Fig. 2.7 shows the
dependence of the switching on the incident fluence for different polarizations. The differ-
ences in the threshold fluence for left-handed and right-handed circularly polarized light
can be explained with different absorption coefficients for left-handed and right-handed
polarized light due to magnetic circular dichroism (MCD). By estimating the inverse
Faraday field for different wavelengths, Khorsand and coworkers concluded that other
mechanisms to all-optical helicity-dependent are at least 10 times smaller than MCD.
Similar observations have also been made by Vahaplar and coworkers, who observed all-
optical helicity-dependent switching in Gd26FeCo only within a small window of about
a fluence of ∼ 3.14 mJ/cm2 [180]. In a much larger window above a certain threshold
fluence switching was achieved with laser pulses independent of the polarization. For
laser fluences above ∼ 4.7 mJ/cm2, only the formation of a multi-domain state was
observed. Also Ohkochi and coworkers showed that the crucial step for magnetization
switching is the achievement of a threshold temperature in the electron system and that
the helicity plays a minor role [130]. Furthermore, it was shown that thermally-induced
switching can be observed for out-of-plain domains down to 200 nm nanostructures with
single 50 fs laser shots [111] and Savoini et al. proposed that due to interference effects
within microstructures switching can be achieved with extremely low energy of 10 fJ per
pulse in 20 × 20nm2 GdFeCo samples [152]. Overall, the findings show that switching
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Figure 2.8: Element-specific probing of ultrafast magnetization dynamics in TbFe upon
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Taken from [93].

in GdFeCo is a much more general effect than just a demagnetization and relaxation in
direction of an external field effect.

The occurrence of a TFLS was one of the most surprising observations of the element-
specific measurements by Radu and coworkers and was assumed to be a crucial step
to achieve magnetization reversal [141]. However, Khorsand et al. showed by element-
specific time-resolved measurements with visible light that a TFLS does not necessarily
lead to a switching of both sublattices [93]. In particular they observed a TFLS in
a TbFe compound, but after a few ps the system relaxes back to its initial state (see
Fig. 2.8). Similar results have recently also been observed in TbCo [4].

The underlying physical mechanisms leading to the TFLS are still up for debate. First
qualitative understanding was given by Mentink et al., who used a model based on the
longitudinal part of the phenomenological Baryakhtar equation [22, 23] to explain the
TFLS as a consequence of exchange relaxation and angular momentum conservation
[126](see section 3.5.2). The model exhibits two phenomenological constants defining
the exchange and the dissipation timescale which are unknown in general. Furthermore,
it can only describe the relaxation dynamics starting from a non-equilibrium state and
not the laser excitation, which is assumed to proceed on a different timescale and can be
separated from the switching process. Hence, the model can only be used for qualitative
understanding rather than quantitative modeling. Qualitatively, the switching can best
be described by means of an atomistic spin model developed by Ostler et al. [135] (see
section 3.5.1). The model describes the whole switching process including the excitation
by the laser pulse, but can neither show quantitative agreement in the different demag-
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netization times of the different materials nor explain the underlying physics leading to
the TFLS. Recently, Barker and coworkers used this model in combination with analytic
calculations to show that the switching is caused by the excitation of two-magnon bound
states in which the energy is transferred from ferromagnetic to antiferromagnetic modes
via non-linear interactions [20]. Since the properties of the two-magnon bound states
are dependent on material factors they were able to predict the onset of switching for
different compositions of GdFeCo compounds. As a key role they identified the size of
the band gap between ferromagnetic and antiferromagnetic modes and the Gd cluster-
ing which limits the range of the two-magnon states. Nevertheless, they were not able
to specify the underlying mechanisms leading to the transfer of angular momentum.
Chapter 5 is devoted to investigate the switching dynamics of ferrimagnets by means
of atomistic spin model simulations and to uncover the mechanisms leading to a tran-
sient ferromagnetic-like state. In chapter 7 an advanced orbital-resolved spin model is
introduced to describe the switching in GeFeCo more realistically.

Several attempts to explain the mechanism of reversal upon laser excitation in ferri-
magnetic materials, have included a discussion of a magnetization and angular momen-
tum compensation temperatures TM and TA [164, 181, 141]. These explanations involve
a discussion of the change in magnetization dynamics at or around compensation. In
fact, almost all materials showing all-optical switching exhibit a magnetization com-
pensation temperature [162, 181, 141, 134, 6, 5, 167, 119]. Only a few investigations
on TbFe compounds show helicity-dependent all-optical switching in samples without
a compensation temperature [64, 65, 66]. However, switching was observed below and
above TM [134, 180]. Recently, it was shown that ultrafast laser-induced demagneti-
zation is more efficient when the sample temperature is below TM, which can help to
achieve the non-equilibrium situation which leads to the switching [121]. Nevertheless,
so far no explanation could be given as to why the compensation temperature is im-
portant, but it is still assumed that a compensation temperature plays a crucial role in
all-optical switching [119, 94]. The investigations in this thesis reveal the importance of
a compensation temperature as well (see chapter 5 and 7).

2.4 Experimental methods to image ultrafast

magnetization dynamics

Essential for the discovery of ultrafast magnetization dynamics was the development of
magneto-optics with fs laser sources. These made it possible to probe magnetization
on a sub-ps timescale by so-called pump-probe experiments (see Fig. 2.9 for a typical
experimental setup). Usually a beam splitter is used to split a strong laser pulse into
two separate parts. The major part is used to excite the system and a delayed part
probes the system exploiting magneto-optical absorption or transmission effects. Such
methods have made it possible to probe the dynamics down to the fs regime.
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2 Introduction to ultrafast magnetization dynamics

Figure 2.9: Schematic of typical pump-probe setup. A pump pulse excites the system
and a time delayed pulse is used to probe the magnetization, in this particular
case via the Faraday effect. Taken from [180].

2.4.1 The Faraday and magneto-optical Kerr effect

The Faraday as well as the magneto-optical Kerr effect (MOKE) are magneto optical
effects which change the polarization of an incoming light beam. While the Faraday
effect, already found in 1845 by Michael Faraday [51], rotates the polarization plane
of linearly polarized light after transmission through a magnetic field in a medium,
the related magneto-optical Kerr effect, found 1877 by John Kerr [89], changes the
polarization of a reflected beam in a similar way.

Both effects rest on the interaction of the electromagnetic wave with the orbital mo-
ment of the electrons in the sample. In a simplified picture one can explain the effects
with different refractive indices of left-handed and right-handed circularly polarized light,
caused by relative orientation of the magnetization to the contribution to the orbital mo-
ment induced by the circularly polarized light beam. This leads to different velocities
of left-handed and right-handed circularly polarized light and thus, to a rotation of
the polarization plane after the two beams recombine. The rotation angle θF/K is then
proportional to the magnetization of the sample. Furthermore, the different refractive
indices lead to a small ellipticity of the polarization, which can also be used to measure
the magnetization [168].

Since the optical absorption in metallic magnets is very large, the Faraday effect can
only be used to study the magnetization in very thin films. In contrast, the Kerr effect
can also be used to study thicker samples, but in general is mostly sensitive to the surface.
It is possible to measure the Kerr effect in different geometries. If the magnetization
direction is perpendicular to the surface, one speaks of the polar Kerr effect. If the
magnetization is in plane, one distinguishes the longitudinal (magnetization in scattering
plane) and the transverse (magnetization perpendicular to scattering plane) Kerr effect.
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Figure 2.10: A schematic showing the basic idea behind the X-ray magnetic circular
dichroism (XMCD) technique. The electrons in the spin-orbit split orbitals
(2p1/2 and 2p3/2) undergo optical transition according to the selection rules
upon excitation with circularly polarized light. Taken from [179].

2.4.2 X-ray magnetic dichroism

Magnetic dichroism describes the dependence of photon absorption on the polarization
of the incoming light [168]. In X-ray absorption spectroscopy (XAS) core electrons are
excited in the absorption process into empty states above the Fermi energy. Since spin
flips are forbidden in electric dipole transitions, spin-up (spin-down) photoelectrons from
core shells can only be excited into spin-up (spin-down) hole states. The transition in-
tensity is simply proportional to the number of empty states of a given spin and, hence,
provides information about the spin-split valence shell. A main advantage of this tech-
nique is that the absorption cross section exhibits element specific absorption edges if
the X-ray energy is equal to the element specific binding energy of inner atomic electron
levels. The transitions can occur from 1s (K), 2s and 2p (L), and 3s, 3p and 3d (M)
states. Furthermore, the spin-orbit quantum number is labeled, for example 2p1/2 for
the L2 edge, 2p3/2 for the L3 edge, 3d3/2 for the M4 edge as well as 3d5/2 for the M5 edge.
A breakthrough of this technique was the prediction of a strong magnetic dichroism in
4f rare-earth elements by Thole et al. in 1985 [171], which was proven experimentally
one year later by van der Laan et al. [186]. In particular, they showed that due to dipole
selection rules, the absorption spectra of the M4,5 absorption edges in rare-earth metals
are very sensitive to the relative orientation of the electric field vector of a linearly polar-
ized X-ray and the magnetization of the sample. Measurements for different orientations
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2 Introduction to ultrafast magnetization dynamics

of the incident linearly polarized X-ray, therefore, provide information to determine the
local magnetic moment of a rare-earth atom in a magnetically ordered material, the
orientation of the local moment relative to the total magnetization direction as well as
the temperature and field dependence [171].

The basis of X-ray magnetic circular dichroism (XMCD) is the different absorption of
left- and right-handed circularly polarized light. Pioneering work was done by Schütz et

al. in 1987 [158]. According to the optical selection rules, left-handed circularly polarized
photons excite spin-up photoelectrons, right handed circularly polarized photons excite
spin-down electrons. The X-ray absorption is proportional to the difference of the spin
densities of the unoccupied bands. Hence, the difference of two X-ray absorption spectra,
one taken with left-handed and one with right-handed circularly polarized, provides
information on the magnetic properties of the atom such as its spin and orbital magnetic
moment. Fig. 2.10 shows a schematic illustration of the XMCD effect.

2.4.3 Time- and angle-resolved photoelectron spectroscopy

Angle resolved photoelectron spectroscopy (ARPES) is used to investigate the electronic
structure in solids. Based on the photo effect, monochromatic light is used to excite
electrons of the electronic system to vacuum levels. With the simple relation

~ω = EF + Φ + Ekin, (2.1)

where ~ω is the photon energy, EF the Fermi energy, Φ the work function and Ekin is the
kinetic energy of the photoelectron, the energy distribution of the photoelectrons can be
used to calculate the ground state energies. In addition, the angle of the emitted photon
gives information on the momentum vector k and determines the dispersion relation
E(k). In general the analysis of photoelectron spectra is not easy, since there are several
effects, e.g. cross section effects and diffraction effects, which perturb the signal and
have to be taken into account when analyzing the measured spectra.

Spin Polarized photoemission spectroscopy

Probing the spin polarization of the photoelectrons with a spin detector connects pho-
toemission spectroscopy to magnetic properties of the sample. In fact, the polarization
of the photoelectrons is directly proportional to the spin splitting of the density of states
at the energy where the excitation takes place [168]. This is due to the fact that the
dipole-operator does not act on the spin, which is, therefore, not affected by the exci-
tation. The polarization is highly dependent on the energy of the photons inducing the
photoemission, because only for high enough energies all 3d-states can contribute with
equal probability [168]. One of the main disadvantages of this technique is that spin
polarization measurements are rather complicated and lead to the loss of at least three
orders of magnitude in intensity in a Mott detector [39, 90].
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Figure 2.11: ARPES spectrum of Gd probed with p-polarized light in normal emission
with a photon energy of ~ω = 36.8 eV showing the exchange split (5d)
valence bands at 2 eV binding energy and the 4f core level at 8 eV. Taken
from [36].

Exchange splitting as measure for magnetization dynamics

More indirectly, information about the magnetic properties of the sample is provided by
the exchange splitting between the bands for spin up (majority) and spin down (minority)
bands (see section 3.1). The exchange splitting can be observed directly in photoemission
spectroscopy experiments. Fig. 2.11 shows the ARPES spectrum of Gd at 100 K probed
with linearly polarized light in normal emission [36]. The exchange splitting ∆Eex is
defined as the spacing between the maxima of the 5d majority and minority bands
which are clearly visible in the spectrum. For a certain temperature range the exchange
splitting is known to be proportional to the spontaneous magnetization [118, 157], but
close to TC the electronic structure shows a more complex temperature dependence. For
example it has been shown that several materials show a finite exchange splitting above
TC [155, 118].

Nevertheless, recent experiments have shown that quenching of the exchange splitting
occurs on the same timescale as the quenching of the magnetization [147, 36], which
reveals the suitability of this technique to measure magnetization dynamics.
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Magnetic dichroism in photoemission spectroscopy

Moreover, photoemission spectroscopy can also be used to exploit magnetic dichroism
to measure the magnetization of a sample. In magnetic dichroism photoemission spec-
troscopy, the electrons are excited to continuum energies well above the Fermi energy
and this results in qualitatively different information from that given by absorption.
This was first observed by Baumgarten et al. in Fe [28]. A general theory for spin
polarization and magnetic dichroism in photoemission from core and valence states in
localized magnetic systems has been given by Thole and van der Laan [170, 183, 185].
The theory is much more complex than for XAS since electron correlation effects in the
framework of atomic multiplet theory have to be taken into account.

However, Thole and van der Laan showed that for the emission from an incompletely
filled localized shell, such as the 4f shell in rare-earth metals, the integrated intensities
of the magnetic circular dichroism (MCD) and spin spectrum are proportional to the
ground-state orbital and spin magnetic moment, respectively [183]. Furthermore, the
same authors were able to show that for special geometries, where the magnetization is
not in-plane with the electric field and the wave vector of the incoming beam, linearly
polarized light can be used to observe magnetic dichroism as well [184]. This magnetic
linear dichroism (MLD) in photoemission was first shown experimentally by Roth et

al. [149] and Sirotti et al. [159]. The shape of the MLD photoemission spectrum for
the Gd 4f has been shown to be very similar to the MCD photoemission spectrum
[136], and can, therefore, be used to measure the magnetization as well. This has been
done in time resolved measurements by Melnikov et al. [123]. Also, in this thesis
measurements exploiting MLD in photoemission in Gd metal performed in the group of
Prof. Martin Weinelt from the FU Berlin are shown in chapter 6 and compared with
spin model simulations.
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dynamics

In this chapter the theoretical background for modeling magnetization dynamics on
ultrafast timescales is given. Firstly, the fundamental models of Heisenberg and Stoner
are introduced. The Heisenberg model can describe magnetism in systems wherein the
magnetic moments are localized and the Stoner model was the first model which could
describe magnetism in itinerant magnets, meaning solids, in which the magnetism arises
due to delocalized electrons. A more advanced technique to calculate the ground state
properties of magnetic materials is provided by spin dependent density functional theory
(DFT), which is also introduced. DFT allows for the possibility of mapping the ground
state properties on an effective atomistic Heisenberg Hamiltonian which can, in the so-
called adiabatic approximation [9], be used to simulate finite temperature magnetism.

An extended localized atomistic Heisenberg model is introduced in section 3.2. To-
gether with the stochastic Landau-Lifshitz-Gilbert equation (introduced in section 3.3)
the localized atomistic Heisenberg model is the basis of all extended models used in
this thesis. To describe laser induced magnetization dynamics, the interaction of a laser
pulse with metals has to be modeled. In this thesis the well known two temperature
model (TTM) is used which describes the electron and phonon dynamics in terms of
rate equations. The temperatures of the TTM serve then as heat baths for the spin sys-
tems. This approach is introduced in section 3.4. In the last part of this chapter a short
overview over models, which are currently used to describe all-optical thermally-induced
magnetization switching, is given.

3.1 Magnetism in condensed matter

Although the first documented discussions on magnetism-related phenomena go back to
the 7th century BC, it took up to the beginning of the last century and the development
of quantum theory to get a deeper insight into the physical principles underlying this
fascinating phenomenon. It turned out that the spin of electrons, the Coulomb inter-
action, and the Pauli principle are the three main ingredients to describe magnetism in
a single atom or in solids. Around 1927 Hund formulated three rules to determine the
ground state of single multi-electron atoms, which explain the magnetic moments of sin-
gle atoms and give rise to paramagnetism. Hund’s rules usually make good predictions
for the magnetic moments of solids in the case of 4f elements, wherein the partially filled
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4f shells, which are responsible for the magnetic moment, lie deep within the ion and
are therefore localized. Nevertheless, Hund’s rules fail in the case of transition metals
in which the non-localized 3d valence band electrons give rise to the magnetic moment.

In the same year in which Hund formulated his rules, Heitler and London developed
a quantum mechanical theory to describe the covalent bonding of a hydrogen molecule.
Based on the Coulomb interaction and the Pauli principle, which states that the wave
function of fermions have to be anti-symmetric, they showed that there is an exchange
splitting of the energies between the bonding singlet state and the antibonding triplet
state. This was the first explanation for exchange interaction between magnetic moments
of different atoms.

3.1.1 The Heisenberg model

Heisenberg generalized the ideas of Heitler and London to many particle systems and
found a theory for nearest neighbor interaction, the so called Heisenberg model [68]. Sim-
ilar to the exchange splitting between singlet and triplet state in a hydrogen molecule, he
derived an exchange splitting between parallel and anti-parallel alignment of neighboring
spins, which leads to the following Hamiltonian:

H = −
∑

〈ij〉

JijSi · Sj − µs

∑

j

Sj · B. (3.1)

Si are three dimensional vectors, which denote normalized magnetic moments of each
lattice site. The second term is a usual Zeeman term, where µs denotes the magnetic
moment of a single atom and B is an external magnetic field. The symbol 〈ij〉 denotes the
amount of nearest neighbors. The exchange splitting leads to an effective interaction Jij

between neighboring spins preferring either antiferromagnetic (Jij < 0) or ferromagnetic
(Jij > 0) alignment.

In the so-called mean field approximation, wherein it is assumed that the average of
neighboring spins form a molecular-field

Bmf,i = −
2

µs

∑

j

JijSj, (3.2)

the Heisenberg model coincides with the Weiss model of ferromagnetism, which was
already proposed in 1908 by Pierre Weiss. The Hamiltonian in the mean field approxi-
mation reads

Hmf = µs

∑

i

Si · (B + Bmf,i). (3.3)

The Weiss theory was the first theory which could describe a phase transition and
spontaneous magnetization, meaning magnetization that exists below a certain temper-
ature even when no external field exists. In the original work of Weiss the origin of the
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3.1 Magnetism in condensed matter

molecular-field was not known, but with the knowledge of Heisenberg exchange constants
the model can be used to derive an equation for the critical temperature

TC =
2Jeff

3kB

, (3.4)

where Jeff =
∑

j Jij is an effective exchange constant. The exchange constants needed
to calculate the Curie temperature can be either obtained experimentally or with ab

initio methods (see section 3.1.3). The Curie temperatures calculated with the mean
field approximation are usually ∼ 30 percent larger than the experimental ones.

3.1.2 The Stoner model of band magnetism

Since magnetic moments arise from electron spins and their orbital magnetic moment,
one would assume that atomistic magnetic moments are always multiplies of µB, as pre-
dicted by Hund’s rules. This is not the case in transition metals, like Fe, Co, or Ni,
where the magnetization arises due to the valence electrons. These are not localized
and the bonding interaction causes a smearing of their energy into bands. The occur-
rence of non-integer magnetic moments was first explained by the Stoner model of band
magnetism. Following Kübler [107] a brief introduction into this model is given in this
section.

Similar to the Weiss model of ferromagnetism Stoner assumed a kind of molecular
field, interacting with the spins of the valence electrons, which lead to a split of the
energy bands for spins pointing up (“majority band”) and spins pointing down (“minority
band”). The molecular field

Hmf = Iζ (3.5)

is assumed to be proportional to ζ = n↑ − n↓, which is the difference of number of spins

in the majority band n↑ =
∫ ǫF↑

0 D(ǫ)dǫ and the number of spins in the minority band

n↓ =
∫ ǫF↑

0 D(ǫ)dǫ. I denotes the molecular field constant and D(ǫ) the density of states
without any magnetic effects. The integrals are evaluated over the energy ǫ up to the
Fermi energy for majority spins ǫF↑

respectively minority spins ǫF↓
. The internal field

leads to a shift of the density of states for majority and minority electrons, which is
illustrated in Fig. 3.1. This exchange splitting can be interpreted as on-site exchange
energy which determines the energy associated with a single spin flip:

∆Eex = 2µsHmf . (3.6)

Here, µs is the calculated average magnetic moment due to the imbalance of the majority
and minority spins ζ. ∆Eex is usually on the order of 1 eV for transition metals.

The energy of the system consists of two contributions, the kinetic energy

EK =
∫ ǫF↑

0
ǫD(ǫ)dǫ +

∫ ǫF↓

0
ǫD(ǫ)dǫ, (3.7)
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(a) (b)

Figure 3.1: (a): Schematic of exchange splitting ∆ex between the majority (blue) and
minority (red) 3d spins of Fe in the Stoner model. (b): Exchange splitting
∆Eex of the 5d6s majority (blue) and minority (red) bands in Gd obtained
from DFT calculations. Taken from [36].

and the magnetic energy

Em = −I
∫ ζ

0
ζ ′dζ ′. (3.8)

When the density of states D(ǫ) is known, ζ can be calculated by finding the minimum of
the total energy E = EK + Em. Furthermore, a finite ζ would be unstable, if the second
derivative d2E

dζ2 is negative. This leads to the famous Stoner criterion for ferromagnetism

D0I > 1, (3.9)

where D0 is the density of states at the Fermi level. Only if this criterion is fulfilled,
ferromagnetism can occur.

The origin of the Stoner molecular field constant I was unknown in the original work by
Stoner. Nowadays it can be calculated within the framework of spin density functional
theory. Moreover, like the Weiss model can be obtained from the Heisenberg model,
the Stoner model can be obtained within a kind of mean field approach from the more
general Hubbard model [168].

The Stoner model can explain the appearance of non-integer magnetic moments in
itinerant magnets, but fails to describe correct Curie temperatures. Moreover, neutron
scattering and photoemission experiments of 3d itinerant ferromagnets like Fe, Co, and
Ni provide evidence for spin waves and local magnetic moments even above the Curie
temperature, which suggests a localized character of spins, rather than a Stoner-like
behavior [33, 155]. Also, experiments and ab initio calculations in the rare-earth fer-
romagnet Gd suggest a non-vanishing magnetic moment of the itinerant 5d6s electrons
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above TC [118, 91]. The reason is that the Stoner model only allows single spin flips
to reduce the magnetization rather than disorder of the local magnetic moments, which
needs less energy and dominates at low temperatures. A localized Heisenberg model,
which allows rotation of each spin, is more suitable to describe itinerant magnets below
TC, but fails in describing the ground state properties. A possible approach is to use
band structure calculations for the ground state properties and use them as an input
for a localized Heisenberg model which can then be used to describe finite temperature
magnetism. Such an approach is described in the next section.

3.1.3 Density functional theory

In order to find the real ground state of many electron systems density functional theory
(DFT) provides an elegant method. Rather than solving the many-body time-dependent
Schrödinger equation for a 3N dimensional wave function, in DFT the problem is reduced
to finding the ground state electron density of states n(r). The obtained ground state
electron density can then be used to calculate all ground state properties of a material.
The following introduction is based on [107].

The basis of DFT is the Hohenberg-Kohn-Theorem, which states that the ground state
of a non-degenerate N electron state is uniquely defined by a functional of the electron
density

E[n] = F [n] +
∫

n(r)vext(r)dr. (3.10)

Here, F [n] is a functional depending only on the electron density and vext is the external
potential which depends on the crystal lattice and other external fields. The key for
finding the ground state density was given by Kohn and Sham. By using the variational
principle, they derived single particle Schrödinger equations (Kohn-Sham-equations)

(−∇2 + veff(r) − ǫi)φi(r) = 0 (3.11)

for single electron wave functions φi(r) (Kohn-Sham-functions) with effective potential

veff(r) = vext(r) + 2
∫ n(r′)

|r − r′|
dr

′ + vxc(r). (3.12)

The single particle functions give the ground state density

n(r) =
N
∑

i

|φi(r)|2 (3.13)

which makes equation (3.11) a self-consistent problem. To solve it numerically one has
to choose a density n(r) and solve equation (3.11). The solution can then be used
to calculate a new density via equation (3.13). This process has to be repeated until
convergence is reached.
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3 Modeling ultrafast magnetization dynamics

The unknown properties of the effective potential are in the exchange-correlation
potential vxc(r). Determining this is one of the main problems of DFT. In practical
applications approximations have to be used. The most common is the so-called local
density approximation (LDA). The main idea behind it is to use the homogeneous,
interacting electron gas wherein the exchange correlation energy depends solely on the
electron density

ELDA
xc (n) =

∫

n(r)ǫxc(n)dr. (3.14)

Here, ǫxc(n) is a function of the density and connected to the exchange correlation

potential via vxc(r) = d
dn

(nǫxc(n))
∣

∣

∣

n=n(r)
. This approximation has been shown to describe

a great number of realistic cases quite well.
DFT can be easily generalized to include spin polarization by attaching spinors to

the wave functions. The density as well as the potentials must then be represented by
2 × 2 matrices. The generalized density can be determined by single particle functions
{φi,α(r)} again:

nβα(r) =
N
∑

i=1

ǫiα,ǫiβ≤EF

φi,β(r)φ∗
i,α(r) (3.15)

with α = 1, 2 and β = 1, 2 representing the spin. Generalizing equation (3.14) to the
local spin density approximation (LSDA) reads

ELSDA
xc (n̂) =

∫

n(r)ǫxc(n↓, n↑)dr, (3.16)

where n↓(r) and n↑(r) are the eigenvalues of the spin density matrix n̂.
In order to solve the problem numerically one has to choose a basis set. The simplest

choice is a plane wave expansion, which works well far away, but is very inefficient close
to the nuclei of the lattice, because a great number of large Fourier coefficients have to
be included when the potential becomes large. To avoid this problem, a method was
developed by Slater using a mixed basis set. He assumed the potentials to be spheres
around the nuclei, the so-called muffin tin spheres. Inside these muffin tin spheres he
used linear combinations of the radial solutions of the scalar relativistic Dirac equation
and outside, in the so-called interstitial region, he used plane waves as a basis set.
The method is called the augmented plane wave (APW) method. Furthermore, to deal
with non-linearities in the energy dependence of the Hamilton operator, the eigenvalue
problem can be linearized, which is then called the linear augmented plane wave (LAPW)
method. To describe semi-core states, the basis set may have to be supplemented by
local orbitals. This can be done with the full-potential linear augmented plane wave
(FLAPW) method. A similar approach to the LAPW is the linear muffin tin orbital
(LMTO) method. Here, muffin tin orbitals instead of plane waves are used in the
interstitial regions, which is particularly suited for closely packed structures [7].

The FLAPW method is used by Karel Carva from Charles University in Prague to
calculate the intra-atomic exchange energy between the magnetic moments of 4f and 5d
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3.2 The localized atomistic Heisenberg Hamiltonian

electrons in GdFe2 and Gd, which is used for the numerical simulations in this thesis.
To calculate exchange constants for the model of Gd in chapter 6 the LMTO method is
used (see also section 6.2.2 for additional remarks).

DFT is very successful in describing the ground-state properties of magnetic systems.
Nevertheless, at finite temperatures it becomes rather difficult to calculate these proper-
ties from DFT, particularly the Curie and the Néel temperatures. Since spin flips usually
need much more energy than disorder of the local moments, the latter play a crucial
role in finite temperature magnetism below TC. Therefore, DFT can be combined with
a Heisenberg model. The ground state properties of a system in particular can be calcu-
lated with DFT and then mapped onto an effective exchange of an atomistic Heisenberg
Hamiltonian (see section 3.2), which can then be used to describe finite temperature
properties.

To map ab initio results on an effective Heisenberg Hamiltonian, Liechtenstein and
coworkers developed an elegant method based on a Green function technique [114, 113].
They employed the magnetic force theorem to calculate the infinitesimal changes in the
energy associated with a constrained small rotation of the magnetic moments at sites i
and sites j. Within this approach no additional self-consistent calculations are needed
besides that for the collinear ground state. The energy change can then be related to
the exchange interactions as

Jij =
1

π
Im

∫ EF

−∞
dE

∫

Ωi

dr

∫

Ωj

dr
′Bxc (r) G↑

(

r, r
′, E+

)

Bxc (r′) G↓
(

r
′, r, E−

)

(3.17)

where EF denotes the Fermi level, Ωi denotes the i-th atomic cell, σ =↑, ↓ is the spin in-
dex, E± = limα→0 E ± iα, Gσ are spin-dependent one-electron retarded Green functions,
and Bxc is the magnetic field from exchange-correlation potential. This approximation
has shown to be very successful in describing the thermodynamic properties of a broad
class of magnetic materials [84, 178, 108].

3.2 The localized atomistic Heisenberg Hamiltonian

The Heisenberg Hamiltonian introduced in section 3.1.1 is a classical description where
the magnetic moments of each atoms are represented by classical vectors Si = µi

µs
with

the magnetic moment vector of the i-th atom µi. Since magnetism is a pure quantum
mechanical phenomenon it can not be described by classical physics in general. A simple
quantum mechanical Heisenberg Hamiltonian for quantum mechanical spin operators
Ŝi = ~

2
(σ̂x

i , σ̂y
i , σ̂z

i ) with magnetic moment µs = −2µB〈σ̂z〉/~ reads

Ĥ=−
1

2~2

∑

〈ij〉

JijŜi · Ŝj − µsB
∑

i

Ŝi. (3.18)

However, almost all spin-dynamics simulations deal with a classical description and
usually show good agreement with experiments [129]. Hence, also in this thesis classical
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3 Modeling ultrafast magnetization dynamics

spin models are used. The basis of all simulations is a classical localized atomistic
Heisenberg model which can be derived by taking the classical limit of the Hamiltonian
in equation (3.18). Usually the Hamiltonian is extended with certain terms, describing
e.g. the crystalline anisotropy Ha or dipole-dipole interaction Hd:

H=−
1

2

∑

〈ij〉

JijSi · Sj − µsB
∑

i

Si + Ha + Hd. (3.19)

The first two terms are equal to the Heisenberg Hamiltonian already introduced in sec-
tion 3.1. The second term is a usual Zeeman term which describes the coupling of the
spins to an external field B. Depending on the sign of exchange constant Jij the spins
prefer either parallel or antiparallel spin alignment. The exchange constant can, as de-
scribed above, be obtained with spin density functional theory. This has for instance
been done for transition metals like Fe, Co [40], or the highly anisotropic FePt [87].
Nevertheless, for more complex materials the calculations become much more difficult.
Exchange constants can also be estimated by experiments. For NiO for example Hutch-
ings and Samuelsen estimated the exchange constants from spin-wave dispersion rela-
tions obtained by neutron scattering techniques [76]. Another more heuristic approach
is to estimate the nearest neighbor exchange JNN by known Curie temperatures via spin
model simulations or by the mean field value from equation (3.4). In this work different
approaches are used. While in chapter 4 the experimental values from Hutchings and
Samuelsen are used, in chapter 6 full ab initio data were provided by the collaborators
Peter M. Oppeneer from Uppsala University and Karel Carva from Charles University in
Prague. In chapter 7 the values are simply fitted to obtain a realistic Curie temperature
TC and a magnetization compensation temperature TM. In chapter 5 toy models are
used, where instead of using realistic parameters the dependence of the dynamic on the
variation of these parameters is investigated.

The third term in the Hamiltonian describes a crystalline anisotropy, which occurs via
the spin orbit coupling due to the surrounding lattice. The simplest form is a uniaxial
anisotropy, which reads as follows,

Ha = −dz

∑

i

S2
i,z. (3.20)

Depending on the sign of the anisotropy constant dz the term denotes either an easy axis,
which lowers the internal energy if the spin points in its direction, or a hard axis, which
increases the energy. Also other forms of anisotropies are possible. Nevertheless, the
anisotropy in ultrafast magnetization dynamics plays a minor role and only a uniaxial
anisotropy is used in this thesis. The anisotropy constants dz can also be obtained by
ab initio methods [44, 1] or experiments [76].

Due to the long range of the dipole-dipole interaction this can also play an important
role in magnetic materials. Minimizing the magnetostatic energy leads to the splitting
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3.3 The stochastic Landau-Lifshitz-Gilbert equation

into domains. The dipole-dipole interaction term reads

Hd = −
µ2

sµ0

4πa3

∑

i<j

3(Si · eij)(eij · Sj) − Si · Sj

r3
ij

, (3.21)

where a is the lattice constant, µ0 the vacuum permeability and rij the distance between
the sites i and j. The dipole-dipole interaction needs a lot of computation power in
numerical simulations, since it is long range and the interaction between every pair of
spins has to be calculated. Although advanced computational methods like the fast
Fourier transform (FFT) can be used to decrease the necessary computation time, it
is the most time consuming factor in atomistic simulations. Since the strength of the
dipole-dipole interaction is usually relatively weak in comparison to direct exchange, this
will be neglected in the simulations in this thesis.

3.3 The stochastic Landau-Lifshitz-Gilbert equation

The magnetic moment µ is related to the spin angular momentum S via the gyromag-
netic ratio γ:

µ = −γS. (3.22)

It is well known that in a magnetic field H a torque acts on the magnetic moment
T = µ × H, which is defined as the change in angular momentum in time

dS

dt
= µ × H. (3.23)

In analogy to this, Landau and Lifshitz introduced an equation of motion for magnetic
moments per unit volume M =

∑

i
µi/V in solids [110]:

dM

dt
= −γM × Heff − αLL

γ

Ms

M × (M × Heff). (3.24)

Here, Heff = − 1
V

∂E
∂M

is an effective field, which can be calculated with the macroscopic
internal energy functional E. The energy functional can contain Zeeman, exchange,
anisotropy and dipole-dipole contributions. The second term is completely phenomeno-
logical and describes dissipation effects depending on the phenomenological Landau-
Lifshitz damping constant αLL. The damping term leads to a relaxation into the direc-
tion of the effective field.

In 1955, the damping term was modified by Gilbert to achieve a better agreement with
experiments in systems with large damping. Therefore the equation is nowadays known
as Landau-Lifshitz-Gilbert equation and can be written in a similar form as equation
(3.24):

dM

dt
= −

γ

1 + α2
G

M × Heff −
αGγ

(1 + α2
G)Ms

M × (M × Heff). (3.25)
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3 Modeling ultrafast magnetization dynamics

Here, αG is the well known Gilbert damping parameter.
The first term in the Landau-Lifshitz and Landau-Lifshitz-Gilbert equation arises

naturally from the Heisenberg Hamiltonian (3.18) for quantum mechanical spin operators
Ŝi and the Heisenberg equation of motion (see e.g. [195] and references therein)

i~
∂Ŝi

∂t
= [Ŝi, Ĥ]. (3.26)

Using the quantum mechanical commutation relations [Sα
i , Sβ

i ] = i~ǫαβγSγ
i gives

∂Ŝi

∂t
= Ŝi × Ĥi. (3.27)

Here, Ĥi = −∇
Ŝi

Ĥ is the effective field operator. If in addition the Hamiltonian contains

non-linear contributions such as a uniaxial anisotropy Ĥa = −dz
∑

i Ŝ2
i,z, the effective

field depends also on Ŝi, which leads to correction terms in the equation of motion. The
role of these correction terms has been recently discussed by Wieser [195]. Since the
correction term is proportional to the anisotropy term, which is usually small in relation
to the exchange, it will be neglected in this thesis.

Using the Ehrenfest theorem and 〈Ŝi〉 = Si and 〈Ĥ〉 = H leads to an equation of mo-
tion for a classical atomistic spin system represented by N normalized magnetic moments
Si = µi/µs and described by the Hamiltonian introduced in section 3.2 (equation (3.19)):

∂Si

∂t
= −Si × Hi (3.28)

Dissipation effects are included by a damping term in the form of Gilbert (equation (3.25))
with damping parameter α. The resulting N LLG equations of motion for an atomistic
spin model read

∂Si

∂t
= −

γ

(1 + α2)µs

Si × Hi −
αγ

(1 + α2)µs

Si ×
(

Si × Hi

)

. (3.29)

Temperature effects can be included following an approach of Brown, who used random
fields representing the thermal agitation forces in an ensemble of non interacting single
domain particles [34]. These are added as thermal noise term ζi(t) to the effective
field in the LLG equations (3.29), which become a set of Langevin equations. In a set of
interacting magnetic moments in the framework of micromagnetics this kind of approach
was introduced by Lyberatos et al. [116]. For a model of interacting atomistic moments
using a Hamiltonian of the form (3.19) the effective field reads

Hi(t) = −
∂H

∂Si

+ ζi(t). (3.30)

Brown supposed the noise to be uncorrelated in time and space and could, therefore,
be represented by Gaussian white noise. Almost all subsequent investigations have used
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3.3 The stochastic Landau-Lifshitz-Gilbert equation

this approximation [116, 60, 42, 117, 160]. This is, of course, a simplification and only
valid if the time of the magnetization dynamics is much slower than the relaxation time
of the electron system, which is usually on the order of a few 10th of fs. Otherwise, one
has to take the effect of correlated (colored) noise into account. This has recently been
done by Atxitia et al. [13]. In ultrafast magnetization dynamics, as investigated in this
thesis, the dynamics take place on several 100 fs, so it is not clear whether correlation has
to be taken into account. However, it has been shown that spin dynamics simulations
with white noise can describe ultrafast magnetization dynamics in an accurate way
[88, 86, 15, 12]. In this thesis correlation effects in the noise term are neglected.

The Gaussian white noise term has the following properties:

〈ζi(t)〉 = 0

〈ζη
i (0)ζθ

j (t)〉 = δijδ
ηθδ(t)2D. (3.31)

Here, δij, δηθ are Kronecker deltas and δ(t) is the delta distribution function. The
Greek indices represent Cartesian coordinates, whereas Roman indices indicate the lat-
tice site. The constant D in equation (3.3) can be either determined by the corresponding
Fokker-Planck-equation or by the fluctuation-dissipation theorem [42]. The correspond-
ing Fokker-Planck-equation for the probability distribution function P (S, t) of the partial
differential equation (3.29) with thermal noise reads [58]

∂P

∂t
= −

∂

∂S

[[

− γ′
S × H − γ′αS × (S × H) − Dγ′2(1 + α2)S ×

(

S ×
∂

∂S

)]

P

]

(3.32)

with γ′ = γ
(1+α2)µs

. Assuming that the probability distribution function has to be pro-

portional to a Boltzmann distribution in the equilibrium P (S, t) ∝ exp (− H
kBT

), where
kB is the Boltzmann constant and T is the temperature of a temperature bath, to which
the system is coupled, gives

D =
µsαkBT

γ
. (3.33)

This is the same result as obtained by the fluctuation-dissipation theorem [42].
A key role for the fluctuation and dissipation effects plays the phenomenological damp-

ing parameter α which serves as the coupling parameter to a heat bath. Therefore, α is
responsible for the strength of the fluctuations, but as α also appears as a factor in the
damping term in equation (3.29) and, hence, determines the strength of the relaxation
(damping) as well. In general, coupling to different temperature baths has to be taken
into account, but depending on the system, it is possible that one coupling dominates.
In ultrafast demagnetization dynamics of transition metals, for example, it is argued
that the high electron temperatures are mainly responsible for the fast demagnetization
dynamics and so one can neglect the coupling to the lattice [88]. It is important to
note that the atomistic damping parameter does not coincide with the usual Gilbert
damping term, which is used in micromagnetic simulations and often known from mea-
surements. Deriving a micromagnetic damping parameter from atomistic simulation
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3 Modeling ultrafast magnetization dynamics

leads to a temperature-dependent damping independently from any other possible ther-
mal dependence of internal damping mechanisms [41].

The numerical methods which are used in this thesis to solve the stochastic differential
equations (3.29) are described in the appendix A.

3.4 Laser excitation of magnetic materials

In thermal equilibrium the electron system of a metal can be well described by a Fermi-
Dirac distribution with a well-defined electron temperature Te. The excitation with a
strong ultrashort laser pulse drives the system out of equilibrium. In metals almost all
absorbed energy is deposited in the electron system, wherein the fs pulse excites the band
electrons to higher levels. The subsequent relaxation is mainly driven by hot electron-
electron scattering, which leads to a thermalization back to a well-defined Fermi-Dirac
distribution within a few hundred fs. Upon thermalization of the electrons an electron
temperature is well-defined and can be measured, for example, with photoemission ex-
periments [31]. Due to the small heat capacity of an electron system, this temperature
can be very high (up to a few thousand K). The phonon system is almost unaffected
by the laser photons, which leads to a strong non-equilibrium between the electron and
the phonon temperature Tp. The subsequent relaxation dynamics is driven by electron-
phonon scattering, but also diffusion and transport processes can play a significant role.
The electron and phonon temperature evolution can be modeled by the well known two
temperature model. A very successful method to model ultrafast demagnetization dy-
namics after laser excitation is to couple the temperatures from the two temperature
model to the spin degrees of freedom. This method, which is also used for the modeling
in this thesis, is introduced in this section.

3.4.1 Two temperature model

Kaganov et al. introduced rate equations, which describe the non-equilibrium evolution
of the electron and phonon temperature [80]. This model, usually called two temperature
model, was later extended by Anisimov to take heat transfer into account and used to
describe the temperature evolution after excitation with laser pulses [8]. In the form of
Anisimov the two temperature model reads

Ce
∂Te

∂t
= Gep(Tp − Te) + P (z, t) +

∂

∂z
κ

∂Te

∂z
(3.34)

Cp
∂Tp

∂t
= Gep(Te − Tp). (3.35)

The first terms denote the simple rate equations as introduced by Kaganov and cowork-
ers. Here, Ce = γTe is the electronic and Cp the phonon heat capacity. The electron-
phonon coupling constant Gep has been derived by Kaganov [80] via an energy transfer
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3.4 Laser excitation of magnetic materials

rate, which was calculated by summing over all one-phonon emission and absorption pro-
cesses, assuming thermal equilibrium in the electron and phonon system (see [10] for a
detailed reproduction of the derivation). In general Gep is also temperature-dependent,
but at temperatures close to or above the Debye temperature (Te, Tp ≥ ΘD) it is appro-
priate to assume Gep to be constant.

The second term in equation (3.34) describes the absorption of the laser pulse, which
is modeled as an additional energy deposited in the system. Consequently, the relaxation
to a Fermi-Dirac distribution is assumed to be instantaneous in the model. The equation
for the laser pulse reads

P (z, t) = P0 exp
(

−
z

δeff

)

exp

(

−
(t − t0)

2

τ 2

)

. (3.36)

Here, an exponential decay of the absorption from the surface is assumed. δeff = δs +δball

denotes an effective optical penetration depth, wherein a correction δball is added to the
usual penetration depth δs to consider ballistic transport of hot electrons, which excite
electrons in deeper regions of the sample [74].

The last term accounts for heat diffusion via the electron system into deeper regions of
the sample (always denoted as z-direction in this thesis) with the temperature-dependent
thermal conductivity κ = κ0

Te
Tp

. In general, both the electron as well as the phonon

system are responsible for the heat diffusion, but since phonon diffusion is much slower,
it does not contribute significantly on a ps timescale. The lateral heat diffusion will
also be neglected in this thesis, since experiments usually have much larger laser spots
(several mm) than the regions which are modeled (several nm), so that it can be assumed
that lateral heat transport does not play a considerable role.

3.4.2 Laser excitation in spin model simulations

The first micromagnetic simulations in the field of ultrafast magnetization dynamics were
done by Djordjevic et al. [47]. It was shown that the remagnetization after the initial
quenching of the magnetization can be well described by micromagnetic simulations
within the framework of the LLG equation. They used a micromagnetic continuum
approach, within which a spin represents the magnetization of cells down to 0.5 nm.
Starting in a disordered state, the remagnetization of a 50 nm thin Ni film which was
excited by a fs laser pulse could qualitatively be reproduced.

A much more rigorous approach was introduced by Kazantseva et al. [88, 85], who
coupled an atomistic spin model to the electron temperature upon laser excitation calcu-
lated by two temperature model. With this kind of approach Kazantseva and coworkers
were able to describe both the ultrafast quenching of the magnetization as well as the
partly ps remagnetization. The idea is sketched in figure 3.2. Firstly, the laser excites
the electrons to higher levels, which thermalize within 10 − 100 fs to a well-defined
Fermi-Dirac distribution. This and the following electron-phonon relaxation is modeled
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Figure 3.2: Schematic of laser excitation in spin model simulations. A laser excites
mainly the electron system, which thermalizes in 10 − 100 fs. The following
electron-phonon relaxation is modeled with the two temperature model. The
electron and phonon systems, coupled via the damping constants αe and αp

to the spin system, serve as heat baths.

with the two temperature model described above. The magnetic system is modeled with
an atomistic spin model as described in sections 3.2 and 3.3. The electron and phonon
temperatures couple via the phenomenological damping constant α to the spin system,
such that the time-dependent temperatures serve as heat baths.

The coupling to the heat bath is described by a single (in the case of exclusive cou-
pling to single heat bath) or by two coupling parameters αe and αp which couple the spin
system to the electron and phonon heat bath respectively. These coupling parameters
include all possible micromagnetic demagnetization mechanisms described in section 2.2
and are essential for the demagnetization time constant, but also for the remagnetiza-
tion. It is, therefore, generally assumed that the coupling constants depend intrinsically
on the temperature. However, in a recent publication, wherein ultrafast demagnetiza-
tion in the framework of the LLB equation was modeled, it was shown that ultrafast
demagnetization in Ni can be modeled equally well with a damping constant which does
and a damping constant which does not depend on temperature [12].

Since the electron temperature can reach values up to several thousand K upon laser
excitation, it has usually a much larger influence on the dynamics than the phonon
temperature. Consequently, Kazantseva et al. argued that the coupling to the phonon
temperature can be neglected and only considered the electron temperature. Neverthe-
less, Sultan et al. showed that additional phonon damping in Gd can explain an increase
of the demagnetization for higher temperatures [169]. In this thesis it will be shown that
in rare-earth metals, wherein the 4f electrons which are responsible for most of the mag-
netization are not directly accessed by the laser pulse, damping via the phonon system
needs to be taken into account (see chapter 6). A second simplification Kazantseva et al.
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used, was that the heat capacity of the spin system was totally neglected. This means
that the energy flow into the spin system via the damping term α was not considered in
the rate equations for the electron and phonon system. It will be shown in section 6.2.3
that this is not in general a valid approximation. The simplifications described above
were used in almost all publications for simulating demagnetization with an atomistic
spin model [88, 13, 48].

3.5 Modeling thermal magnetization switching in

ferrimagnets

There are basically three models which have been used to describe thermal magnetization
switching in ferrimagnets. These are introduced in the following.

3.5.1 Atomistic spin model for ferrimagnetic compounds

The first and most realistic model which was used to describe thermally-induced switch-
ing in amorphous ferrimagnetic alloys was an atomistic spin model developed by Ostler
et al. [135]. The model was used in the two break-through publications showing for
the first time that thermally-induced all-optical switching is possible [141, 134]. Ostler
and coworkers used a Hamiltonian of the form of equation (3.19) including a uniaxial
anisotropy as in equation (3.20) [135]. N × N × N fcc cells with periodic boundary con-
ditions were modeled and populated with a random distribution of transition metal and
rare-earth ions in the desired concentration q and x, respectively (q+x = 1). The dynam-
ics were calculated by means of Langevin dynamics simulations (see section 3.3). Only
nearest neighbor interactions were taken into account, which were obtained by fitting to
experimental values of the Curie temperature TC and the magnetization compensation
temperature TM for different concentrations. With this approach good agreement with
XMCD measurements to determine the individual sublattice magnetizations on GdFeCo
was achieved [135].

The model was able to describe the experiments showing thermally-induced all-optical
switching [141]. A similar approach as used for ferromagnets by Kazantseva et al. [88]
was chosen (see section 3.4.2). A two-temperature model as described in section 3.4.1
determined the electron-phonon dynamics triggered by the laser pulse. The electron tem-
perature was then coupled to the spin system via a phenomenological damping constant
α. Fig. 3.3 shows a simulation with the described model taken from [141]. Qualitatively,
the model describes the magnetization on a similar timescale as seen in the experiments
(see Fig. 2.6) including a transient ferromagnetic-like state, where both sublattices are
aligned parallel (see inset in Fig. 3.3 b). Nevertheless, having a closer look at experi-
mental and simulation data, a significant difference in the demagnetization time of the
Gd sublattice and in the magnitude of the ferromagnetic-like state can be observed. The
reason for this is the simplified treatment of the rare-earth metal Gd in which the 4f
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Figure 3.3: Atomistic spin model simulations showing thermally-induced all-optical mag-
netization switching. Taken from [141]

.

electrons, which are responsible for most of the magnetic moment, lie deep below the
Fermi energy. Hence, the 4f electrons cannot be excited directly by the laser pulse and
an orbital resolved ansatz is needed. The development of orbital-resolved models is one
of the main goals of this thesis (see chapter 6 and 7).

3.5.2 The Baryakhtar equation

The first model, which was able to qualitatively give an explanation for the transient
ferromagnetic-like state, was introduced by Mentink et al. [126]. They assumed that
the switching dynamics can be separated into three time regimes. The first regime is
dominated by the laser excitation and is, therefore, temperature dominated. The high
electron temperature leads to a demagnetization of the sublattices and due to the distinct
dynamics of the different materials to a strong non-equilibrium between the sublattices.
The second regime is dominated by the strong exchange between the sublattices and leads
to the ferromagnetic-like state via angular momentum transfer. In the third regime the
system relaxes back to an equilibrium state via dissipation to the lattice.

Their description starts after the initial laser excitation which cannot be described
by the simplified model. The subsequent relaxation dynamics is described on the basis
of the very general Baryakhtar equation [22, 23] taking only longitudinal dynamics into
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account. The resulting equation consists of only two terms:

1

γν

Mν

dt
= λe(Hν − Hκ) + λνHν . (3.37)

Here, Mν denotes the sublattice magnetization and Hν = − δW
δMν

the effective field de-
rived from the magnetic free energy W . Two phenomenological constants determine the
timescales of the different relaxation processes. λe is due to the exchange interaction
between the sublattices. λν describes the dissipation out of the system and can, in prin-
ciple, be different for each sublattice. It corresponds to the damping parameter α in
the LLG equation. The first term in equation (3.37) conserves the angular momentum,
meaning Ṁ1/γ1 = −Ṁ2/γ2, and is, therefore, responsible for the transient ferromagnetic-
like state for a certain set of parameters (see section 5.1.2 for a detailed discussion.).
Since usually λe ≫ λν the exchange relaxation occurs on a faster timescale than the dis-
sipation. Consequently, the slow relaxation after the transient ferromagnetic-like state
can lead to a relaxation towards a switched state.

The main disadvantages of their model are, on the one hand, that it rests on two com-
pletely phenomenological parameters, which are unknown in general. On the other hand,
the model can only describe the relaxation dynamics starting from a non-equilibrium
state. Furthermore, recent simulations based on the LLB equation for ferrimagnets
stressed that large precessions of the magnetization can occur after thermal excitation,
which can lead to a precessional switching [17, 131]. This cannot be described by the
model proposed by Mentink et al., since it takes only linear dynamics into account.

In a recent publication Baryakhtar et al. also included transverse components via the
usual macroscopic LLG precession term in equation (3.37) [24], which arise naturally
in the general Baryakhtar equation. They show that when starting in a collinear state
the solutions of Mentink are still valid. In contrast, starting with a small transverse
magnetization leads also to precessional motion of the sublattices, which are assumed
to play a crucial role in the switching process.

3.5.3 The Landau-Lifshitz-Bloch equation for ferrimagnetic

materials

The Landau-Lifshitz-Bloch (LLB) equation for ferromagnets was originally derived by
Garanin in 1991 [57, 58]. The idea was to substitute an ensemble of atomistic spins
described by the stochastic LLG equation (3.29) by the thermal average m = 〈S〉. By
means of the corresponding Fokker-Planck-equation (3.32) he was able to derive an
equation of motion for the macrospin m [10, 57, 59]. To deal with second moments
of the distribution function and spin-spin correlations, which arise via the Heisenberg
exchange, Garanin had to make use of the mean-field approximation (MFA).

Atxitia and coworkers generalized this approach to the case of two-sublattice magnets
[16] (see Fig. 3.4). Here, each sublattice is represented by the thermal average mν = 〈Sν〉.

39



3 Modeling ultrafast magnetization dynamics

Atomistic description Micromagnetic

Figure 3.4: Schematic of an atomistic spin model and the corresponding macroscopic
view in the micromagnetic LLB approximation. In the micromagnetic ap-
proach each sublattice is represented by a single macrospin, which is the
thermal average over the sublattice. Taken from [16].

The atomistic spin model on the left hand side in Fig. 3.4, where each arrow represents an
atomistic spin is, therefore, represented by two single macrospins in the micromagnetic
LLB approach (right hand side). The coupling of the two spins is realized via a MFA
approach generalized for a ferrimagnet (see [135, 16] for details). Following the same
procedure for each sublattice as for the ferromagnetic LLB equation leads to the LLB
equations for ferrimagnetic materials [16]:

dmν

dt
= γν [mν × Heff,ν ] − γναν

‖

(mν · H
‖
eff,ν)

m2
ν

mν − γναν
⊥

[mν × [mν × Heff,ν ]]

m2
ν

. (3.38)

Here, for each sublattice one equation (denoted by the Greeks indices) has to be solved.
The sublattices are coupled via the effective field. The longitudinal effective field affects
the longitudinal relaxation and reads

H
‖
eff,ν =





1

2Λνν

(

m2
ν

m2
e,ν

− 1

)

−
1

2Λνκ





(

mν · mκ

me,ν · me,κ

)2

− 1







mν . (3.39)

Λνν and Λνκ are longitudinal rates, which depend on the longitudinal susceptibility
χν,‖ and the effective MFA exchange parameter J0,νκ (see [16] for an exact definition).
The effective field affects the perpendicular relaxation and the precessional term and is
defined as

Heff,ν = H + HA,ν +
J0,νκ

µν

mκ. (3.40)

Here, H is an external field and HA,ν is the effective anisotropy field. The damping
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3.5 Modeling thermal magnetization switching in ferrimagnets

parameters, which are now temperature-dependent [153], read

αν
‖ =

2αν

βJ0,ν

and αν
⊥ = αν

(

1 −
1

βJ0,ν

)

. (3.41)

Recently, the ferrimagnetic LLB equation was also used to model thermally-induced
switching in a GdFeCo compound [17, 131]. In contrast to the model of Mentink et

al. [126], the simulations based on the ferrimagnetic LLB equation suggest a preces-
sional switching path. Switching was only achieved if the two sublattices start with
a small canting angle. It was argued that these angles naturally arise due to thermal
fluctuations, but average out for larger systems and can, therefore, not be observed in
experiments [17]. However, the model rests on a mean field approach of an atomistic
spin model, but was shown to coincide in non-equilibrium dynamics with an atomistic
spin model only for large damping constants αν = 0.1 [16]. The reason is that for lower
damping magnon-magnon interactions play a significant role in situations far from equi-
librium and these cannot be included by a simple mean field approach [57]. Therefore, a
longitudinal reversal upon thermal excitation cannot be observed with the ferrimagnetic
LLB equation.

Nevertheless, it will be shown in chapter 5 by means of atomistic spin model simula-
tions that similar to the proposed precessional switching path large precessional motion
can occur during thermally-induced switching which leads to a back-switching of the
sublattices after a purely longitudinal switching process.
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and ferrimagnets

In section 2.1 recent experiments were introduced, where either a short magnetic field
pulse, induced via the inverse Faraday effect, or the magnetic field of a resonant single
cycle laser pulse was used to excite antiferromagnetic resonance modes [96, 83]. In the
orthoferrite HoFeO3 it was even shown, that the induced field can lead to a switching
between two meta-stable states and this happens via an inertial kind of motion [95].

In this chapter it is investigated whether a direct excitation via a short magnetic field
can induce inertia-like switching in collinear antiferromagnets if the system is pushed
into the non-linear regime. It is shown that it is possible with strong magnetic fields.
This unexpected behavior is explained by exactly solving the Landau-Lifshitz-Gilbert
equation in the non-linear regime. With this solution it is possible to predict the min-
imum field strength and the frequencies which are necessary to switch the sublattice
magnetizations of an antiferromagnet.

In the last section the possibility to use similar mechanisms to switch the magneti-
zation in ferrimagnetic materials is investigated. It turns out, that in ferrimagnets the
dynamics is much more complicated and it is only possible to switch the sublattice mag-
netization at its magnetic compensation point, at which the dynamics are very similar
to the dynamics of an antiferromagnet.

The main results of this chapter are published in:

• S. Wienholdt, D. Hinzke, and U. Nowak. THz Switching of Antiferromagnets and
Ferrimagnets. Physical Review Letters, 108(24):247207, 2012.

4.1 Inertial switching of antiferromagnets

The dynamics of antiferromagnets excited by ultrashort resonant magnetic field pulses
is investigated within the framework of a classical, atomistic spin model as described in
sections 3.2 and 3.3. The Hamiltonian shown in equation (3.19) is used taking nearest
neighbor (NN) and next nearest neighbor (NNN) interaction into account. Neighbor-
ing spins are antiferromagnetically coupled (JNN > 0) and next nearest neighbors are
ferromagnetically coupled (JNNN = −0.1JNN). The value of the anisotropy constant is
dz = 0.01JNN and the dipole-dipole interaction is neglected. For the dynamics the LLG
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Figure 4.1: Excitation of an antiferromagnet with a ps magnetic field pulse: (a) After
the excitation mx shows a precessional motion. lz shows inertial behavior,
meaning that the deflection in the z-direction is much larger after the field is
turned off. (b) Energies show an oscillation between anisotropy and exchange
energy after the field is turned off.

equation (3.29) is solved numerically. The simulations are performed at zero temper-
ature considering a simple toy model with 64 spins arranged on a cubic lattice with
periodic boundary conditions. Each spin has the same saturation magnetization µs and
the same gyromagnetic ratio γ. The damping constant α is chosen as 0.001. For sim-
plicity the antiferromagnet is excited with rectangular field pulses Bx(t) in x-direction,
perpendicular to the easy axis. The duration of these pulses is around t ≈ π/ωAFMR,
where ωAFMR is the antiferromagnetic resonance frequency derived by Kittel [99].

Fig. 4.1 (a) shows the results of such a simulation. The pulse triggers a precessive mo-
tion of the magnetization vectors of the two sublattices, M1 and M2. The effective fields
of the two sublattices have opposite signs and so the sublattice magnetizations precess in
opposite directions. Therefore, the x-component of the total normalized magnetization,
m := (M1 + M2)/(2M0) with M0 = |M1| = |M2|, increases, while my and mz remain
zero. After the field is turned off, mx shows a damped oscillation. In contrast, the
antiferromagnetic order parameter l := (M1 − M2)/(2M0) shows a surprising behavior:
there is only a small disturbance of l as long as the field is still on, but the disturbance
increases after the field has been turned off. This can be interpreted as a kind of inertial
behavior and can be explained through the interplay of the different energy contributions
during precession (Fig. 4.1 (b)). As long as the field is turned on, the Zeeman energy,
EZ, decreases and is converted into increasing exchange, Eex, and anisotropy energy,
Ea. Afterwards, in zero field, the energy oscillates between anisotropy and exchange
as in a mechanical oscillator where the energy oscillates between potential and kinetic
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Figure 4.2: Inertial switching of an antiferromagnet after an excitation with a ps mag-
netic field pulse: (a) lz shows inertial switching after the field pulse is turned
off. mx shows a phase shift indicating a switching of the sublattice magneti-
zations. (b) Energies during switching process. The exchange energy is used
to overcome the anisotropy barrier.

energy. The analogon of the kinetic energy here is the exchange energy between the
two sublattices. The reason for this is that due to the symmetry of the system the two
sublattices precess in opposite directions. Thus, the two magnetic moments have to pass
points where the projection on the xy-plane is either parallel (maximum magnetization
in x-direction and maximum exchange energy) or antiparallel (zero magnetization and
no exchange energy). Since the dissipation of energy is limited by the damping, the
energy has to stay in the system and has to be converted into anisotropy energy, which
means a larger deflection from the equilibrium axis.

This behavior can be exploited to trigger a so-called ”inertial” switching [95], i. e. one
can excite the system with a short field pulse and the system will switch on its own after
the field is already gone. Fig. 4.2 (a) shows an excitation with a slightly larger field,
which is sufficient to switch the sublattice magnetizations. The reason is that there is
now more energy in the system than the maximum amount which can be brought into
the anisotropy and the system can overcome the anisotropy barrier. In case of sufficiently
high damping the system cannot pass the energy barrier a second time and will relax into
its new equilibrium state with switched sublattices (Fig. 4.2 (b)). For higher excitation
or lower damping the system can also switch several times until it finally relaxes into
one of the equilibrium states. The switching can also be seen in the total magnetization,
where it leads to a phase shift. These more qualitative explanations will be concretized
in the next section, where the exact orbits of the motion depending on the energy are
calculated.
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4 THz switching of antiferromagnets and ferrimagnets

4.2 Analytical calculation of switching modes

In order to get a deeper understanding of the inertial switching, the Landau-Lifshitz
equation of motion is solved analytically for two normalized macro spins, m1, m2, rep-
resenting the two sublattices. The Hamiltonian then reads

H= J̃m1 · m2 − dz((mz
1)2 + (mz

2)2) − µsB · (m1 + m2). (4.1)

Here J̃ = cJNN is an effective exchange constant, with c as the number of nearest
neighbors, m1 and m2 are the normalized magnetization vectors of the two sublattices,
dz is a uniaxial anisotropy constant, µs the atomistic magnetic moment and B an external
magnetic field. Damping and thermal fluctuations are neglected, so that the dynamics
is described by the Landau-Lifshitz equation of motion

ṁi = −
γ

µs

mi × Hi, (4.2)

where Hi = − ∂H
∂mi

is the effective magnetic field. For an antiferromagnet it is common
to rewrite these six differential equations in terms of the normalized total magnetization
m = m1+m2

2
and the normalized antiferromagnetic vector l = m1−m2

2
. Furthermore, it is

assumed that the system starts in an equilibrium situation within which m0 = 0 and
l0 = (0, 0, 1) and, hence, mz

1 = −mz
2 = lz/2. The field is applied perpendicularly to the

easy axis in x-direction (B = Bex). With these assumptions the equations of motion
read:

dm

dt
= −

γ

µs







2dzlylz
−2dzlxlz + Bmz

Bmy





 (4.3)

and

dl

dt
= −

γ

µs







2(dz + J̃)mylz
−2(dz + J̃)mxlz + µsBlz
2J̃(mxly − mylx) + µsBly





 . (4.4)

Starting in an equilibrium situation with mz = lx = my = 0 gives dmz

dt
= dlx

dt
= dmy

dt
= 0

for all times. Only three coupled differential equations are left:

ṁx = −2γdzlylz/µs (4.5)

l̇y = γ(2(dz + J̃)mxlz − µsBlz)/µs (4.6)

l̇z = −γ(2J̃mxly − µsBly)/µs. (4.7)

In the following sections it will be shown that these non-linear coupled differential equa-
tions describe ellipses, which can be parameterized by sine and cosine functions. This
ansatz leads to one dimensional non-linear differential equations, which are exactly solved
by the Jacobi amplitude functions.
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4.2 Analytical calculation of switching modes

4.2.1 Calculation of the orbits

Combining equations (4.5)-(4.7) and using the chain rule 2xẋ = ˙(x2) leads to three
quadratic equations, which fully describe the orbits of m and l:

(dz + J̃)

(

mx −
µsB

2(dz + J̃)

)2

+ dz(ly)2 = C1 (4.8)

(dz + J̃)(lz)2 + J̃(ly)2 + µsBmx = C2 (4.9)

dz(lz)2 − J̃
(

mx −
µsB

2J̃

)2

= C3. (4.10)

Using (mx)2 + (ly)2 + (lz)2 = (m1)
2 = (m2)

2 = 1 gives the following relations between
the constants:

C2 =

(

(dz + J̃) +
µ2

sB
2

4(dz + J)

)

− C1

C3 =

(

dz −
dzµ2

sB
2

4J̃(dz + J̃)

)

− C1. (4.11)

For the dynamics after the field pulse is turned off (B = 0) equations (4.8)-(4.9)
become simple equations of ellipses. The constants can be calculated by looking at the
point of the dynamics, at which mx reaches a maximum mx = mmax

x . With equations
(4.5)-(4.7) one finds ṁ = 0 and m̈ < 0 only for ly = 0, which means that my

1 = my
2 = 0,

because my = 0. With this, mx
1 = mx

2 , mz
1 = −mz

2 and (m1,2)2 = 1 the first constant
can be identified as C1 = E/2, where E is the energy difference to the ground state

E := J̃m1 · m2 − dz(mz
1)2 − dz(mz

2)2 + J̃ + 2dz. (4.12)

Calculating C2 and C3 with equation (4.11) leads to the following quadratic equations,
which fully describe the orbit:

2(dz + J̃)

E
(mx)2 +

2dz

E
(ly)2 = 1 (4.13)

dz + J̃

(dz + J̃) − E/2
(lz)2 +

J̃

(dz + J̃) − E/2
(ly)2 = 1 (4.14)

dz

dz − E/2
(lz)2 −

J̃

dz − E/2
(mx)2 = 1. (4.15)

The two equations with a plus sign, which describe the motion of the projections into
the x-y-plane respectively the z-y-plane, are simple equations of ellipses and, hence, can
be parameterized by trigonometric functions using angular variables ϕ and θ, where ϕ
is the angle between the projection of m1 to the x-y-plane and the x-axis and θ is the
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angle between the projection of m1 to the y-z-plane and the z-axis:

mx = a1 cos (ϕ(t)) = a1

√

1 − (b2/b1)2 sin2(θ(t)) (4.16)

ly = b1 sin (ϕ(t)) = b2 sin (θ(t)) (4.17)

lz = a2 cos (θ(t)) = a2

√

1 − (b1/b2)2 sin2(ϕ(t)). (4.18)

Here, a1 =
√

E/(2(dz + J̃)) and b1 =
√

E/2dz are the semi axes of the elliptic equa-

tion (4.13) and a2 =
√

(dz + J̃ − E/2)/(dz + J̃) and b2 =
√

(dz + J̃ − E/2)/J̃ are the
semi axes of the elliptic equation (4.14). The second identities in equations (4.16) and
(4.18) can simply be obtained with equation (4.17).

These solutions describe two different modes, which are shown in Fig. 4.3. While for
E < 2dz the spins precess on an elliptic orbit around the easy axis (Fig. 4.3 (c)), which
agrees for small excitations with the circular orbits for the linearized solutions derived
by Kittel [99], the situation becomes quite different for E > 2dz. Here, the square root in
equation (4.18) becomes imaginary and the square root in equation (4.16) becomes real,
so that it is easier to describe this motion with the parameterization by θ. This means,
that the spins precess around the x-axis, which is the axis of the total magnetization
(Fig. 4.3 (b)). Since this is a motion, within which the spins overcome the anisotropy
barrier, it will be called ”switching mode” in the following.

Next, the dynamics with a constant applied B-field are investigated. The dynamics
start in an equilibrium situation as described above. The first constant of equation (4.13)
can be directly obtained:

C1 = (µsB)2/4(dz + J̃). (4.19)

With equation (4.19) equation (4.8) becomes an elliptic equation with its center at

(µsB/2(dz + J̃), 0) and semi axes â1 = µsB/2(dz + J̃) and b̂1 = µsB/2
√

dz(dz + J̃). The
second equation can also be seen as an elliptic equation, but with non-constant semi

axes. The semi axes are â2 =
√

1 − µsBmx/(dz + J̃) and b̂2 =
√

(dz + J̃ − µsBmx)/J̃ .
m and l can again be parameterized with trigonometric functions:

mx = â1 − â1 cos (ϕ(t)) (4.20)

ly = −b̂1 sin (ϕ(t)) = b̂2 sin (θ(t)) (4.21)

lz = â2 cos (θ(t)) = â2

√

1 − (b̂1/b̂2)2 sin2(ϕ(t)). (4.22)

For very large field strengths µsB > 2
√

dz(dz + J̃) the square root in equation (4.22)

becomes imaginary, because b̂1/b̂2 becomes larger than one. This means that the pre-
cession turns into a precession around the axis of the external field, which can be seen
as a “switching mode” again. Calculating the threshold field leads to values larger than

35 T for B. In the following only the solution for µsB < 2
√

dz(dz + J̃) is discussed. The
resulting orbit for small fields is plotted in Fig. 4.3 (a).

48



4.2 Analytical calculation of switching modes

1

0

y

1

0

0
B

m2

m1
1

0

y

1

0

0
B

m2

m1
1

0

y

1

0

0
B

m2

m1
1

0

y

1

0

0

1

0

y

1

0

0

z

1

0

-1

x
10-1

m2

m1

z

1

0

-1

x
10-1

m1

z

1

0

-1

x
10-1

m1

z

1

0

-1

x
10-1

z

1

0

-1

x
10-1

1

0

-1

y

1

0

-1

x
10-1

m1

m21

0

-1

y

1

0

-1

x
10-1

m1

m21

0

-1

y

1

0

-1

x
10-1

m1

m21

0

-1

y

1

0

-1

x
10-1

m1

m21

0

-1

y

1

0

-1

x
10-1

m1

m21

0

-1

y

1

0

-1

x
10-1

m1

m21

0

-1

y

1

0

-1

x
10-1

m1

m21

0

-1

y

1

0

-1

x
10-1

1

0

-1

y

1

0

-1

x
10-1

(a)

(b) (c)

Figure 4.3: Calculated orbits: (a) Precession of the antiferromagnet during the exci-
tation with a magnetic field B. Blue lines represent orbits of sublattice
magnetizations. (b) Precession in zero field for E > 2dz and for E < 2dz (c).
Taken from [194].

The inertial switching can now be fully described with the calculated orbits. For
an initial excitation with B > 0 the system accumulates energy in the exchange and
anisotropy (Fig. 4.3 (a)). When there is enough energy in the system at the point when
the field is turned off (E > 2dz), a precessive switching as shown in Fig. 4.3 (b) starts.
Due to damping effects the energy in the system decays until E < 2dz and the precession
turns into a precession around the easy axis (Fig. 4.3 (c)). Depending on the state at
which the threshold energy E = 2dz is reached, the sublattices relax into a switched
state or the initial state.

To switch the sublattice magnetizations a minimum energy of E > 2dz has to be
brought into the system. The maximum amount of energy which can be brought into the
system by a constant field is reached, when the Zeeman term reaches a minimum. If the
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field is, as in the simulations above, applied in x-direction, the Zeeman energy reaches a
minimum when the magnetization in x-direction reaches a maximum mx = mmax

x . From
equation (4.16) one obtains that this is the case for ϕ(t) = 3

2
π and hence, mmax

x = µsB
dz+J̃

.

Inserting this into equation (4.12) leads to the maximum amount of energy which can
be brought into the system by an external magnetic field:

E =
2µ2

sB
2

dz + J̃
. (4.23)

Hence, the minimum field, which is needed to reach E = 2dz, can be obtained as

µsBmin =
√

dz(dz + J̃). (4.24)

The maximum amount of energy can only be reached, if the field is turned off exactly
at half a precession. For longer pulses energy is transferred from exchange to Zeeman
energy again. To reduce the needed field strength one could think of using not only one
short pulse, but excite the system resonantly like in the experiment on NiO [83]. For
this not only the orbits are necessary, but also the exact knowledge of the dynamics is
essential. To obtain the exact resonance frequency the differential equations (4.5)-(4.7)
are solved exactly in the next section

4.2.2 Calculation of the resonance frequencies

To calculate the needed pulse durations and the dependence of the frequencies on the
energy, the differential equations (4.5)-(4.7) have to be solved. For B = 0 the param-
eterizations (4.16)-(4.18) are inserted into the equations (4.5)-(4.7), which leads to one
dimensional non-linear differential equations for ϕ(t) and θ(t):

dϕ(t)

dt
= 2

γ

µs

dz
a2b1

a1

√

√

√

√1 −
(b1)2

(b2)2
sin2 (ϕ(t)) (4.25)

dθ(t)

dt
= 2

γ

µs

J̃
a1b2

a2

√

√

√

√1 −
(b2)2

(b1)2
sin2 (θ(t)), (4.26)

These differential equations are solved by the Jacobi amplitude functions am(x|k2),

ϕ(t) = am
(

2
γ

µs

dz
a2b1

a1

· t
∣

∣

∣

∣

(b1/b2)
2
)

(4.27)

θ(t) = am
(

2
γ

µs

J̃
a1b2

a2

· t

∣

∣

∣

∣

(b2/b1)
2
)

. (4.28)

Note that both solutions are equivalent and valid for the whole phase space. The two
modes occur due to the fact that the Jacobi amplitude function am(x | k2) turns from
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a monotonically increasing function for k < 1 to a bounded periodic function with
|am(x | k2)| < π/2 for k > 1. So each function can in principle be used to describe
both modes, but to describe the motion as a precession around an axis and calculate
the resonance frequencies it is easier to choose the equation with k < 1 respectively.

The resonance frequencies can then be calculated directly by exploiting the property of
the Jacobi amplitude function, am(x | k2) = nπ for k < 1 and x = 2nK(k). Here, n ∈ N

and K(k) is the complete elliptic integral of the first kind. The exact eigenfrequencies of
the system without any linearization are easily obtained. For E < 2dz the spins precess
like in Fig. 4.3 (c) with frequency

ωAFMR

1 =
πγ

µs

√

dz(dz + J̃) − dzE/2 ·
1

K (b1/b2)
, (4.29)

for E > 2dz the spins precess like in Fig. 4.3 (b) with frequency

ωAFMR

2 =
πγ

µs

√

J̃E/2 ·
1

K (b2/b1)
. (4.30)

For small energies, equation (4.29) converges to the usual, linearized solution for the
antiferromagnetic resonance frequency [99], but in general the eigenfrequencies depend
on the energy in the system. In Fig. 4.4 (a) the relative eigenfrequency for NiO (see
section 4.3 for details of the model of NiO) depending on the energy in the system are
plotted. It can be seen that the frequency decreases for larger energies and goes to zero
for the critical energy E = 2dz. This means that the frequency of the exciting field
has to be adjusted for a resonant excitation for higher energies to stay in resonance. In
section 4.3.3 we will show how this can be done to achieve switching with relative low
magnetic fields. For higher energies E > 2dz the precession turns into the switching
mode and the frequency increases with the energy in the system.

The eigenfrequencies calculated above are valid for the free motion of the system after
the excitation or approximately for excitations with low fields. For excitations with
large fields like in the simulations above, where the system accumulates enough energy
for switching with one short rectangular field pulse the perturbation by the field has
to be taken into account. Following the same procedure as before for B > 0, a similar
differential equation for ϕ(t) like in the case without field is obtained, but with â2 and

b̂2 depending on ϕ(t):

dϕ(t)

dt
= 2

γ

µs

dz
â2b̂1

â1

√

√

√

√1 −
(b̂1)2

(b̂2)2
sin2 (ϕ(t)). (4.31)

In order to solve this differential equation â2 and b̂2 are approximated by their root
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Figure 4.4: (a) Calculated resonance frequencies for an antiferromagnet. The frequency
decreases with increasing energy for the mode around the easy axis (red
line). For E > 2dz the system precesses around the total magnetization and
the resonance frequency increases with increasing energy (blue line). (b)
Frequency dependence on an external applied field for the model parameters
of NiO assuming a uniaxial anisotropy of dz = 48.7 µeV.

mean squares:

â2 =

√

√

√

√

2(dz + J̃)2 − (µsB)2(1 − cos ϕ)

2(dz + J̃)2
≈

√

√

√

√

2(dz + J̃)2 − (µsB)2

2(dz + J̃)2
(4.32)

b̂2 =

√

√

√

√

2(dz + J̃)2 − (µsB)2(1 − cos ϕ)

2J̃(dz + J̃)
≈

√

√

√

√

2(dz + J̃)2 − (µsB)2

2J̃(dz + J̃)
. (4.33)

For a toy model with J̃ = 600dz this is a good approximation, since the maximal
deviation of the two semi axes from their root mean square is near Bmin smaller than
0.1 percent. For NiO with J̃ > 2000dz the deviation is even smaller than 0.05 percent.
Using this approximation the solution of the differential equation for ϕ(t) is again a
Jacobi amplitude function:

ϕ(t) = am
(

2
γ

µs

√

dz(dz + J̃) − dz(µsB)2/2(dz + J̃) · t

∣

∣

∣

∣

(b̂1/b̂2)
2
)

, (4.34)

and the frequencies with applied field are:

ωB =
πγ

µs

√

√

√

√dz(dz + J̃) −
dz(µsB)2

2(dz + J̃)
·

1

K(b̂1/b̂2)
. (4.35)

For the model of NiO, which is introduced in the next section, the dependence of
the frequency on an external magnetic field is plotted in Fig. 4.4 (b). Here, a uniaxial
anisotropy with dz = 48.7 µeV is assumed. Surprisingly, the frequency decreases with
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Figure 4.5: Spin configuration of NiO. The blue and yellow arrows represent the atom-
istic spins of the Ni2+ ions, pointing in the 〈112̄〉 and opposite direction. The
red points represent the non magnetic O2− ions.

increasing field. It can be seen that the deviation from ω0 is only small for low fields,
but close to the minimal switching field, which is calculated to 17.9 T, the deviation is
already 10 percent and has to be taken into account when calculating the optimal pulse

duration. Close to the threshold field µsB = 2
√

dz(dz + J̃), where the precession turns
into a precession around the external field, the frequency goes to zero.

4.3 Magnetization dynamics in the antiferromagnet NiO

Kampfrath and coworkers used the insulating antiferromagnet NiO in their investiga-
tions of resonant excitations of antiferromagnetic resonant modes [83]. So, for a more
quantitative analysis the same material is modeled in this section. NiO has a NaCl-type
crystal structure, within which the magnetic Ni2+ ions are arranged on a cubic fcc lattice
and the non-magnetic O2− ions are placed in between (see Fig. 4.5). Below the Néel
temperature TN = 523 K the spins of the Ni2+ ions are coupled ferromagnetically in
the {111} planes and point along the 〈112̄〉 axis. Neighboring {111} planes are ordered
antiferromagnetically. A similar Hamiltonian as introduced in section 3.2 is used, but
with two uniaxial hard axes:

H=−
1

2

∑

〈ij〉

JijSi · Sj − dx

∑

i

S2
i,x − dy

∑

i

S2
i,y − µsB

∑

i

Si. (4.36)

dx = −48.7 µeV and dy = −2.6 µeV are the anisotropy constants, whereas x denotes
the out of plane, 〈111〉, and y the in-plane hard axis, 〈1̄10〉. The exchange constant
for nearest neighbors (NN) is JNN = −1.37 meV and for next nearest neighbors (NNN)
JNNN = 19 meV. The atomistic magnetic moment of each Ni2+ ion is µs = 2.04 ·
10−23 J/T. These material parameters are known from neutron scattering measurements
[76]. The damping constant is set to α = 0.0002 and the gyromagnetic ratio for NiO is
γ = 1.9347 · 1011 1

Ts
[83].
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Figure 4.6: Inertial switching of NiO excited by an ultrashort magnetic field pulse point-
ing in the 〈1̄10〉 direction. (a) For a field strength of 17.5 T inertial behavior
can be observed. (b) For a field strength of 18.25 T the system switches.
(c) Due to the small damping in NiO a slightly increased field strength of
18.75 T leads to a double switching, meaning that lz = 0 is crossed twice
before turning into a normal mode around the easy axis again.

4.3.1 Magnetization switching upon excitation with ultrashort

rectangular field pulses

In Fig. 4.6 the results of three different simulations are shown with a pulse duration of
0.5 ps and a field strength varied between 17.5 T and 18.75 T. The pulse is applied in
y-direction. Although 17.5 T is not sufficient to switch the sublattice magnetization, the
inertial character can again be seen in the z-component of l. The slightly larger fluence
of 18.25 T is sufficient to switch the sublattices. The damping is large enough to catch
the system in the new state and it relaxes via precession around the easy axis towards
the new ground state. A field pulse of 18.75 T brings enough energy into the system
to trigger a double switching, meaning that the sublattice magnetization switches twice
before the energy is E < 2dZ and the system ends up in its initial state.

To investigate this more systematically many simulations with sub-picosecond, rect-
angular magnetic field pulses of different strength and length were performed. In
Fig. 4.7 (a) the values of lz after relaxation into the final state upon excitation with
these different pulses are plotted. In the yellow areas the system relaxed back into its
initial equilibrium state, lz = 1, while in the black areas the value of lz after relaxation
is negative, indicating switching of the sublattices. In the first black area – around
By = 18.3 T and ∆t = 0.49 ps – the excitation was sufficient to switch the sublattice
magnetization once, as shown in Fig. 4.6. The field value is little higher than the min-
imum field calculated with equation (4.24), which, for an effective exchange constant
J̃ = 6(JNNN + JNN), would lead to a value of Bmin = 17.9 T. The optimal pulse duration
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Figure 4.7: Switching diagram of NiO after excitation with magnetic field pulses of dif-
ferent length and strength. Numerical simulations (a) and analytical calcula-
tions (b) show very good agreement. The black areas indicate that after the
final relaxation the sublattice magnetizations have switched their direction.
Taken from [194].

for a field pulse around 18 T calculated with equation (4.35) is ∆topt = T B/2 = 0.49 ps,
which agrees perfectly with the simulations. For higher excitation, in the second yellow
area, the damping of the system is not sufficient to catch the system in the new energy
minimum and the system relaxes back into its initial state. In the second black area
– around 19.1 T and 0.5 ps – there is enough energy in the system for more than one
full precession as shown in Fig. 4.3 (b), leading finally to a switching. Over all one can
identify a hierarchy of black areas indicating switching after an increasing number of
precessions.

With the analytical solutions derived in the last subsection it is possible to reproduce
Fig. 4.7 (a) analytically. For different field strength and duration times the starting
positions for the free motion can be calculated with equation (4.35). Then, the energy
differences to the ground state E0 are calculated. To take dissipation of energy into
account an exponential decay is assumed from the point where the field is switched
off E(t) = E0 exp (−α̃t). This gives the times tcrit when the critical energy E = 2dz

is reached. After inserting tcrit and E0 into equation (4.29) the positions of the spins
when the precession turns into a precession around the easy axis can be obtained. The
position indicates whether the system is going to relax to a switched state or not.

It is only a rough estimation, since the damping during the excitation process is
completely ignored. Furthermore, equation (4.29) is derived for the Landau-Lifshitz
equation (4.2) without any dissipation and it is not clear whether such a simplified
approach gives proper results.

Nevertheless, Fig. 4.7 (b) shows an analytically derived switching diagram for NiO.
Here, the damping constant α̃ is fitted to reach a good agreement with the simulations.
The analytically derived switching diagram is in very good agreement with the simulation
with damping constant of α̃ = 6.9 · 1010s−1.

55



4 THz switching of antiferromagnets and ferrimagnets

B0
y = 13.8 T

time / ps

20151050

B0
y = 13.6 T

time / ps

20151050

B0
y = 13 T

B
y
/T

10
0

-10

m
y

0.02

0.01

0

-0.01

-0.02

time / ps

l z

20151050

1

0.5

0

-0.5

-1

(a) (b) (c)

Figure 4.8: Inertial switching of NiO excited by Gaussian damped cosine magnetic field
pulses with different maximum field strengths. The magnetic field points in
the y direction. The central frequency in all simulations is ν = 0.9 THz. A
maximum field strength of B0

y = 13.6 T is sufficient to switch the sublattice
magnetization (b). For slight increase of the fluence (B0

y = 13.8 T) the
sublattices switch twice (c).

4.3.2 Magnetization switching upon excitation with resonant

single-cycle THz pulses

As a next step it is investigated whether it is possible to reduce the necessary field
strength by using resonant field pulses similar to the pulses used in the experiments
by Kampfrath et al. [83]. The idea is to put more energy into the system with every
half cycle of the laser pulse. For this, magnetic field pulses described by the following
Gaussian damped cosine function are used:

B(t) = B0
y cos(2πν(t − t0)) · exp

(

−
(t − t0)

2

σ2

)

. (4.37)

Here, B0
y is the peak field strength and ν is the central frequency of the pulse. In

section 4.2.2 it was shown that the resonance frequency changes with the amount of
energy in the system. Therefore, only very short pulses can be used to stay in resonance
at least to the maximum peak of the pulse.

Fig. 4.8 shows the dynamics upon excitations with B-fields described by equation
(4.37) for different maximum field strengths. The central frequency is ν = 0.9 THz
and the field strength are between B0

y = 13 T and B0
y = 13.8 T. The excitation with

B0
y = 13 T is not sufficient to trigger inertial switching, but it can be seen that due

to the resonant excitation the deflection increases with every cycle of the exciting field
pulse. An excitation with a maximum peak of about B0

y = 13.6T switches the sublattice
magnetizations, which can be seen in Fig. 4.8 (b). So, the maximum field strength is
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Figure 4.9: (a) Inertial switching of NiO excited by Gaussian damped cosine magnetic
field pulses with different strength and different central frequency. The mag-
netic field points in the y direction. Black indicates that the system ends up
in a switched state. (b)-(d) Only slightly varying the frequency can deter-
mine whether the system does not switch, switches once or switches twice.
The simulations shown in (b)-(d) are done with B0

y = 13.85 T and different
frequencies as indicated in the top right of the figures.

about 20 percent reduced compared to the rectangular field pulses used in section 4.3.1.
As in the case of rectangular field pulses switching can also be seen in the x-component
of the magnetization mx, where the switching mode leads to the typical phase shift,
because the two sublattices precess around their total magnetization for half a period.
Again it is only a small window, inside which it is possible to switch the sublattice
magnetizations. Applying a stronger field pulse with a peak field of B0

y = 13.8 T leads
to a double switching of the sublattice magnetizations.

Despite the dependence on the field strength the dynamics is sensitive to the frequency
of the excitation. Fig. 4.9 (a) shows a switching diagram, where the final sublattice mag-
netization after an excitation with a THz field is shown for different field strengths and
frequencies. At B0

y = 13.5T and ν = 0.9THz a small black area indicates, that switching
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is possible. Again, also areas where the system switches twice can be identified between
the black areas. It can be seen that there are areas where the switching dynamics
depends very sensitive on the frequency. Fig. 4.9 (b)-(d) for example show three simula-
tions with a field strength of B0

y = 13.85 T and different frequencies. While a pulse with
a frequency of ν = 0.861 THz is not sufficient to switch the sublattice magnetizations,
a field pulse with a slightly higher frequency of ν = 0.865 THz is. A field pulse with a
frequency of ν = 0.869 THz leads already to a double switching of the system.

To conclude, the switching with resonant field pulses can lead to a reduction of the
necessary field strength. In the case of Gaussian damped cosine pulses this reduction
can be up to 20 percent, but the necessary field strength is still larger than B0

y = 13 T.
Currently available THz laser sources have much less power and reach B-field values not
larger than 1T. The problem is that an excitation with a constant frequency can only be
resonant for a few cycles, since the resonant frequency varies drastically with increasing
energy in the system. To keep the pulse resonant the frequency has to be adjusted to
the energy in the system, which is done in the next section.

4.3.3 Magnetization switching upon excitation with resonant

multi-cycle THz pulses

Strong excitation pushes the system into the non-linear regime, which makes a pulse with
constant central frequency off-resonant after a short time. To overcome this problem,
the frequency of the exciting field pulse has to be adjusted during the excitation.

Fig. 4.10 shows simulations results of the magnetization dynamics in NiO upon ex-
citation with sine field pulses within which the frequency is adjusted after every half
period. The energy of the system is calculated via equation (4.36) and the frequency is
then adjusted via equation (4.29). If the energy in the system is larger than 2dz, the
exciting field pulse is set to 0 T.

Fig. 4.10 (a) shows the dynamics of a simulation with a maximum field strength of
3 T. After 5 periods the energy in the system is sufficient to trigger a switching of the
sublattice magnetization. Again, it can be seen in the x-component of the magnetization
that the system is put into a switching mode. In Fig. 4.10 (b) the field strength is reduced
to 1.4 T. Here, 11 periods are necessary to put enough energy into the system. With
this method the field strength can in principle be reduced to very low values, which are
also available in current experiments, but it is of course not as easy to create arbitrary
pulse shapes in an experiment as in a simulation. Furthermore, the frequencies have to
stay in resonance for many periods and have to be adjusted very accurate, which might
be very challenging in experiments.
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Figure 4.10: Inertial switching of NiO after excitation with resonant field pulses. Equa-
tion (4.29) is used to adjust the frequency after every half period of the
exciting pulse. The necessary field strength can be drastically reduced.
(a) For an excitation, in which the peaks reach a maximum of 3 T, the
pulse has to stay in resonant for five periods. (b) For an excitation with a
maximum of 1.4 T eleven periods are necessary.

4.4 Inertial switching of ferrimagnets at their magnetic

compensation temperature

In the previous sections it was shown that it is possible to manipulate the magnetization
of an antiferromagnet with THz field pulses on an ultrashort timescale. For large field
strength and adjusted pulse frequencies even the switching of the two sublattices could
be achieved. This fast dynamics rest on the strong antiferromagnetic exchange between
the two sublattices. However, for applications antiferromagnets have the significant dis-
advantage that the two sublattices compensate each other. Therefore, antiferromagnets
provide no measurable total magnetization, which can be used for technical applications.
Ferrimagnets seem to be a good alternative. They also have strong antiferromagnetic
coupled sublattices leading to fast dynamics. In addition, their sublattices do not com-
pensate each other resulting in a total magnetization.

In this section it is investigated whether a ferrimagnet provides similar dynamics
like an antiferromagnet excited by ultrashort field pulses. It is shown that already the
precessional dynamics is much more complex than in an antiferromagnet and inertial
switching is hardly possible. Nevertheless, due to the fact that the different sublattices
show different temperature behavior, ferrimagnets can exhibit a magnetic compensation
temperature TM, where the magnetization of both sublattices compensate each other and
behave similar to antiferromagnets. Fig. 4.11 shows the temperature dependence of the
spontaneous magnetization of a two-sublattice model for a ferrimagnet, which exhibits
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Figure 4.11: Temperature dependence of the spontaneous magnetization in a ferrimag-
netic toy model. Due to the different properties of the sublattices the ferri-
magnet exhibits a magnetization compensation temperature TM, at which
both sublattice magnetizations compensate each other.

a magnetization compensation temperature. The ratio between the intra-sublattice ex-
change in the model is set to J2/J1 = 3, the inter-sublattice exchange to J12 = −J1,
the ratio between the magnetic moments to µ1

s/µ2
s = 2, and the anisotropy constant to

dz = 0.01J1. The gyromagnetic ratios are set to the same value γ1 = γ2. These param-
eters result in a Curie temperature at TC ≈ 10.5 · J1/kB and a magnetic compensation
temperature at TM ≈ 7 · J1/kB.

4.4.1 Precessional relaxation dynamics of ferrimagnets

A crucial point to achieve switching in antiferromagnetic materials is the switching mode,
which can be excited by putting resonantly energy into the system with an external
magnetic field. The mode occurs, when the energy in the antiferromagnetic exchange
dominates the dynamics. If there is no anisotropy at all, this is the natural mode which
follows every excitation.

In a ferrimagnet within which the different magnetic moments of the sublattice atoms
break the symmetry, the dynamics is more complex. The different magnetic moments do
not behave symmetrically and respond different to an external field. This always excites
also the ferromagnetic mode, which is a precession of the total angular momentum
around the easy axis [153]. Furthermore, the exchange mode in ferrimagnets is for high
energies not a “switching mode” as in the case of antiferromagnets. This can be easily
seen by solving the LLG equation in a no damping and high energy limit, where the
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energy in the system is ≫ 2dz and the anisotropy can be neglected.
Again, the simple two-sublattice Hamiltonian from equation (4.1) is considered, but

now with different magnetic moments for the two distinct sublattices. When neglecting
anisotropy the total angular momentum in the system is completely conserved. There-
fore, the coordinate system can be transformed in such a way that without restriction to
generality the direction of total angular momentum is the z′-direction (see Fig. 4.12 (a)).
The total angular momentum then reads

L0 =
µ1

s

γ1
m1 +

µ2
s

γ2
m2 =









0
0

∣

∣

∣

µ1
s

γ1 m1 + µ2
s

γ2 m2

∣

∣

∣









=







0
0

L0





 , (4.38)

showing that the x′- and y′-components of the angular momenta compensate each other,

which means µ1
s

γ1
mx′

1 = −µ2
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γ2
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2 and µ1
s

γ1
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2 . For the z′-component one finds
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2 . Using these relations in the LL-equation (4.39) gives
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This differential equation is simply solved by

mi =
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, (4.40)

where m⊥
i =

√

(mx′

i )2 + (my′

i ) denotes the sublattice magnetization perpendicular to the
total angular momentum. It shows that the pure exchange mode is, similar to the case
of an antiferromagnet, a precession around the total angular momentum. Fig. 4.12 (a)
shows a schematic of the exchange mode. The total angular momentum L0 points in
the z′-direction.

Nevertheless, the situation in view of a switching mode is quite different. The sym-
metry of an antiferromagnet leads to the fact that after an excitation perpendicular to
the easy axis, the total angular momentum is also perpendicular to the easy axis. A
precession around the total angular momentum is, therefore, a kind of switching mode
in an antiferromagnet. In contrast to this, in a ferrimagnet the two sublattices do not
compensate each other, but have a total magnetization in direction of the easy axis.
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Figure 4.12: (a) Sketch of the relaxation dynamics of a ferrimagnet. The exchange mode
is a precession of both sublattices around the total angular momentum (red
and blue). Anisotropy leeds to an additional precession of the total angular
momentum around the easy axis (green). (b) Final relaxation for different
rotation out of equilibrium of the both sublattices. The system ends always
in a state with total angular momentum (L1 + L2)

z
end

pointing in the same
direction as the initial total angular momentum (L1 + L2)

z
start

.

Hence, a precessional switching seems only possible if the exciting pulse is sufficient
to bring the total angular momentum in a direction almost perpendicular to the easy
axis. A precession around the total angular momentum can then lead to a mode, where
both sublattices change the sign of the magnetization in z-direction and due to damping
effects the system can be catched to relax into a new equilibrium state.

To investigate how a finite anisotropy and damping influence the dynamics of a fer-
rimagnet, simulations with anisotropy (dz = 0.01J2) and damping (α = 0.01) at zero
temperature are performed (the other parameters are chosen as in Fig. 4.11). Both
sublattices start in a state, in which the magnetic moments are rotated out of equilib-
rium (see Fig. 4.12 (a)) and only the following relaxation back to the ground state is
simulated.

Fig. 4.13 shows the simulated dynamics for a large canting angle. Here, the effective
field during the initial dynamics is dominated by the exchange field, which leads to
a precession around the total angular momentum. Since the frequency as well as the
damping is proportional to the effective field, the dynamics of the exchange mode is much
faster than the dynamics due to the anisotropy. The simulations show that the exchange
mode leads first to fast precessions around the total angular momentum (Fig. 4.13 (a)).
Due to the damping, the energy dissipates out of the exchange and the two sublattices
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(a) (b)

Figure 4.13: Simulated orbit for a ferrimagnet with finite anisotropy and damping.
(a) Since dz = 0.01J2 the exchange mode dominates the dynamics on short
timescales. The damping leads to a fast reduction of the angle between
the two sublattices. The initial dynamics is almost not influenced by the
anisotropy. (b) After the system has reached a collinear state the ferromag-
netic mode dominates the dynamics and leads to relaxation to equilibrium
via precession around the easy axis.

relax towards a collinear state again. The frequency of the ferromagnetic modes is
several times smaller than the exchange mode and, therefore, it does not influence the
relaxation to the collinear state very much. After a collinear state is reached, the system
relaxes via the ferromagnetic mode towards equilibrium (see Fig. 4.13 (b)).

In a second simulation both sublattices are rotated out of the equilibrium axis in such a
way that they both have positive z-components and the total angular momentum points
parallel to the z-axis (Fig. 4.14 (a)). The following relaxation leaves the direction of the
total angular momentum L0 almost unaffected and the system relaxes via precessional
motion around L0 to the equilibrium state. To provide a full description of this relaxation
process, Fig. 4.14 (b) shows different components of the sublattice angular momenta.
The left hand side of Fig. 4.14 (b) shows the z-component and the y-component of
the sublattice angular momenta during the relaxation. On the right hand side the x-
component and the transverse angular momenta Lt vs. the z-component of the angular
momenta are shown. The z-component of the angular momentum of sublattice 2 (blue)
indicates the fast direct relaxation to the ground state and the x-component on the
right hand side as well as the y-component at the top show that this relaxation is via
precessional motion of both sublattices. Sublattice 1 (red) does not relax directly to
the equilibrium direction, but first starts a precession with the same transverse angular
momentum as sublattice 1. This leads to a small drop in the z-component during the
switching of sublattice 1.

Next, it is shown, that a ferrimagnet starting in an excited state always relaxes so
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Figure 4.14: Simulated orbit for a ferrimagnet with finite anisotropy and damping, where
both start with positive z-component of the magnetization. (a) Via pre-
cessional motion the sublattices relax towards the ground state. The total
angular momentum (L1 + L2) does not change its direction. (b) Different
components of the magnetization during relaxation.

that the total angular momentum after relaxation points in the same direction as before
the relaxation. For this, many simulations are performed with every possible initial
state of the two sublattices. Fig. 4.12 (b) shows the direction of the total angular
momentum (L1 + L2)

z
end

after relaxation for the different rotations of the sublattice
angular momenta out of the equilibrium axis. The starting configuration is defined by
the z-component (Lz

1 and Lz
2) of the sublattices as shown in Fig. 4.12 (a). The black

area indicates, that the system ends in a state with (L1 + L2)
z
end

= −1 and the yellow
area with (L1 + L2)

z
end

= 1. The red line indicates the starting configuration, in which
the total magnetization in z-direction is zero. The system ends always in a state with
total angular momentum (L1 + L2)

z
end

pointing in the same direction as the initial total
angular momentum (L1 + L2)

z
start

.

4.4.2 THz switching close to the magnetization compensation

temperature

In the previous subsection it was shown that the switching dynamics of a ferrimagnet
is much more complex than the dynamics of an antiferromagnet. Therefore, switching
of the sublattices in a ferrimagnet cannot be achieved with resonant field pulses in
the THz regime. Nevertheless, ferrimagnets can exhibit a magnetization compensation
temperature, TM, at which the two sublattices compensate each other. In the following
the model of a ferrimagnet introduced in section 4.4 is used to investigate switching at
the magnetization compensation temperature TM. The temperature dependence of the
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Figure 4.15: Inertial switching of a ferrimagnet at the magnetization compensation tem-
perature TM at which the dynamics of a ferrimagnet is similar to the dy-
namics of an antiferromagnet. Taken from [194].

equilibrium magnetization was already shown in Fig. 4.11. Since also the gyromagnetic
ratios are equal γ1 = γ2, the angular momenta of the sublattices are compensated at the
same point TA = TM, and ferrimagnets of this kind are supposed to behave similar to
an antiferromagnet at the magnetic compensation temperature TM.

Fig. 4.15 shows the inertial switching of a ferrimagnet excited by an ultrashort field
pulse close to its magnetization compensation temperature. The switching is very similar
to the switching observed in antiferromagnets before, but as the sublattices are not
perfectly compensated (due to thermal fluctuations) a ferromagnetic mode is excited in
addition to the antiferromagnetic switching mode. This leads to an additional precession
around the easy axis, which makes the excitation by longer resonant pulses quite difficult.

4.5 Concluding remarks

To summarize, it was shown that antiferromagnets can be switched on a time scale of
picoseconds using THz magnetic field pulses. This switching has an inertial character and
arises via the exchange mode in the non-linear regime, which is a precession around the
total magnetization. The Landau-Lifshitz equation was solved analytically to calculate
the exact orbits and the antiferromagnetic resonance frequencies in the non-linear regime.
Furthermore, the needed field strength and optimal pulse duration times required for
switching were derived analytically.

The field values needed for switching turn out to be rather large, but hitting the
resonance frequency of the antiferromagnet, the oscillating magnetic field leads to an
increase of the exchange energy with every period. This can lead to a drastic reduction
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4 THz switching of antiferromagnets and ferrimagnets

of the field strength needed for switching in case of longer resonant excitations when the
frequency is adjusted for its amplitude dependence in the non-linear regime.

In ferrimagnets the situation is rather different. Due to their uncompensated mo-
ments a switching can only be triggered if the angular momentum switches the direction
already during the excitation. Nevertheless, ferrimagnets can be switched similarly to
an antiferromagnet at their compensation temperature.
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5 Switching dynamics of ferrimagnets

- linear reversal vs. precessional

back-switching

The demonstration of helicity-dependent all-optical magnetization switching [162, 181]
was one of the most surprising findings in ultrafast magnetization dynamics (see sec-
tion 2.3 for an introduction). The experiments were performed on rare-earth-based fer-
rimagnets in which the rare-earth (RE) sublattice is strongly antiferromagnetically cou-
pled to the transition metal (TM) sublattice. Nevertheless, first attempts to describe this
unexpected processes were based on model simulations resting on the Landau-Lifshitz-
Bloch (LLB) equation for ferromagnets assuming that the circularly polarized laser pulse
induces a strong magnetic field via the inverse Faraday effect which determines the di-
rection of the switching [180].

The discovery of thermally-induced all-optical switching a few years later [141, 134]
demanded more sophisticated models since the switching works without any external or
induced magnetic field, which can determine the recovery of the magnetization after its
ultrafast quenching. Especially, the observed transient ferromagnetic-like state (TFLS),
within which the two sublattices of the ferrimagnetic GdFeCo sample are aligned parallel
for longer than one ps, cannot be described by a ferromagnetic model with only one
sublattice. A model with at least two sublattices is necessary.

Qualitatively, the switching has been described by the atomistic spin model devel-
oped by Ostler et al. [135] (see section 3.5.1), but the model was neither able to show
quantitative agreement in the different demagnetization times of the different materials
nor explain the mechanisms leading to the TFLS as seen in the experiments. A first at-
tempt to explain the TFLS was given by Mentink and coworkers who identified angular
momentum transfer driven by the inter-sublattice exchange as the crucial process [126].
One of the main goals of this thesis is to model and understand the whole switching
process in ferrimagnets induced by a thermal excitation with the help of atomistic spin
models. As a first step, in this chapter ferrimagnetic toy models are used to uncover
the processes leading from the non-equilibrium, induced by the laser pulse, to the TFLS
and switching. It is shown that the TFLS arises naturally as a consequence of a redistri-
bution of the energy between the two different sublattices. Arguments will be brought
forward to confirm that this ultrafast dynamics is driven by maximization of entropy
under the constraint of energy and angular momentum conservation. The fundamental

67
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processes are shown to be longitudinal, but the inclusion of transverse dynamics can lead
to large precessional motion during and after the switching or even to a back-switching
of the sublattice magnetizations via precession modes as described in the previous chap-
ter. Furthermore, the mechanisms leading to a TFLS work on a wide range of model
parameters, but to achieve switching a magnetic compensation temperature seems to be
necessary.

Results of this chapter are published in:

• S. Wienholdt, D. Hinzke, K. Carva, P. M. Oppeneer, and U. Nowak. Orbital-
resolved spin model for thermal magnetization switching in rare-earth-based ferri-
magnets. Physical Review B, 88(2):020406(R), 2013.

• S. Wienholdt and U. Nowak. Switching dynamics of two sub-lattice magnets. in
Ultrafast Magnetism I, Springer Proceedings in Physics 159, Ed. J.-Y. Bigot, W.
Hübner, T. Rasing, R. Chantrell, Springer International Publishing Switzerland,
2015.

5.1 Longitudinal magnetization dynamics

In chapter 4 it was shown that it is possible to switch the sublattice magnetizations
of antiferromagnets via a precessional switching mode. In contrast, to achieve such a
switching mode in ferrimagnets seems to be possible only at the magnetic compensation
temperature, at which a ferrimagnet behaves similarly to an antiferromagnet (see sec-
tion 4.4). As opposed to this, for a ferromagnet a longitudinal reversal path via a strong
non-equilibrium state was proposed to be the fastest [86]. At the same time also in the
initial attempts to describe all-optical magnetization switching a linear reversal path
was assumed to be responsible for the fast timescale of the switching process [181]. This
motivated Mentink and coworkers to develop a purely longitudinal model, in which the
transverse part is completely neglected [126]. The model includes two phenomenological
constants. One is responsible for the exchange interaction between the sublattices and
second one for the dissipation of energy and angular momentum to the lattice. Nev-
ertheless, the model was able to describe the TFLS on the basis of so-called exchange

relaxation, which is a linear angular momentum transfer between the sublattices. More
recent publications have revealed the importance of also taking transverse magnetization
dynamics into account to obtain a full description of the reversal process [17, 24].

In the present section the longitudinal dynamics in ferrimagnets by means of atom-
istic spin model simulations is investigated without neglecting transverse motion. It
is shown that a TFLS follows from dissipationless linear spin dynamics, within which
energy and angular momentum are redistributed between the two sublattices driven by
maximization of the statistical entropy.
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5.1 Longitudinal magnetization dynamics

5.1.1 Timescales of longitudinal magnetization dynamics

The investigation is started with a rough estimation of the different timescales occurring
in atomistic spin models as given by Kazantseva et al. for ferromagnets [88]. This can be
done by having a closer look at the equation of motion for the spin dynamics, the LLG
equation (3.29). The right hand side of the equation consists of two terms, the precession
term and the phenomenological damping term. Both terms contribute to the complex
dynamics coming out from an atomistic spin model and in general equation (3.29) cannot
be separated into two independent dynamics. Nevertheless, there are some limit cases
in which the spin dynamics can be assigned mainly to one or the other term.

The longitudinal dynamics of a ferromagnet upon excitation with a heat pulse is
mainly due to the damping term. The laser pulse pumps energy into the electron system
which acts as a heat bath for the spin system. The non-equilibrium between the electron
temperature bath and the spin system then leads to a flow of energy into the spin
system and at the same time to a flow of angular momentum out of the spin system.
This process cannot occur via the precession term, because it conserves the energy and
angular momentum. An estimation of the timescale for this process is [88]

τDiss ≈ µs/(2αγkBTe). (5.1)

Therefore, within this thermal model the observed sub-picosecond demagnetization in
transition metals is mainly due to the high electron temperatures which are reached
upon laser pulse excitation. Furthermore, the demagnetization is restricted to the phe-
nomenological damping constant α which describes the coupling to the heat bath. This
usually leads to timescales of a few hundred fs in transition metals [88, 15].

The remagnetization is determined by the effective exchange interaction acting on each
spin which is determined by the product of the exchange constant J and the number of
nearest neighbors z. Again this process is mediated via the damping term and restricted
by the damping constant α, because the energy has to leave the system and angular
momentum has to enter the system. The time constant is then on the order of [88]

τre ≈ µs/(αγzJ). (5.2)

If the thermal energy is of the same order as the exchange interaction 2kBTe ≈ zJ , this
timescale is on the same order of magnitude as the timescale for the demagnetization.

These timescales are assumed to be similar in a ferrimagnet. During and short after
the excitation of a laser pulse the high electron temperatures drive the demagnetization
with a time constant as in equation (5.1) and, thus, depending on the properties of
each subsystem the two sublattices can demagnetize on very different timescales. For
instance, both sublattices have different magnetic moments µs which already leads to
slightly different dynamics. This difference was assumed to be the main origin of the
different demagnetization times in [141, 134]. Furthermore, it is shown in chapter 6
that the rare-earth metal Gd, which is one of the elements in the compounds showing
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5 Switching dynamics of ferrimagnets

all-optical switching, shows intrinsically different dynamics in comparison to transition
metals. In Gd the 4f electrons, which are responsible for most of the magnetic moment,
cannot be directly excited by the laser pulse. Therefore, the magnetization dynamics
of the 4f spin system is not directly influenced by the high electron temperature. In
addition the damping constant can be very different. These differences can lead to
significant different demagnetization dynamics of the distinct sublattices in GdFeCo
compounds and to a strong non-equilibrium between them.

The non-equilibrium induced by the laser is supposed to lead to angular momentum
and energy transfer among the sublattices resulting in the TFLS and finally in a switching
of the sublattices [126]. This process is expected to occur on an intermediate timescale
between the fast demagnetization and the usually slower remagnetization. The reason
is that the exchange relaxation is supposed to be neither dependent on the high electron
temperatures nor limited by the damping constant, because no dissipation of energy and
angular momentum to the environment is necessary for the process.

5.1.2 Dissipationless spin dynamics driven by entropy maximization

In the last section it was argued that different temperatures (due to the magnetization
via different orbitals), damping constants, gyromagnetic ratios and magnetic moments
can lead to different demagnetization times. Effectively, this means that the sublattices
thermalize on different timescales leading to a non-equilibrium between the sublattices.
The question arises, how the proposed exchange relaxation between the sublattices enters
into the LLG equation and what is the physical reason for the system to reach the very
counterintuitive TFLS. In order to answer this question one has to look again at the two
terms of the LLG equation (3.29).

The second term in the LLG equation forces the spins to align along the effective
field. Since the two sublattices are antiferromagnetically coupled this would effectively
lead to a ferrimagnetic reordering. Therefore, the exchange relaxation enters via the
first term in equation (3.29), the precession term, which conserves the energy and the
angular momentum. For an atomistic ferrimagnetic spin model with antiferromagnetic
nearest neighbor interaction Jnn < 0 and ferromagnetic next nearest neighbor interaction
Jnnn > 0, the dynamic equation due to the precession term for the normalized total
sublattice magnetization mν = 1
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(5.3)

Here, the sum over i is the sum over all spins of each sublattice ν =TM,RE and the
sum over j denotes the sum over the nearest neighbors of spin i. The sums over next
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(a) (b)

Figure 5.1: Entropy maximization via dissipationless spin dynamics. In a simple Ising
model for 16 spins with periodic boundary conditions (indicated as brighter
spins at the edges) for JTM = 4JRE = −4JRE-TM, µRE

s = 2µTM

s and γTM = γRE a
spin switching which conserves energy and angular momentum (magnetiza-
tion) is possible. The possible realizations increase from Ω(MTM, M, E) = 28
for (a) to Ω(MTM, M, E) = 32 for (b) and so the statistical entropy
S = lnΩ(MTM, M, E) increases.

nearest neighbors occur always twice with different signs and, thus, cancel each other.

The dynamic equation for the total angular momentum L =
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Due to the symmetry of the system, the z-component of the total angular momentum
is conserved. It is generally assumed, that the laser pulse leads to an almost complete
demagnetization of the TM sublattice [141, 134, 126]. Hence, an energy transfer between
the two sublattices via the precession term necessarily leads into a TFLS.

The latter can easily be demonstrated by means of a simple Ising model consisting
of 16 spins with periodic boundary conditions (as shown in Fig. 5.1). Reminiscent of
rare-earth-based ferrimagnets, which are used in most experiments showing all-optical
switching, the sublattices are called RE and TM. The magnetic moments of the RE (red
spins) are chosen twice as big as the magnetic moments of TM (blue spins): µRE

s = 2µTM

s .
The exchange constants are assumed as JTM = 4JRE = −4JRE-TM. The gyromagnetic ratio
is assumed to be equal for both sublattices (γTM = γRE). Hence, an equal magnetization
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5 Switching dynamics of ferrimagnets

MTM = MRE corresponds to an equal angular momentum LTM = LRE in this model.
It is assumed that due to different demagnetization times, a laser pulse has driven the
system into a non-equilibrium state, in which the TM is completely demagnetized and
the spins of the RE sublattice are completely ordered (Fig. 5.1 (a)). To conserve the
total angular momentum (magnetization), every spin switch of one sublattice has to be
compensated by a spin switch of the other sublattice. This means that the dynamics
which is allowed from such a non-equilibrium state necessarily leads into a ferromagnetic-
like state. Keeping also the energy constant for instance the state shown in Fig. 5.1 (b)
is possible. The energy which is needed for the two spins from the TM sublattice to
align parallel to the surrounding spins from the RE sublattice comes from the large
ferromagnetic exchange within the TM.

Although this is a microcanonical ensemble in which all possible microstates have the
same probability and will be reached in an ergodic system, such a ferromagnetic-like
state is favorable, because it increases the statistical entropy. Let Ω(MTM, M, E) be
the number of possible realizations for a macrostate with total magnetization M , total
energy E and sublattice magnetization MTM. The entropy for the macrostate is then
given by [148]

S = kBlnΩ(MTM, M, E). (5.5)

For the simple example in Fig. 5.1 the number of realizations for the macrostates in-
creases only slightly from Ω(MTM = 0, M = 16, E = 32) = 28 (Fig. 5.1 (a)) to
Ω(MTM = 4, M = 16, E = 32) = 32 (Fig. 5.1 (b)) and so the entropy does. Never-
theless, usually the entropy is proportional to the number of spins and since in real
systems this number is several orders of magnitude larger, there is a huge probability
for a system to go into a ferromagnetic-like state.

Coming back to an atomistic spin model, the question arises whether the dynam-
ics via the precession term provides such dynamics maximizing the entropy of a spin
system. To answer this question the spin dynamics of a ferrimagnetic without dissipa-
tion is simulated. The system consists of 64000 spins with zero damping, α = 0, and
initial conditions in which one sublattice is completely ordered while the other one is
perfectly disordered (a random spin configuration). The spins are arranged on a simple
cubic lattice. The magnetic moments are set to µRE

s = 2µTM
s = 2 µB and the exchange

constants to JTM = 3JRE = −3JRE-TM = 7 meV, which is the model already introduced
in section 4.4. It serves as toy model for a rare-earth-based ferrimagnetic (e.g. FeGd)
sample directly after the initial excitation where the TM spins are rather random while
the RE spins are still rather ordered due to their slower dynamics. The spin dynamics of
the model (shown in Fig. 5.2 (b)) starts consequently at zero magnetization for the TM
sublattice and with a finite value for the RE sublattice. The fact that the total angular
momentum is conserved in this toy model (also shown in Fig. 5.2 (b)) in connection with
the exchange of energy (shown in the upper part of Fig. 5.2 (a)) leads necessarily to a
ferromagnetic-like state, since the change of magnetization of the RE (negative) has to
be balanced by a corresponding positive change of the TM magnetization.
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Figure 5.2: Dissipationless spin dynamics of two sublattices of a generic ferrimagnet:
transfer of energy (a) and angular momentum (b) occur, keeping the total
angular momentum and the total energy constant. The dynamics leads to a
ferromagnetic-like state.

Of course, including the damping term in the LLG equation of motion again does not
strictly conserve angular momentum due to dissipative processes which are described
phenomenologically via the damping term. However, since this dissipative term is usually
small, with damping parameters of the order of 10−2 . . . 10−5 the timescale for dissipation
is longer, and on shorter timescales non-dissipative processes dominate. To investigate
this, zero-temperature simulations are performed with a model including dissipation
effects. Initially, one sublattice is completely demagnetized and the other completely
ordered. The same model as described above is used, but with different values of the
damping constant α. Fig. 5.3 (b) shows that in the first few hundred femtoseconds
the dynamics for lower damping constants follows the dissipationless dynamics (α = 0)
leading to a TFLS. Only for values α ≥ 0.05 the damping term becomes dominant
and no TFLS occurs. The dynamics then leads directly into the ferrimagnetic ground
state. Nevertheless, even in the case of high damping (α = 0.05) a small dip in the RE
magnetization indicates the presence of angular momentum transfer. This clearly shows
that even in a system with high damping constants (α = 0.02) a strong non-equilibrium
state via dissipationless dynamics relaxes first towards a TFLS on a timescale of less
than one picosecond before it relaxes finally into the ferrimagnetic ground state.
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Figure 5.3: (b) Non-equilibrium spin dynamics of the two sublattices of a ferrimagnet
for different values of α. For small values of α the dissipationless dynamics
in the first few hundred femtoseconds leads to a TFLS. For α ≥ 0.05 this
phenomenon does not occur. (a) Comparison of the energy change in the
TM sublattice for α = 0 and the total energy dissipation for different values
of α 6= 0. For large values of α the dissipation to the environment is much
faster than the dissipationless energy transfer.

In Fig. 5.3 (a) a comparison between the energy transfer from the TM sublattice for
α = 0 (black dotted line) and the dissipation of total energy for α 6= 0 is shown (colored
lines). The colors correspond to the colors in Fig. 5.3 (a). The values are normalized
to compare the timescales of the different processes. While for low damping (α ≤ 0.02)
the dissipation is much slower than the fast energy transfer from the TM sublattice,
the dissipation in the high damping case (α ≥ 0.05) is faster. This shows that a TFLS
occurs if the dissipationless angular momentum transfer is faster than the dissipation
via the damping term. Therefore, the simulations with α ≤ 0.03 show a TFLS. For
the intermediate value α = 0.03 the dissipation is on a similar timescale as the energy
transfer resulting in a small TFLS as seen in Fig. 5.3 (b).
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5.2 Linear reversal versus precessional back-switching

The dynamics of the simulations in Fig. 5.2 (b) show that this TFLS does not necessarily
lead to a switching of the other sublattice as well. In fact, for finite damping the TFLS in
Fig. 5.2 is always followed by a back-switching of the TM sublattice. In this section it is
shown, that the temperature during the relaxation process plays a crucial role to achieve
switching of both sublattices. Switching is most easily achieved, if the temperature is
above or close to the magnetization compensation temperature. For lower temperatures
precessional dynamics can occur leading to a back-switching of the sublattice magne-
tizations. To investigate this further, the relaxation dynamics of different ferrimagnet
systems with finite temperature are simulated. The initial state of the simulations is
again a non-equilibrium, within which one sublattice is completely demagnetized and the
other completely ordered. In the following sections the gyromagnetic ratios are always
set equal for both sublattices (γTM = γRE). Thus, the magnetization compensation tem-
perature and the angular momentum compensation temperature are equal (TM = TA)
and angular momentum conservation is equivalent to magnetization conservation.

5.2.1 Switching and back-switching at finite temperatures

First, it is investigated how a finite temperature influences the dynamics shown in
Fig. 5.3. The same model parameters as described above are used. The system has
a magnetization compensation temperature at TM ≈ 7JRE/kB and a Curie temperature
at TC ≈ 10JRE/kB. Fig. 5.4 (a) shows the final magnetization state after complete relax-
ation. The red color indicates that the RE sublattice ends in the initial state whereas
the blue color indicates that the system has switched. In the black area the temperature
is above TC and the system is completely demagnetized. The temperature as well as the
damping constant are varied. TM and TC are indicated by the white lines. First of all it
is remarkable that switching of both sublattices only occurs close to or above TM, but
for a wide range of α. This reveals the importance of the bath temperature and suggests
that the compensation temperature plays a crucial role.

Next, the individual dynamics of different simulations are studied in more detail.
Fig. 5.4 (b)-(d) show spin dynamics simulations for three different characteristic sets of
parameters (α, T ) corresponding to the phase diagram Fig. 5.4 (a). Each plot shows the
dynamics of the z-component mz of both sublattices as well as the total magnetization
|m| on the left hand side. On the right hand side of each plot mz is plotted versus mx

(bottom) and versus the transverse magnetization mt (top) indicating whether preces-
sional motion occurs during or after the switching process.

Fig. 5.4 (c) shows the simulated dynamics of a ferrimagnet with α = 0.01 and a bath
temperature of T = 4JRE/kB. The dynamics represents the typical situation one obtains
for low temperatures. At initial stages the dissipationless dynamics dominates and leads
to a TFLS. Due to the finite temperature fluctuations lead to a larger demagnetization
of the RE sublattice compared to the simulations at zero temperature (Fig. 5.2 (b)).
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Figure 5.4: Relaxation dynamics of a ferrimagnet starting in a non-equilibrium state.
(a) Final magnetization state after relaxation for different values of α and
different temperatures. Red indicates that the RE sublattice ends in the
initial state whereas blue indicates that the system has switched. Switching
is only observed close to or above TM. For high values of α no switching
can be observed. (b)-(d) Three different characteristic simulations from (a)
representing different areas in the phase diagram.

The initial dynamics are almost linear, meaning that no transverse magnetization is
observed. This can be seen in the upper right panel of the plot, in which mt is almost
zero until the TM magnetization is close to its maximum value. After this initial non-
dissipative processes the sublattices are in a ferromagnetic-like state. The following
dissipative relaxation occurs via precessional motion indicated by the large transverse
magnetization occurring after the initial longitudinal dynamics (top right panel). The
reason is that dissipationless dynamics and thermal fluctuation leads only to a partial
demagnetization of the RE sublattice, so that during the whole process the magnetization
of the RE sublattice is larger than the magnetization of the TM sublattice which is shown
in the upper panel. In section 4.4.1 the relaxation dynamics of a ferrimagnet in which
the sublattices are in internal equilibrium with each other was investigated. It was shown
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5.2 Linear reversal versus precessional back-switching

that the dynamics starting in a ferromagnetic-like state is dominated by the exchange
mode and always ends in a state, in which the final total angular momentum points in
the same direction as the initial total angular momentum. In Fig. 5.4 (c) the transverse
magnetization on the right hand side of the plot indicates that this kind of dynamics
takes place (cf. Fig. 4.13 (b)). This means that the TM sublattice switches back via
precessional back-switching to its initial direction.

Fig. 5.4 (d) shows the spin dynamics with the same α = 0.01, but with higher tem-
perature T = 8JRE/kB. This temperature is above TM = 7JRE/kB. Initial dissipationless
dynamics leads into a TFLS. Due to the higher temperature dissipation processes in the
RE contribute significantly to a demagnetization of the RE sublattice. In combination
these two processes lead to a complete demagnetization of the RE sublattice, which can
be seen in the upper left panel of Fig. 5.4 (d). In common, these processes result in a
complete linear magnetization reversal of both sublattices. The panels on the right hand
side of the plot show that there is almost no transverse component during the whole
process, meaning that only longitudinal dynamics contributes to the switching.

Having a closer look at the dynamics with large damping shows that for finite tem-
peratures no TFLS can be observed either (Fig. 5.4 (b)). The system relaxes directly
to a ferrimagnetic equilibrium state. Nevertheless, as seen in the right hand part of
Fig. 5.4 (b), transverse magnetization can occur during the relaxation. This can also lead
to a switching, which is indicated by the blue area around α = 0.05 and T = 8.5JRE/kB

in Fig. 5.4 (a). This switching does not occur for different random numbers in the noise
term and is, therefore, not deterministic.

It can be concluded from this section that reaching a strong non-equilibrium due to
the laser excitation is, in general, not sufficient for magnetization reversal. Also, the
temperature during the relaxation plays a significant role for the switching process. If
the bath temperature after the excitation is too low, precessional motion can lead to a
back-switching of the sublattices. A stable linear switching is only possible for larger
temperatures close or above the magnetization compensation point.

5.2.2 The role of the compensation temperature

Almost all materials showing all-optical switching exhibit a magnetization compensation
temperature [162, 181, 141, 134, 6, 5, 167, 119]. Only a few investigations on TbFe com-
pounds show helicity-dependent all-optical switching in samples without a compensation
temperature [64, 65, 66]. Nevertheless, it is assumed that a compensation temperature
plays a crucial role in all-optical switching [94] (see also section 2.3), but so far no ex-
planation was given as to why the compensation temperature is important. First hints
were given in the last section, in which it was shown that dissipationless spin dynamics
leads from a non-equilibrium state to a switching, only if the temperature during the
relaxation is close to or above the magnetization compensation point. To investigate
this further, simulations with different exchange constants resulting in different Curie
and magnetic compensation temperatures are performed.
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Figure 5.5: Relaxation dynamics of a ferrimagnet starting in a non-equilibrium state for
different values of JTM/JRE. (d) Final magnetization for different values of
JTM/JRE and different temperatures. Switching is observed only in systems
with and close to or above magnetization compensation temperature. (a)-
(c) Dynamics for different values of JTM/JRE and T as shown in (d).

First, the dependence of the switching on the intra-sublattice exchange JTM is investi-
gated. The initial state of the simulations is again a non-equilibrium, within which one
sublattice is completely demagnetized and the other completely ordered. Fig. 5.5 (d)
shows the final magnetization after relaxation. The intra-sublattice exchange is var-
ied between JTM = 0.25JRE and JTM = 5.5JRE. The inter-sublattice exchange is set to
JRE-TM = −JRE and the damping constant to α = 0.01 for all simulations. The variation
results in different Curie temperatures TC and different magnetization compensation
temperatures TM as indicated by the white lines in Fig. 5.5 (d). No switching can be
observed in the systems with JTM ≤ 2JRE, in which the systems exhibit no compensa-
tion temperature. Systems with JTM > 2JRE switch close to and above the magnetic
compensation temperature TM.

Figs. 5.5 (a)-(c) show different simulation results, where no switching appears. Repre-
sentative dynamics for systems with small exchange JTM is shown in Fig. 5.5 (c). Here,

78



5.2 Linear reversal versus precessional back-switching

no transient ferromagnetic-like state can be observed. The system relaxes directly into
a ferrimagnetic equilibrium state. The reason is that the dissipationless dynamics via
the precession term leading to the TFLS conserve the energy. This means that during
the relaxation the cost of energy for the TM spins to align parallel to the RE spins
must come from the system itself. This is hardly possible, since a reordering of the TM
sublattice in the direction of RE does not gain enough energy for JRE = JTM = −JRE-TM.
Therefore, dissipationless spin dynamics is suppressed for these cases. Fig. 5.5 (a) shows
the dynamics of a system with JTM = 2JRE which exhibits no compensation temperature.
Due to the larger JTM dissipationless dynamics occurs in this system, but, as seen in the
top panel of the figure, leads only to a small remagnetization of the TM sublattice. The
following relaxation is via precession to a ferrimagnetic equilibrium state as shown on
the right hand side of Fig. 5.5 (a).

The dynamics shown in Figs. 5.5 (b) are more complex. Initially, dissipationless dy-
namics leads to a TFLS. In contrast to the dynamics shown in Fig. 5.4 (d), in which
enough energy is in the system in order for dissipationless dynamics to lead to a full
demagnetization of the RE sublattice, the longitudinal dynamics in Fig. 5.4 (b) stops
just after the magnetization of the RE sublattice is below the magnetization of the TM
sublattice. The following relaxation occurs via a precession around the total magnetiza-
tion as shown in section 4.4.1 and leads to a switching of the RE sublattice, too. During
the process, dissipation of energy leads to a remagnetization of the RE sublattice and,
consequently, to a rotation of the total magnetization from the TM to the RE sublattice.
Due to the precessional relaxation the sublattices are still canted at the point where the
sublattices have equal magnetization, which results in a back-switching after 60 time
steps. This occurs via an antiferromagnetic switching mode as described in chapter 4.

Next, the exchange interaction between the two sublattices JRE-TM/JRE is varied. The
intra-sublattice exchange is set to JTM = 3JRE and the damping constant to α = 0.01.
Analogous to Fig. 5.5, Fig. 5.6 shows the relaxation dynamics starting from a strong non-
equilibrium. The variation of JRE-TM mainly influences the compensation temperature
(white line in Fig. 5.6 (d)). A decreasing absolute value of the inter-sublattice exchange
from JRE-TM = −2JRE to JRE-TM = −0.1JRE leads to a decrease of the compensation
temperature from TM = 10.4JRE/kB to TM = 3.4JRE/kB. At the same time, the Curie
temperature only slightly decreases. This is in agreement with recent investigations
for amorphous ferrimagnets by Ostler et al. [135]. Fig. 5.6 (d) shows that switching
occurs for very small as well as large inter-sublattice exchange, but as for the previous
simulations, it can only be observed close to or above the compensation temperature.

Fig. 5.6 (a) shows the dynamics from a simulation, within which the final temperature
is exactly the compensation temperature. In contrast to the simulation results shown
in Fig. 5.5 (b), where the same exchange constants are used, here, switching occurs
linearly. Due to the higher temperature enough energy is in the system until it is in
a stable ferrimagnetic state at about 50 time steps. Therefore, no canting occurs after
100 time steps, at which both sublattices have the same magnitude. Hence, no critical
precessions occur, which could lead to a precessional back-switching.
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Figure 5.6: Relaxation dynamics of the two sublattices in a ferrimagnet starting in a non-
equilibrium state. (d) Final magnetization for different values of JRE-TM/JRE

and different temperatures. Switching is observed only close to or above mag-
netization compensation temperature. (a)-(c) Dynamics for three different
values of JRE-TM/JRE.

Most surprisingly, the probability to switch does not depend on the strength of the
inter-sublattice exchange. Even for very small absolute values of the inter-sublattice
exchange in comparison to the intra-sublattice exchange, reversal from a strong non-
equilibrium is observed. Fig. 5.6 (b) shows a simulation with JRE-TM = −0.2JRE. The
system switches linearly, but compared to Fig. 5.6 (a) it is much slower. Especially during
the first 10 time steps, where dissipationless dynamics is assumed to dominate, the TM
sublattice remagnetize very slowly. Also the crossing of zero magnetization of the RE
sublattice is much later at about 65 time steps at which point the system in Fig. 5.6 (a)
is already almost in equilibrium again. This further supports the assumption, that the
switching process is exchange driven. The timescale of the exchange driven dynamics is
investigated further in section 5.2.3.

For a large absolute value of JRE-TM/JRE (Fig. 5.6 (c)) the observed dynamics is similar
to the one observed for low intra-sublattice exchange in the TM (Fig. 5.5 (a)). The
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Figure 5.7: Relaxation dynamics of the two sublattices in a ferrimagnet starting in a non-
equilibrium state. (a) Final magnetization for different values of µRE

s /µTM

s and
different temperatures. Switching is only observed in systems with and close
to or above magnetization compensation temperature. (b) Dynamics for
three different values of µRE

s /µTM

s at T = 2JRE/kB. Dissipationless dynamics
are most efficient for low ratios of µRE

s /µTM

s .

remagnetization due to angular momentum transfer stops after a few time steps and
the TM magnetization stays almost constant until it switches the direction again via
precessional motion. Afterwards the remagnetization continues and the system relaxes
towards a ferrimagnetic equilibrium state via dissipative processes. It can be explained
again with the fact that the TM does not gain enough energy from remagnetization to
align parallel to the now much stronger antiferromagnetic coupled RE sublattice.

To reverse the magnetization of both sublattices it is of advantage, if the angular
momentum transfer leads to a full demagnetization of the RE sublattice. This avoids
precessional motion, which can result in a back-switching of the sublattices. In the pre-
vious simulations this could be reached with temperatures above TM, because the tem-
perature helps the demagnetization by thermal fluctuations and dissipation of angular
momentum. Another possibility to reduce the necessary amount of angular momentum
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is to decrease the ratio µRE

s /µTM

s . Analogous to Fig. 5.5 and Fig. 5.6, Fig. 5.7 shows
the relaxation dynamics for different ratios µRE

s /µTM

s . The exchange constants are set to
JTM = 3JRE = −3JRE-TM and the damping constant is set to α = 0.01.

Figs. 5.7 (a)-(c) show simulations with µRE

s /µTM

s = 1, 2 and 4 and a bath temperature
of T = 2JRE/kB. All three simulations show a TFLS followed by a precessional relax-
ation. In Fig. 5.7 (a) dissipationless dynamics lead to a large TFLS, but due to larger
magnetic moments of the RE sublattice the system stays above magnetic compensation
and, consequently, the relaxation via exchange modes does not switch the RE sublattice.
The large RE magnetic moment in Fig. 5.7 (b) only leads to a small TFLS followed by a
fast back switching of the TM sublattice. Switching of the RE sublattice can only be ob-
served in Fig. 5.7 (c), where the temperature is above TM. Dissipationless dynamics lead
into a state with larger magnetization of the TM sublattice and therefore the relaxation
via exchange modes ends in a switched state. The reason is that a complete demag-
netization of the RE sublattice via angular momentum transfer can only be reached, if
the TM is able to accommodate enough angular momentum. Fig. 5.7 (d) shows that in
systems, in which the magnetic moments of both sublattices are similar, switching can
be observed at very low temperatures, because the whole amount of angular momentum
can be transferred from the RE to the TM. For a larger difference, higher temperatures
are needed to support the demagnetization of the RE sublattice.

5.2.3 Timescale of exchange driven dynamics

In this subsection the influence of the different parameters such as temperature, intra-
and inter-sublattice exchange on the dynamics leading to the TFLS is investigated. To
do this, the dynamics in the first few time steps of the simulations of Fig. 4.12 (d) and
Fig. 5.6 (d) are evaluated in more detail.

First, the influence of the inter-sublattice exchange is investigated (Fig. 5.8 (a)). The
color corresponds to the exchange as shown in the colorbar. The intra-sublattice ex-
change for the RE is the same in all simulations (3JRE = JTM) and the bath temperature
is T = 8JRE/kB. As already seen in Fig. 5.6 a strong dependence on the ratio JRE-TM/JRE

can be observed for both sublattices. The speed of remagnetization of the TM sublattice
as well as of demagnetization of the RE sublattice increases significantly with a larger
absolute value of the inter-sublattice exchange. Most surprisingly, the probability for
switching does not depend on the speed of the angular momentum transfer. Even for
systems with very low inter-sublattice exchange, in which the TM sublattice magneti-
zation stays at zero for the first few time steps before a relaxation towards a TFLS can
be observed, the sublattices finally switch their direction. In contrast, the sublattices in
systems with large absolute values of JRE-TM show a very fast relaxation into a TFLS,
but finally a back switching into the initial direction. The reason is that a larger inter-
sublattice exchange increases the magnetization compensation temperature as shown in
Fig. 5.6 (d). Therefore, precessional dynamics occur, leading to a back switching of the
sublattices as explained in the last section.
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Figure 5.8: Dissipationless dynamics for different ratios |JRE-TM|/JRE (a) and JTM/JRE (b)
and a temperature of T = 8JRE/kB. Blue indicates that the relaxation dy-
namics finally leads to a switching of both sublattices whereas red indicates
that the systems switch back to the initial state. Gray lines indicate that
the system is finally above TC.

Fig. 5.8 (b) shows the dynamics for different values of intra-sublattice exchange JTM

and constant JRE-TM = −1JRE. It can be seen that the dynamics in the first time
step does not depend on the intra-sublattice exchange. After the initial simultaneous
remagnetization of the TM the dynamics deviate for different exchange. A larger JTM

leads to a larger remagnetization of the TM, due to the larger equilibrium value. The
demagnetization of the RE sublattice is only slightly influenced by the larger intra-
sublattice exchange of the TM. This suggests that the angular momentum transfer is
almost independent of the ratio JTM/JRE as long as the difference is large enough to
allow angular momentum transfer under the constraint of energy conservation.

For a more quantitative analysis of the timescale the initial TM dynamics of all sim-
ulations of Fig. 5.5 (d) and Fig. 5.6 (d) are fitted with single exponential functions

mz(t) = mz
0(exp(−t/τ) − 1), (5.6)

where the fit parameter mz
0 is the magnitude of the initial remagnetization of the TM

and the fit parameter τ gives a characteristic time constant of the process. In general
this fit function might be too simple to catch the complex spin dynamics occurring via
the precession term and the dissipation term in the LLG equation. However, since a
derivation of an adequate fit function for the precession term is not as easy as for the
relaxation term, this approach can be seen as a first estimation of the dependence of
the timescales on the exchange and the temperature rather than a strict quantitative
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Figure 5.9: Fitted remagnetization time constants τ for different temperatures and dif-
ferent inter-sublattice exchange JRE-TM and intra-sublattice exchange JTM. No
dependence on the temperature can be observed. For a variation of JRE-TM

a dependence τ ∼ µs

γz|JRE-TM|
is in good agreement with the fitted values. For

large JTM ferromagnetic reordering seems to dominate the process (indicated
by the red line) whereas for small JTM the initial dynamics is faster.

analysis. The results of the fitting are plotted in Fig. 5.9. The color indicates the bath
temperature as shown in the colorbar. Almost no dependence of τ on the temperature
can be observed. Nevertheless, it cannot be ruled out that temperature plays a role on
the timescale of the dissipationless angular momentum transfer.

The fitted time constant τ shows a strong dependence on the variation of JRE-TM/JRE

(Fig. 5.9 (a)). As already observed in Fig. 5.8 (a), the remagnetization slows down with
a decreasing absolute value for the inter-sublattice exchange |JRE-TM|. The values can be
fitted quite well with a function τ ∼ µs

γz|JRE-TM|
(red line in Fig. 5.9 (a)). In contrast, only

small dependence on the value of JTM can be observed (Fig. 5.9 (b)). For comparison
the red line shows the expected remagnetization timescale in ferromagnets (see equa-
tion (5.2)). For larger exchange the fitted time constants almost follow this theoretical
estimation. This suggests that the contribution of the remagnetization dominates for
large exchange and the fit mainly catches the remagnetization of the TM sublattice due
to the intra-sublattice reordering. For lower exchange the relaxation time becomes much
smaller than the value, which would be expected from ferromagnetic remagnetization.
This suggests that the dynamics is mainly driven by dissipationless angular momentum
transfer between the sublattices, which is supposed to be faster than the usual relaxation
via dissipation processes. Overall this substantiates that the timescale of the switching
is mainly determined by the inter-sublattice exchange JRE-TM.
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5.3 Dissipationless dynamics after incomplete demagnetization

5.3 Dissipationless dynamics after incomplete

demagnetization

Up to now it was assumed, that the laser pulse brings the system in a strong non-
equilibrium state. Therefore, the previous simulations were started in a state with the
TM sublattice completely demagnetized and the RE sublattice completely ordered. In
this section it is investigated whether switching does also occur when the TM sublattice
is not completely demagnetized by the laser pulse.

The simple ferrimagnetic model introduced in section 4.4.1 is used (µRE

s = 2 µTM

s ,
JTM = 3 JRE = −3 JRE-TM = 300 dz and α = 0.01). It presents a Curie temperature of
TC ≈ 10 JRE/kB and a magnetization compensation temperature of TM ≈ 7 JRE/kB. To
generate different non-equilibrium states, the sublattices are coupled separately to differ-
ent heat baths. The heat bath temperature start for both sublattices at T = 0 JRE/kB.
To demagnetize the system rectangular field pulses are used with a maximum temper-
ature of T = 5 TC. To achieve different demagnetization of the individual sublattices,
the time delay between the two pulses is varied. Both pulses end at the same time after
a few time steps and both heat baths are set to a final value. The point, at which the
bath temperature is set to the final value, serves as the initial non-equilibrium state.
Each state is characterized by the z-component of the sublattice magnetizations mz

i (0).

Fig. 5.10 shows the final magnetization for different initial states and different final
bath temperatures. Switching can be observed for all investigated final bath temper-
atures and for a remanent TM magnetization up to 30 percent. For low temperature
T = 4 JRE/kB the window, within which switching can be observed, is very small. Both
sublattices have to start considerably demagnetized. For a temperature T = 6 JRE/kB

the switching area becomes larger and if the TM sublattice is completely demagnetized,
almost no demagnetization of the RE sublattice is needed for a complete reversal. At
the magnetization compensation temperature T = 7 JRE/kB the system switches if the
TM sublattice is demagnetized below 20 percent, independent of the demagnetization
of the RE sublattice. For T = 8 JRE/kB even a demagnetization of the TM sublattice
below 25 percent is sufficient for a reversal.

Strong demagnetization of the RE sublattice does not lead to magnetization reversal.
Here, the excitation of the RE sublattice is stronger than the excitation of the TM
and angular momentum transfer results in a TFLS in the opposite direction, meaning
that the RE sublattice changes its sign first. This has also been observed in a recent
theoretical study by Atxitia et al. [11], in which it was shown that this opposite TFLS
can be achieved by tuning the starting temperature of the material.

Fig. 5.11 shows the relaxation dynamics for different temperatures of the final heat
bath. The dynamics starts in a non-equilibrium state, in which both sublattices have
finite magnetization. The TM starts with a remanent magnetization of about 20 percent
and the RE with a remanent magnetization of about 60 percent. For low temperatures
T = 4 JRE/kB and T = 6 JRE/kB no switching can be observed, but looking closely at

85



5 Switching dynamics of ferrimagnets

mz
TM

(0)

0.60.40.20

(d) T = 8 JRE/kB

m
z R
E
(0
)

2

1.5

1

0.5

0

mz
TM

(0)

0.60.40.20

(c) T = 7 JRE/kB = TM

(b) T = 6 JRE/kB
m

z R
E
(0
)

2

1.5

1

0.5

0

(a) T = 4 JRE/kB

switching

no
switching(a) (b)

switching

no
switching

(c)

switching

no
switching (d)

switching

no
switching

Figure 5.10: Relaxation dynamics of a ferrimagnet after incomplete demagnetization for
different final bath temperatures T . mTM(0) and mRE(0) denote the rema-
nent magnetization at the point at which the bath temperatures of both
sublattices are set to the final value. The white circles indicate the simula-
tions which are shown in detail in Fig. 5.11 (a)-(d).

the simulation at T = 4 JRE/kB shows a small linear demagnetization in the first 10
time steps. The magnetization starts below the equilibrium value of the current bath
temperature, which indicates that this dynamics is due to angular momentum transfer
from the TM sublattice. In the simulation at T = 6 JRE/kB the magnetization starts
above the equilibrium value for the bath temperature and, therefore, cannot be easily
separated from the demagnetization due to the temperature. For T = 7 JRE/kB and
T = 8 JRE/kB both sublattice magnetizations switch their direction. The switching at
T = 8 JRE/kB is almost linear despite the fact that both sublattices start with a finite
remanent magnetization.

5.4 Linear vs. precessional reversal

Looking at the transverse magnetization mt in the right part of Fig. 5.11 (c), small
deviations from the easy axis can be observed leading to precessional motion of the
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Figure 5.11: Relaxation dynamics of the two sublattices in a ferrimagnet after incom-
plete demagnetization. The dynamics start with a remanent magnetiza-
tion of mTM(0) = 0.2 and mRE(0) = 1.13. The final bath temperatures
are set to T = 4 JRE/kB (a), T = 6 JRE/kB (b), T = 7 JRE/kB (c) and
T = 8 JRE/kB (d).

sublattice magnetizations. Atxitia et al. used such small transverse magnetization
as an argument that the switching occurs via precessional motion and that a small
angle between the sublattice magnetizations is needed to trigger the switching process
[17]. The arguments put forward by them rest on a model based on the LLB equation
for ferrimagnets [16] (see also section 3.5.3), which only show magnetization reversal
if a small angle between the sublattice magnetizations is assumed [131]. This is in
contradiction to the model of Mentink and coworkers [126] which only takes longitudinal
motion into account.

Nevertheless, the classical ferrimagnetic LLB equation rests on a mean field approach
of an atomistic spin model, in which transverse fluctuations on the atomic scale are av-
eraged out [16]. Therefore, no linear angular momentum transfer can occur for perfectly
antiparallel aligned sublattices. The linear angular momentum transfer is assumed to
play a crucial role in the switching process as described by Mentink and coworkers [126]
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Figure 5.12: (a) Angles between the two sublattice magnetizations (Θ0) and between the
sublattice magnetizations and the z direction (ΘRE, ΘTM). (b) Schematics
of the occurrence of non-collinear alignment and precessional motion dur-
ing the switching process due to a small deviation out of the equilibrium
direction and linear angular momentum transfer.

and is also seen in atomistic spin model simulations in the last sections. Nevertheless,
large angles between the different sublattice magnetizations can occur, although the
process is driven by linear angular momentum transfer. Precessional motion as observed
in atomistic spin model simulations is then not necessarily the origin, but a secondary
effect of the switching process.

If the demagnetization of the TM sublattice by the laser pulse is incomplete, small
angles between both sublattice magnetizations and the sublattice magnetization and the
easy axis occur due to thermal fluctuations and the finite size of the system. Fig. 5.12 (a)
shows a sketch of such a situation. The angles are denoted as Θ0 (angle between TM and
RE), ΘTM (angle between TM and easy axis) and ΘRE (angle between RE and easy axis).
Fig. 5.12 (b) illustrates that a small canting between the sublattice magnetizations trig-
gers strong exchange modes. If the sublattice have some remanent magnetization after
the excitation of the laser pulse, it is well known that thermal fluctuations can lead to
small transverse magnetization mt. A linear angular momentum transfer along the easy
axis leaves this transverse magnetization constant. The reduction of the magnetization
in the direction of the easy axis leads, therefore, not only to reduction of the sublattice
magnetizations, but also to a rotation of the magnetization vector. The resulting canting
then leads to the precessional motion. Hence, the macroscopic precessions are not the
driving process, but a consequence of the switching.

To support the arguments, Fig. 5.13 (a) shows in addition to the longitudinal and
transverse magnetization the angles Θ0, ΘTM, and ΘRE. The fast drop of ΘTM to
below 80◦ indicates a fast rotation of the TM sublattice as sketched in Fig. 5.12 (b). If
this rotation were due to a macroscopic precession, the transverse magnetization would
have to increase in a similar way as the longitudinal magnetization decreases. Looking

roughly at the point, at which the fast rotation starts (t ≈ 7 µTM
s

γJRE
), the longitudinal
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Figure 5.13: Relaxation dynamics of a ferrimagnet after incomplete demagnetization for
different system sizes. The fast drop of ΘTM below 90◦ indicates that the
process is driven by linear angular momentum transfer. Small transverse
magnetization mt can already lead to large precessional motion during the
switching process. In larger systems the initial transverse component is
averaged out and the switching is linear.

magnetization is about mz = 0.2 and the transverse magnetization at about mt = 0.05.
The maximum transverse magnetization is expected at ΘTM = 90◦. At this point, a
transverse magnetization of mt = 0.1 indicates a loss of angular momentum in the TM,
which can be explained by the proposed angular momentum transfer. This becomes
clearer for increased system sizes shown in Fig. 5.13 (b) and (c). Due to the larger system
the thermal transverse fluctuations are averaged out. This leads to a faster drop of ΘTM

and less precessions occur during the switching. For very large systems (Fig. 5.13 (c))
an almost instantaneous drop of ΘTM and Θ0 can be observed coinstantaneous with the
switching of the TM sublattice.

5.5 Concluding remarks

In summary, the results presented in this chapter help to understand the processes
leading from a non-equilibrium state into a transient ferromagnetic-like state and finally
to a full reversal of the sublattices in ferrimagnetic materials. The atomistic spin model
simulations are well suited to describe this unexpected relaxation dynamics.

In section 5.1 it was shown that the transient ferromagnetic-like state arises naturally
from a non-equilibrium state via dissipationless spin dynamics driven by entropy maxi-
mization. Only for large damping constants the dissipation of energy is faster than the
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angular momentum transfer between the sublattices and dissipation leads directly to a
ferrimagnetic ground state.

In section 5.2 the role of the temperature during relaxation to achieve also a reversal of
the RE sublattice was revealed. Only if the temperatures during the relaxation is above
or close to TM a full reversal of both sublattice magnetizations was observed. For low
temperatures the sublattice magnetizations switches back via precessional ferrimagnetic
exchange modes as described in section 4.4.1. The reason is that the sublattices with the
larger amount of angular momentum dominate the relaxation dynamics in a ferrimagnet
and the system ends only in a switched state if the energy during relaxation is large
enough such that the stronger coupled Fe sublattice dominate. This is always the case
if the bath temperature during the relaxation is above the compensation temperature.
The necessary final bath temperature decreases if more energy is put into the system,
meaning that there is also energy in the RE sublattice as shown in section 5.3.

In general, switching was only observed in systems exhibiting a magnetization com-
pensation temperature. On the one hand it can be explained with the arguments given
above that in these systems the temperature is always below compensation which, conse-
quently, leads to a back switching of the sublattice magnetizations. On the other hand it
was shown that in systems without a compensation temperature the angular momentum
transfer is less efficient. A reason for this can be either that the TM sublattice does not
gain enough energy from reordering to align parallel to the RE sublattice magnetization
or the difference in the magnetic moments is too large which suppresses an effective
angular momentum transfer (see section 5.2.2).

The angular momentum transfer rate between the sublattices was shown to depend
mainly on the inter-sublattice exchange interaction and the time constant for this process
is proportional to τ ∼ µs

γz|JRE-TM|
(see section 5.2.3). Surprisingly, switching works also

with very low inter-sublattice exchange with very slow angular momentum transfer rates
(see Fig. 5.6). This reveals that if the bath temperature during relaxation is above TM

only a small amount of angular momentum transfer is necessary to achieve switching.
In section 5.3 it was demonstrated that a full demagnetization of the TM sublattice is

not necessary for switching. For the given model parameters demagnetization of the TM
up to 35 percent is sufficient to achieve switching. Furthermore, it was shown that the
exchange driven angular momentum transfer is a longitudinal process. Nevertheless, it
was shown that if thermal fluctuations lead to transverse magnetization, the longitudinal
dynamics can lead to strong precessional motion.
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6 Distinct ultrafast demagnetization

dynamics of itinerant and localized

magnetic moments in the rare-earth

ferromagnet Gd

Most studies on all-optical magnetization switching were performed on rare-earth-based
ferrimagnetic compounds like GdFeCo, TbFe or TbCo. Distinct dynamics of the Gd (or
Tb) and Fe (or Co) spins were observed, providing evidence for transient inter-atomic
decoupling on the timescale of a few picoseconds leading to a strong non-equilibrium be-
tween the sublattices. In chapter 5 it was shown that such a non-equilibrium state leads
to a transient ferromagnetic-like state via energy redistribution and angular momentum
transfer between the sublattices. Therefore, distinct dynamics of the sublattice magne-
tization is assumed to be a crucial requirement for all-optical magnetization reversal.

Many studies on ultrafast demagnetization dynamics focus on the transition metals
Ni, Co and Fe in which the band electrons form local magnetic moments, which are cou-
pled via inter-atomic exchange. The direct excitation of the band electrons pump probe
experiments leads to an ultrafast quenching of the magnetization. It has been shown
that this magnetization dynamics can be well described by means of spin model simula-
tions based on the atomistic Landau-Lifshitz-Gilbert (LLG) equation or the macroscopic
Landau-Lifshitz-Bloch (LLB) equation. Here, the laser excitation leads to very high
temperatures of the band electrons, which serve as a heat bath for the spin system.

In Gd metal the situation is quite different. The 5d valence electrons contribute only
slightly to the local magnetic moments [3]. These are dominated by the well localized
4f electrons, which cannot be directly excited by the laser pulses usually used in fs
demagnetization experiments. Ferromagnetic ordering arises via inter- and intra-atomic
exchange coupling [177]. The former couples the 5d spin moments on neighboring atoms
and leads to the long-range order of the magnetization. The latter enforces the formation
of the atomic spin moment. Intra-atomic exchange is typically much stronger than inter-
atomic exchange and it is generally assumed that the intra-atomic exchange leads to an
almost instantaneous aligning process in the magnetic moment dynamics of spins in
separate on-site atomic orbitals [196, 169].

However, in this chapter disparate spin dynamics of the localized 4f and the itiner-
ant 5d spin moments in Gd metal are observed, demonstrating for the first time the
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6 Ultrafast demagnetization dynamics in the rare-earth ferromagnet Gd

breakdown of their intra-atomic alignment. In collaboration with Dr. Karel Carva from
Charles university in Prague and Prof. Peter M. Oppeneer from Uppsala University a
full ab initio Heisenberg spin model for Gd is introduced and the dynamics following
excitation with an ultrashort laser pulse is investigated. In a second collaborating group
with Björn Frietsch and coworkers from the Freie Universität Berlin experiments were
performed, in which the 4f magnetic dichroism and 5d exchange splitting was measured
in parallel to image the magnetization dynamics of itinerant 5d and localized 4f elec-
trons separately. The results of the performed simulations are in very good agreement
with the experiments. The findings can be explained by the different excitation pro-
cesses of itinerant 5d band electrons and the localized 4f electrons as well as the low
direct spin-lattice coupling in Gd.

The main results of this chapter are published in:

• B. Frietsch, J. Bowlan, R. Carley, M. Teichmann, S. Wienholdt, D. Hinzke, U.
Nowak, K. Carva, P. M. Oppeneer, and M. Weinelt. Disparate ultrafast dynamics
of itinerant and localized magnetic moments in gadolinium metal. Nature Com-

munications, 6:8262, 2015.

6.1 Magnetic properties of Gadolinium

Gadolinium (Gd) is one of the fifteen elements with atomic numbers 57 through 71, which
form the group of lanthanides. Together with the elements scandium and yttrium these
are also known as rare-earth elements. Except for lutetium, all lanthanides are 4f -block
elements, meaning that beginning from lanthanum, which also gives the name for the
group, the 4f shell is successively filled with electrons. The magnetism in lanthanides
is, therefore, dominated by their 4f electrons.

Gd crystallizes in a hexagonal, close-packed (hcp) lattice with lattice parameters a =
363 pm and c = 578 pm and has the atomic number 64 [18]. Each of the seven 4f orbitals
are filled with one electron carrying a spin moment of µB. This results in a large magnetic
moment of µ4f = 7 µB. An additional contribution to the total magnetic moment comes
from the itinerant 5d electrons, which are polarized by the 4f magnetic moments via
a strong intra-atomic exchange coupling Jint. The induced magnetic moments of the
5d electrons are rather stable and do not disappear even at high temperatures above
TC, where the 4f magnetic moments are randomly orientated [151, 118, 91]. The 5d
electrons give an additional contribution of µ5d = 0.55 µB to the atomistic magnetic
moment [3]. Density functional theory and experiments show that the 4f electrons have
binding energies of about 8 eV and are, therefore, well below the Fermi energy [36].
Due to their strong localization at the ion cores the 4f electrons have no spatial overlap
with adjacent atoms and exhibit no direct exchange interaction. Ferromagnetic ordering
arises via ferromagnetic exchange interaction between the 5d band electrons and the on-
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6.2 Orbital-resolved spin model

Figure 6.1: Orbital-resolved spin model for Gd. The intra-atomic exchange Jint couples
the localized 4f spins to the on-site 5d spins. The inter-atomic exchange Jij

between the itinerant 5d is responsible for the ferromagnetic ordering.

site intra-atomic exchange interaction to the localized 4f electrons [177]. The measured
Curie temperature is TC = 293 K [128].

6.2 Orbital-resolved spin model

To describe the demagnetization dynamics of Gd after excitation with a short intense
laser pulse as described in section 3.4, an atomistic spin model specific for rare-earth
metals is introduced. In Gd only the 5d electrons are directly excited by typical pump
pulses, which are around 1.55 eV [56, 123, 169]. Therefore, only the 5d spins can “see”
the high electron temperatures upon laser excitation in a spin model simulation (see
section 3.4). In contrast, the 4f electrons (at −8 eV and 4 eV binding energy) are
not directly perturbed by the pump pulse and thus couple, except through intra-atomic
4f − 5d exchange, only to the phononic temperature of the system. Consequently, to
investigate whether the large differences in the excitation processes also lead to different
dynamics of the two distinct spin systems Gd requires an orbital-resolved model.

6.2.1 Atomistic spin model

A localized atomistic spin model is used, in which magnetic moments stemming from
electrons in the 5d orbitals and in the 4f orbitals are distinguished (illustrated in
Fig. 6.1). Similar to the usual approach for atomistic spin models (see section 3.2),
the Hamiltonian of the spin system is expressed in the classical limit via unit vectors,
Si = µi

µd
s
, which represent the normalized magnetic moments of the 5d electrons (with

magnetic moment µd
s ), but in addition the normalized magnetic moments of the 4f elec-

trons ,S′
i =

µ′
i

µf
s

(with magnetic moment µf
s ), are taken into account. The normalized
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magnetic moments of the 5d electrons (called 5d spins in the following) are arranged on
a hcp lattice.

The Hamiltonian reads

H=−
∑

〈ij〉

Jij

2
Si · Sj −

∑

i

JintSi · S
′
i − dz

∑

i

(Sz
i )2. (6.1)

The first term describes the inter-atomic Heisenberg exchange between the 5d spins with
the inter-atomic exchange constant Jij. The second term describes the intra-atomic ex-
change between the 5d electrons and the 4f electrons with the intra-atomic exchange
constant Jint. Both the inter- as well as the intra-atomic exchange constants are calcu-
lated with ab initio methods described in the next section. The third term describes a
uniaxial anisotropy in the z-direction. The anisotropy constant dz ≈ 0.03 meV is used,
which is known from experiments and ab initio calculations [54, 1]. Fig. 6.1 shows the
different couplings in the model.

The dynamics is again calculated via Langevin dynamics, i. e. the stochastic Landau-
Lifshitz-Gilbert equation,

Ṡi = −
γ

(1 + α2
e
)µd

s

Si × Hi(t) −
αeγ

(1 + α2
e
)µd

s

Si ×
(

Si × Hi(t)
)

, (6.2)

is solved numerically (see appendix A for the numerical methods). Here, γ denotes the
gyromagnetic ratio and αe describes the coupling to the electron heat bath. The same
equation describes the 4f spins S

′
i, however, with a coupling αp to the phononic heat

bath. As usual thermal fluctuations are included via a white-noise term (see section 3.3)
with the difference that now every sub spin system couple to different temperatures
via αe and αp which are generally unknown. Only for a simple ferromagnetic model the
atomistic damping constant α is known to coincide with the Gilbert damping in the limit
of zero temperature. For multi-sublattice magnets with different α for each sublattices
the relation is more complicated [153]. In section 6.3 the damping constants are used as
free parameters, but are assumed to be in the range of the measured Gilbert damping
parameter αG = 0.00044 [139].

6.2.2 Density functional theory calculations

In a collaboration within the EU project FEMTOSPIN the intra- and inter-atomic ex-
change constants were calculated from ab initio electronic structure calculations with
spin dependent density functional theory [182]. The calculations were performed by
Dr. Karel Carva from Charles University in Prague.

The full-potential linear augmented plane wave (FLAPW) method within local spin
density approximation (LSDA) was used to calculate the intra-atomic exchange constant
Jint. The 4f -electrons were treated as valence states to describe the interaction between
the 5d and 4f states correctly. Jint is given by the total energy difference between two
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Figure 6.2: Calculated inter-atomic exchange constants Jij in meV. The calculations were
performed by Dr. Karel Carva from Charles University in Prague. The meth-
ods used are described in the text.

constrained spin configurations having parallel or antiparallel alignment of the 5d and
4f spins. The calculations were done with the band-structure program ELK, which
was modified to allow constraining the magnetizations of the spd and 4f states into
an antiparallel alignment. Originally this work was already done for the intra-atomic
exchange in GdFe to describe the thermally induced switching in rare-earth based ferri-
magnets, which is described in chapter 7 and published in [193]. The calculations there
were carried out both for elemental hcp Gd as well as for the prototypical cubic Laves
phase GdFe2. The intra-atomic exchange of Jint = 130 meV was found to be very similar
for Gd and GdFe2.

For the inter-atomic exchange constants the approach by Turek et al. was followed, in
which the 4f electrons are treated as part of the core states [177]. This approach yields
much better results than previous ones, in which an antiferromagnetic ground state
was predicted [67], which is in contradiction to the ferromagnetic ground state found
in experiments. The self-consistent electronic structure was calculated using the tight-
binding linear muffin-tin orbital (TB-LMTO) method [176] within the local spin-density
approximation [182]. To map the ground state properties onto an effective Heisenberg
Hamiltonian and calculate the inter-atomic exchange constants Jij the magnetic force
theorem was used following Liechtenstein et al. [114, 113, 63]. In the calculations around
a million k-points in the full Brillouin zone for energy points close to the Fermi level were
used. In both TB-LMTO and FLAPW calculations the Gd lattice constant adopted was
3.629 Å and the c/a ratio 1.597. The resulting values for the exchange constants are
shown in Fig. 6.2.
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Figure 6.3: Equilibrium magnetization m and individual magnetization of the 5d and
4f spin system md and mf versus temperature calculated with the orbital-
resolved spin model. The simulated Curie temperature TC = 299 K agrees
well with the experimental value of 293 K [128].

Fig. 6.3 shows the calculated equilibrium 5d and 4f magnetizations versus tempera-
ture, using the ab initio calculated exchange constants. The calculated Curie tempera-
ture of TC = 299 K agrees well with the experimental value of 293 K.

6.2.3 Extended two temperature model

The temperature evolution in metals following fs laser excitation is well described by
the established two-temperature model (TTM) derived by Kaganov et al. [80]. In
the particular case of single crystalline Gd on a W substrate, heat transport plays a
significant role due to the large electronic heat conductivity of the tungsten substrate
[115], even on very short timescales. Therefore, the extended form of Anisimov et al. [8]
is used in which perpendicular heat diffusion in the electronic subsystem is taken into
account (see section 3.4.1).

It is usually assumed, that the magnetic contribution to the total heat capacity of
ferromagnetic materials is small and can be neglected within the TTM approach. For
Gd it is known that the spin system contributes significantly to the heat capacity [78, 46].
Fig. 6.4 shows the different contributions to the total heat capacity in Gd. The main
contribution is given by the phonon heat capacity Cp, which can be well described
bye the Debye approximation with a Debye temperature of ΘD = 163 K [172]. The
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Figure 6.4: Heat capacity of Gd. The major part of the heat capacity is given by the
phonon heat capacity Cp and can be well described by the Debye approxi-
mation with a Debye temperature of ΘD = 163 K [172]. The magnetic heat
capacity Cm has a significant contribution to the total heat capacity Ctot.
The small electron heat capacity Ce leads to very high electron temperatures
upon laser excitation. Data taken from [78, 46].

electronic heat capacity Ce is small leading to very high electron temperatures upon
laser excitation. For temperatures above 100 K the magnetic contribution to the total
heat capacity Cm is comparable to the contribution of the phonon system and has to
be taken into account. In previous publications this has been done by simply adding
its equilibrium contribution to the phonon heat capacity [31, 122, 169]. This simple
approach overestimates the contribution, since the spin systems are far from equilibrium
on a picosecond timescale. It leads to much too low phonon temperatures (see Fig. 6.6).

In atomistic spin models the magnetic energy can be calculated directly via the Hamil-
tonian (6.1). This can be used to include the magnetic system in the rate equations of
the TTM (3.34). Fig. 6.5 schematically shows the basic idea of this approach. Here, a
laser excites the electronic systems of Gd(0001) and the W(110) substrate. Via electron-
phonon relaxation the electron and phonon systems equilibrate. Furthermore, heat dif-
fusion leads to a heat transport into the substrate. Thermal fluctuations lead to a flow of
energy into the spin system and dissipation via the damping term in the LLG equation
to a flow of energy out of the spin system. Both processes are governed by the damp-
ing constants αe and αp, which describe the coupling to the electronic and phononic
heat bath respectively (see section 3.3). Since the laser can only directly excite the 5d
electrons, only the 5d spin system is coupled directly to the electron temperature. In
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Figure 6.5: Sketch of the improved temperature model. The laser pulse excites the elec-
tronic systems of the Gd film and the W substrate. Due to electron-phonon
scattering, electron and phonon sub-systems equilibrate. Heat diffusion in
the electronic sub-system leads to additional cooling of the sample. Via the
damping constants αe and αp electronic and phononic heat baths are coupled
to the spin system. The calculated energy flow into the spin system leads to
an additional cooling of the electron and phonon heat bath.

contrast, the 4f system is only coupled to the phonon temperature. The resulting en-
ergy flow into the spin system can then be calculated by the time-derivative of the spin
Hamiltonian (6.1) and be included in the TTM. The two coupled differential equations
for the extended temperature model then read as follows:

Ce
∂Te

∂t
= Gep(Tp − Te) + P (z, t) +

∂

∂z
κ

∂Te

∂z
−

∂(Ed + 0.5Eint)

∂t
, (6.3)

Cp
∂Tp

∂t
= Gep(Te − Tp) − 0.5

∂Eint

∂t
. (6.4)

Both the electron temperature Te as well as the phonon temperature Tp depend on the
layer z. Ce = γTe and Cp are the electron and lattice specific heat capacities. While the
heat capacity for W is assumed to be constant, the Debye approximation is used for Cp of
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6.2 Orbital-resolved spin model

Gd with a Debye temperature of ΘD = 163 K [172]. The first term on the right hand side
of both equations describes the electron-phonon coupling as derived by Kaganov et al.

with the electron phonon coupling constant Gep [80]. P (z, t) describes the absorbed
energy from the laser pulse in the different layers. An exponential decay from the surface
of the sample is assumed. Following Hohlfeld et al. [74] an increased effective penetration
depth of δGd = 40 nm is used in Gd to include ballistic transport. The third term in the
first equation describes heat diffusion in the electronic subsystem. Here, κ = κ0Te/Tp is
the thermal heat conductivity. The last terms in both equations describe the energy flow
into the spin system, where Ed is the energy density due to the inter-atomic exchange
and the anisotropy of the 5d spin system and Eint is the energy density due to the intra-
atomic exchange. Since the hot electron system leads to a fast energy transfer into the
5d spin system, this energy flow is added to the equation for the electron temperature.
On the other hand, the 4f spin system is only coupled to the phonon temperature bath,
so half of the energy flow into the intra-atomic exchange is added to the equation for
the phonon temperature. Table 6.1 lists the material parameters used in the numerical
simulation.

Gadolinium Tungsten

Ce = γTe 225 J
m3K2 · Te [69] 138 J

m3K2 · Te [115]

Cp Debye Model 2.6 · 106 J
m3K

[192]

Gep 2.5 · 1017 W
m3K

[10] 2 · 1017 W
m3K

[115]

κ0 11 W
mK [77] 173 W

mK [45]

δ 40 nm [74] 23.6 nm [35]

Table 6.1: Values of the parameters used in the two temperature model for a Gd film on
W(110). For the phonon heat capacity of Gd the Debye approximation with
ΘD = 163 K is used [172].

Fig. 6.6 shows a comparison of the temperature evolution upon laser excitation for
different approaches to include the magnetic system into the heat capacity. The duration
of the laser pulse is 300 fs and the absorbed fluence is 3.5 mJ/cm2. On the left hand
side the first 2 ps after the excitation for the electron (top) and the phonon (bottom)
temperatures are shown. On the right hand side, starting from 1 ps, the first 200 ps are
shown on a logarithmic scale. The black curves show the temperature evolution using
the usual Debye model for the phonon heat capacity. The contribution of the magnetic
subsystem to the heat capacity is completely ignored. This underestimates the total
heat capacity and leads to very high phonon temperatures for the first 10 ps. While
the peak electron temperature is similar to the other approaches the temperatures stay
above the Curie temperature for the first 10 ps until enough heat is transferred into the
substrate. The approach of Bovensiepen [31] is shown by the blue curve. To include
the contribution of the magnetic subsystem the Debye approximation is rescaled to a
maximum value of Cp(T → ∞) = 40 J mol−1 K−1. In [123], which is shown by the red
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Figure 6.6: Comparison of the temperature evolution upon laser excitation for different
approaches to include the magnetic system into the heat capacity. The ab-
sorbed fluence of the 300 fs laser pulse is 3.5 mJ/cm2. (a) The peak electron
temperatures (top left) are almost the same for all approaches but there are
large differences between 1.5 and 10 ps after the excitation. (b) In the phonon
system large differences in the temperature evolution can be observed during
the first 20 ps (bottom).

curve, the experimental curve for the total heat capacity is fitted and used as the phonon
heat capacity. Both approaches overestimate the phonon heat capacity in pump probe
experiments, in which the spin system itself is far from equilibrium [123, 88]. It leads to
a much lower phonon temperature and, therefore, to a much faster drop of the electron
temperature than in the previous approach. In particular the temperature drops below
TC already 2 ps after the excitation and the phonon temperature stays below TC for the
whole simulation.

The green line shows a simulation for the extended model introduced above, where the
energy flow into the spin system is calculated directly. As a consequence the simulated
temperatures are in between the extreme cases. Compared to the simple Debye approx-
imation, in which the spin system is neglected, the spin system leads to an additional
cooling of the electron and phonon temperature. Since the system is not in equilibrium
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6.3 Distinct dynamics of itinerant and localized magnetic moments

with the heat bath, the cooling is slower than in the simple models of Bovensiepen and
Melnikov et al. [31, 123].

6.3 Distinct dynamics of itinerant and localized

magnetic moments

The demagnetization dynamics after an excitation with a short laser pulse is investigated.
In contrast to previous experiments [196, 169], which suggested that the 4f and 5d spin
systems behave similarly, it is shown that significant differences for the magnetization of
the localized and itinerant moments exist. First the influence of the variation of the two
damping constants, which are the only free parameters in the model, are investigated.
Then the simulation results are compared with experiments done in the group of Prof.
Martin Weinelt at the FU Berlin, which measured the magnetization dynamics of the
4f and 5d spin system in parallel. In conclusion, for the first time the breakdown of
their intra-atomic alignment is demonstrated.

6.3.1 Simulations for low damping

Almost all values of the parameters in the orbital-resolved spin model are known from ab

initio calculations. Also, the improved temperature model fits very well with previous
experiments [31]. Nevertheless, the phenomenological damping parameters αe and αp

are still unknown and since they are responsible for the energy flow in and out of the
spin system, they are crucial for the dynamics after an excitation with an ultrashort
laser pulse. It has already been mentioned before (see section 3.4) that the atomistic
LLG equation for a simple ferromagnet at zero temperature agrees with the usual LLG
equation for macrospins. Therefore, the parameters αe and αp are related to the Gilbert
damping parameter known from ferromagnetic resonance measurements. The measured
Gilbert damping parameter of Gd is very low compared to other rare-earth elements.
Platow et al. give a value of αG = 0.00044 [139, 52], which is consistent with the fact
that the half filled 4f shell in Gd exhibits no orbital momentum and, therefore, the
direct spin-lattice coupling is much lower than in other rare-earth metals.

To investigate the dependence of the dynamics on the unknown damping constants αe

and αp, simulations with an excitation of a 300 fs laser pulse and an absorbed fluence
of 3.5 mJ/cm2 have been performed. The damping parameters are varied one order of
magnitude around the measured Gilbert damping value.

In Fig. 6.7 the dynamics for different values of αe are shown. The value of αp = 0.001
is the same in all simulations. In the upper part the electron and phonon temperature
evolution after the excitation is shown. Since the temperature evolution is almost the
same for all simulations, only one for αe = 0.0001 is plotted. In the lower part the dy-
namics of the average z-component of the magnetization for the 5d and 4f subsystems
is shown for values of αe between 0.00005 and 0.001. On the left hand side the dynamics
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Figure 6.7: Temperature evolution (top) and spin dynamics (bottom) in gadolinium for
different spin-electron damping constants αe. The spin-phonon damping con-
stant is set to αp = 0.001 for all simulations. The absorbed fluence of the
300 fs laser pulse is 3.5 mJ/cm2. The solid lines show the dynamics of the
5d spins and the dotted lines show the dynamics of the 4f spins. Distinct
dynamics for the itinerant 5d and the localized 4f spin system is observed
for all simulations.

and temperature evolution for the first 6.5 fs and on the right hand side for the following
400 ps are shown. The temporal evolution after laser excitation at delay zero are strik-
ingly different. Due to the high electron temperatures, a fast drop of the magnetization
of the 5d spin systems (solid lines) can be observed. For larger values of αe the drop
increases strongly (left hand side). In contrast, the 4f spin system demagnetizes much
slower due to the fact that it is not coupled to the hot electron heat bath. Furthermore,
the dynamics of the 4f spin systems have almost no dependence on the variation of αe,
which means that although the 4f and 5d spins are strongly coupled via the intra-atomic
exchange Jint, the demagnetization is always on the timescale of the direct spin-lattice
relaxation, which is very low in Gd.

In the simulations with αe = 0.00005 − 0.0001 the 5d magnetization stays almost
constant for 40 ps from the point, at which electron and phonon temperature are almost
in equilibrium (∼ 1 ps). At 40 ps the remagnetization begins. In the systems with
αe > 0.0001, the high electron temperature leads to a much stronger demagnetization.
This is followed by a partial reordering of the 5d spins within 3 − 4 ps. The reordering
is due to the exchange field of the rather well-ordered 4f spins and leads to almost
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Figure 6.8: Temperature evolution (top) and spin dynamics (bottom) in gadolinium for
different spin-phonon damping constants αp. The spin-electron damping
constant is set to αe = 0.0001 for all simulations. The absorbed fluence of
the 300 fs laser pulse is 3.5 mJ/cm2. The solid lines show the dynamics of
the 5d spins whereas the dotted lines represent the dynamics of the 4f spins.
The direct spin-lattice coupling αp mainly determines the demagnetization
timescale of the 4f spin system.

the same value as in the simulation with lower αe. After this partial reordering the 5d
spins in the simulations with higher αe also “wait” for the 4f spins and stay almost
constant until all subsystems reach equilibrium. The following reordering process is due
to the decreasing temperature, which is a consequence of the transfer of energy into
the substrate. During the reordering process all subsystems are almost in equilibrium
with each other. Therefore, the timescale of the reordering is mostly determined by the
timescale of the diffusive heat transfer into the substrate.

The damping constant αp describes the direct coupling of the 4f spins to the phonon
heat bath and is mainly responsible for the demagnetization timescale of the localized
spin system of the 4f electrons. In Fig. 6.8 the dynamics for three different values
of αp is shown. The electron damping constant αe = 0.0001 is the same for all three
simulations. The solid lines show the dynamics of the 5d spin systems and the dotted
lines the dynamics of the 4f spin systems. As expected, the demagnetization of the 4f
spin system becomes faster with increased damping constant αp. Furthermore, the faster
demagnetization leads to a larger maximum demagnetization, due to the fact that all
systems reach equilibrium with each other at an earlier point at which the temperature
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6 Ultrafast demagnetization dynamics in the rare-earth ferromagnet Gd

is still higher. In the simulation with αp = 0.001, for example, the minimum is reached
at 50 ps after the pump pulse. Here, the electron and phonon temperature in the sample
are still above 200 K. In contrast, the minimum for the simulation with αp = 0.0005 is
reached after 100 ps, at which time the temperature in the sample is already 50 K lower.
Again, the remagnetization depends mainly on the heat transfer into the substrate,
which results in a simultaneous remagnetization as soon as all subsystems have reached
equilibrium with each other.

In contrast to the variation of αe, the variation of αp also influences the dynamics of the
5d spin system. As described above, the increase of αp leads to a faster demagnetization
of the 4f spin system due to the increased direct spin-lattice coupling. During the first
picosecond, when the electron temperature is much higher than the phonon temperature,
this variation does not influence the fast drop of the magnetization of the 5d spins.
After the first fast electron phonon relaxation, the electron temperature has almost
equilibrated with the phonon temperature and is below 400 K again. Therefore, the
systems are no longer completely decoupled. Similar to the remagnetization in Fig. 6.7
a remagnetization can be observed in the simulation with a very low damping parameter
αp = 0.0001. The rather well-ordered 4f spins act like an additional external magnetic
field via the intra-atomic exchange. This leads to a slow reordering of the 5d spins.
The reordering is much slower than in Fig. 6.7 due to the much lower value for αe. For
αp = 0.0005 the 4f spins are more demagnetized after one ps and the two spin systems
are not far from internal equilibrium. So, the magnetization of the 5d spins stays almost
constant until the cooling leads to remagnetization at about 100 ps. For a value of
αp = 0.001 the demagnetization of the 4f spin system is even faster resulting in almost
no partial reordering of the 5d spin system. Here, a two-step demagnetization in the 5d
spin system can be observed, where the fast drop of the magnetization is followed by a
slower demagnetization until all subsystems are in equilibrium again.

6.3.2 Combined ARPES and MLD measurements

In the collaborating group of Prof. Martin Weinelt at the FU Berlin experiments were
performed, during which the demagnetization dynamics in Gd was probed with orbital
resolution. A setup based on high-order harmonic generation (HHG) [56] was used to
combine time- and angle-resolved photoelectron spectroscopy (tr-ARPES) with magnetic
linear dichroism (MLD) [165] (see also section 2.4.3). This allows to measure the 4f and
5d magnetization dynamics within a single photoemission experiment. The sample was
a single-crystalline 10 nm thick Gd(0001) film grown on a tungsten substrate. As shown
in Fig. 6.9 ARPES with a photon energy ~ω = 36.8 eV gives access to the Tamm-like
surface state, the transient exchange splitting of the 5d minority and majority spin bands
and the localized 4f state.

A typical pump-probe setup was used, where the pump and probe pulses were derived
from a femtosecond Ti:S chirped-pulse laser amplifier. The laser runs at 10 kHz, pro-
ducing broadband pulses at a center wavelength of 775 nm. A beam splitter divides the
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Figure 6.9: 5d exchange splitting and 4f magnetic linear dichroism of Gd at a temper-
ature of 90 K. The blue and red line-outs show the Gd ARPES spectrum
probed with p-polarized light in normal emission with a photon energy of
~ω = 36.8 eV for two opposite in-plane magnetization directions. Clearly
visible are the exchange split (5d) valence bands at 2 eV binding energy and
the 4f core level at 8 eV. The magnetic linear dichroism of the 4f electrons
is obtained by integrating the absolute value of the difference of two spectra
recorded for opposite in-plane magnetizations. The gray inset depicts the
experimental geometry. Taken from [55].

pulse into 200 µJ pump pulses, which were incompletely compressed to 300 fs duration in
a separate compressor, and into 1.3 mJ probe pulses, which were focused into 100 mbar
Ar to produce XUV pulses. The 23rd harmonics with a photon energy of 36.8 eV were se-
lected by a monochromator for the angle-resolved photoemission experiments (ARPES).
Linearly polarized probe pulses with a duration of 100 fs at a bandwidth of 150 meV
were used and analyzed with a hemispherical photoelectron analyzer (For more details
on the experimental setup see [56]). To determine the MLD in ARPES, the photoe-
mission spectra were measured with opposite in-plane magnetization directions for each
delay (see section 2.4.3). This is shown in the small inset in Fig. 6.9 a).

Fig. 6.9 a) shows the energy distribution curves at normal emission for opposite in-
plane magnetization directions for different pump probe delays. To evaluate the ex-
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6 Ultrafast demagnetization dynamics in the rare-earth ferromagnet Gd

change splitting at the Γ-point, the photoemission spectra were integrated at ±0.1 A−1

in Γ-M direction. The exchange splitting ∆Eex is then calculated by fitting the minority
and majority spin components of the 5d band using Lorentzian line shapes. In addition
to the linear background, a Shirley background is added to the 5d bulk bands to ac-
count for inelastic scattering of photoelectrons. The model spectrum is convoluted with
a Gaussian defined by the experimental resolution. As both of the two reversed magne-
tization directions showed the same dynamics in the 5d exchange splitting, the sum is
used to achieve better statistics. The exchange splitting of the valence bands is directly
related to the magnetization of the 5d electrons as will be discussed in section 6.3.3.

The corresponding MLD in 4f photoemission, i.e., the intensity contrast for oppo-
site in-plane magnetization directions is shown in Fig. 6.9 b). The electron distribution
curves for both magnetization directions were normalized in intensity before subtracting
one from the other for each pump-probe delay. The MLD signal is the integral over the
absolute value of the intensity difference of the 4f state for opposite in-plane magneti-
zation directions. This value is proportional to the 4f magnetization of the sample in
thermal equilibrium and, therefore, a measure of the average 4f moment [122] (see also
section 2.4.3). Thus, in a single experiment the magnetism arising from the 5d electrons
and the 4f electrons can be observed.

Upon laser excitation reduction of the exchange splitting is observed, which reaches its
minimum within the first picosecond after laser excitation (Fig. 6.9 a)). As substantiated
below, the initial drop of the exchange splitting parallels the dynamics of the magnetic
moment of the 5d electrons. The time evolution of the MLD asymmetry is highlighted
in Fig. 6.9 b); the gray area is a measure of the transient 4f magnetic moment. As
illustrated in the upper part of Fig. 6.9 b), a clear reduction in MLD contrast at 40 ps
delay is observed, while it is only slightly changed at 1 ps delay (compared to the
spectrum recorded before pumping at 1 ps delay).

6.3.3 Calculating the exchange splitting from the simulations

The MLD measurements probe the average 4f magnetization and can be compared di-
rectly with the simulations. In contrast, the connection of the 5d magnetization with the
5d-band exchange splitting at the Γ-point measured by ARPES is not exactly known.
Carley and coworkers [36] found that upon laser excitation the 5d-band exchange split-
ting drops with the same time constant τ ∼ 0.8 ps as the MOKE signal measured by
Sultan et al. in comparable samples [169]. Therefore, they argued that the exchange
splitting can be used as a direct measure of the magnetization of the 5d band. On the
other hand several theoretical and experimental studies claim the persistence of a finite
exchange splitting above TC [151, 118, 91], which shows that close to TC a direct relation
between exchange splitting and magnetization cannot be valid.

To overcome these problems, ab initio calculations were performed to determine the
exchange splitting from the simulations. The calculations were done in a collaboration
with Dr. Karel Carva from Charles University in Prague and Prof. Peter M. Oppeneer
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Figure 6.10: Ab initio computed d-band exchange splitting at the Γ-point as a function
of the angle θ between the non-collinear 5d and 4f spin moments in Gd.
Taken from [55]

from Uppsala University. Two contributions to the reduction of exchange splitting can
be identified. The first one comes from the thermal reduction of the 4f magnetization
and is denoted as ∆Eex

4f (M4f ). This reduction of the exchange splitting arises due to
non-parallel alignment of neighboring 4f moments as shown by Khmelevskyi et al. [91].
The second contribution is the non-collinear arrangement of the two on-site moments,
which reduces the exchange splitting, since the 5d moments are induced by the large
4f moments. This contribution is calculated by the difference of collinear alignment
∆Eex

θ(0) and non-collinear alignment ∆Eex
θ(θ). Here, θ is the average angle between

on-site 5d and 4f spins. A theoretical exchange splitting can then be estimated with
the following equation:

∆Eex(M4f , θ) = ∆Eex
4f (M4f ) − (∆Eex

θ(0) − ∆Eex
θ(θ)). (6.5)

To compare the measured exchange splitting with the simulations, the procedure is
the following. First, the spin dynamics simulations are performed, giving for every time
step a 5d and a 4f spin moment on each Gd atom which will no longer be collinear. At
every time step the average angle between the 4f and 5d spin moments is computed.
This data is used to compute the electronic bands for non-collinear arrangement of the
two on-site moments by means of ab initio calculations and gives the value of the d-
band exchange splitting. The computed d-band exchange splitting as a function of the
angle is shown in Fig. 6.10. Next, for each time step the 4f magnetization together with
calculations of Khmelevskyi et al. [91] are used to evaluate the reduction of the exchange
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6 Ultrafast demagnetization dynamics in the rare-earth ferromagnet Gd

splitting due to thermal disorder. Via equation (6.5) a theoretical value for the exchange
splitting is calculated, which can be compared directly with the measurements.

6.3.4 Comparison of experiments and simulations

The result of a series of measurements varying the pump-probe delay is shown in
Fig. 6.11. The absorbed fluence of the 300 fs pump pulse was 3.5 ± 1 mJ/cm2. The
red circles show the 5d exchange splitting and the black circles the normalized 4f MLD
signal. While the 5d exchange splitting reaches its minimum after one picosecond, by
which time the 5d electron and phonon heat baths are nearly in equilibrium, the 4f
magnetization continues to decrease until about 40 ps.

The atomistic spin dynamics simulations are shown as solid lines. It turned out that a
little larger fluence of 4 mJ/cm2, which is still within the error bar of the measured value,
give best agreement between experiments and simulations. For the damping constants
αe = 0.00013 and αp = 0.0015 are chosen. The average is still in agreement with the mea-
sured Gilbert damping parameter αG = 0.00044. The black curve, which represents the
normalized 4f magnetization of the simulation is in very good agreement with the MLD
signal, namely the demagnetization time and the minimum, which is about 40 percent of
the initial magnetization. The red curve shows the calculated exchange splitting, which
also agrees very well with the measured exchange splitting. The minimum is reached
after one ps and the exchange splitting stays constant up to 40 ps, where all systems
are in equilibrium and a relaxation due to cooling starts. The blue curve, representing
the 5d magnetization, only follows the calculated and measured exchange splitting in
the first 3 ps. In contrast to the exchange splitting, the 5d magnetization continues
demagnetization until 40 ps. Thus, the proposed equivalence of the time evolution of
exchange splitting and magnetization [36] holds only on short timescales.

The difference between exchange splitting and magnetization of the 5d spins can be
explained with the two different contributions to the exchange splitting in equation (6.5),
namely, the reduction due to the decreasing 4f magnetization and due to the non-
collinear on-site alignment. Fig. 6.12 shows the temperature evolution and magnetization
dynamics, the evolution of the average angle between on-site 4f and 5d moments and
the calculated exchange splitting. Upon laser excitation the electron temperature rises
up to a few thousand K, which leads to a rapid drop of the 5d magnetization and since
4f magnetization is much slower to a fast increase of the average angle between on-site
moments. This dominates the reduction of ∆Eex in the first picoseconds. Due to the
small spin-lattice coupling in Gd, the 4f spin system follows much slower, but leads
to an alignment of the on-site spin moments and to a decrease of θ after 2 ps, where
electrons and lattice are almost in equilibrium again. This would increase ∆Eex, but it
is compensated by the contribution due to 4f demagnetization, which is on a similar
timescale than the reordering since this effect also depends on αp.

The initial collapse of the 5d magnetization or exchange splitting respectively is fit-
ted with a single exponential function. It gives a time constant of τ5d = 0.8 ± 0.1 ps.
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Figure 6.11: Spin dynamics in gadolinium. Normalized exchange splitting of the 5d
states (black dots) and magnetic linear dichroism of the 4f state (red cir-
cles) are shown as a function of pump-probe delay. Solid lines are calculated
with the orbital-resolved spin model. For the 5d spin system the normalized
magnetization (blue curve) as well as the calculated exchange splitting (red
curve) is shown. The decoupling of the intra-atomic exchange is demon-
strated by the significantly different demagnetization times of the 5d and
4f spin system. Single exponential fits give time constants of 0.8 and 14 ps,
respectively. Note that after 3.5 ps the dynamics is displayed on a loga-
rithmic scale to cover the cooling back to the initial sample temperature of
90 K. Taken from [55].

This agrees with the time constants from magneto-optical Kerr effect (MOKE) measure-
ments (0.85 ± 0.05 ps) [169] and earlier work on the collapse of the exchange splitting
(0.86 ± 0.1 ps) [36]. For the 4f response, however, a much longer time constant of
τ4f = 14 ± 3 ps is found. Therefore, the simulations and measurements underscore
that the intra-atomic exchange is out-forced on the picosecond timescale. This is re-
markable, as the 5d − 4f exchange interaction translates into an ultrafast timescale of
τ = ~/Jint ≈ 6 fs. Previously, transient decoupling was observed for the inter-atomic
exchange in permalloy, which lasted for ∼ 20 fs,[120] as well as in GdFeCo alloy, within
which the inter-atomic exchange is weaker (≤ 6 meV) and the Gd-Fe decoupling lasted
a few ps [141]. Here, however, for the first time a decoupling is shown for the much
stronger intra-atomic exchange (Jint = 130 ;meV).

Overall, the orbital-resolved simulation agrees very well with the experimental data.
Only for longer timescales (≥ 80 ps) the neglect of phononic heat transport in the spin
model leads to a somewhat too slow cooling. Most importantly, both the calculations as
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Figure 6.12: Evolution of average angle θ between on-site 4f and 5d spins in comparison
to temperature evolution and magnetization dynamics. The fast breakdown
of intra-atomic alignment leads to a fast drop of the 5d magnetization and
exchange splitting. The expected increase of the exchange splitting due to
re-alignment of 4f and 5d spins between 1 and 30 ps is compensated by the
demagnetization of the 4f spin system.

well as the experiments clearly support a difference in the demagnetization times of the
4f spins with respect to the 5d spins. The coupling of the 5d spin system to the laser-
heated valence electrons leads to a rapid demagnetization of the 5d spin system. While
the 5d spin system heats up quickly, the 4f spin system remains cold for much longer.
On a timescale of one picosecond, at which the electron and phonon temperatures are
different, this difference is mainly due to the fact that the 4f spins are not coupled to
the electronic heat-bath, but only to the phonon bath. Despite the significant 5d − 4f
exchange interaction, this difference persists for tens of picoseconds because of the small
coupling constant αp, which is in line with the observed weak spin-orbit coupling in Gd
reflecting the absence of 4f orbital momentum [189, 75].
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Figure 6.13: Temperature evolution (top) and spin dynamics (bottom) in gadolinium
for large damping constants, αe. The spin-phonon damping constant is
αp = 0.001 for all simulations. The absorbed fluence of the 300 fs laser pulse
is 3.5 mJ/cm2. The solid lines show the dynamics of the 5d spins and the
dotted lines show the dynamics of the 4f spins. A two-step demagnetization
is observed for large αe.

6.4 Influence of large damping constants on

demagnetization dynamics

The absence of orbital momentum results in a low direct spin-lattice coupling in Gd.
Therefore, only small damping constants were used in the previous sections. Neverthe-
less, it is known that defects [82, 197], impurities [198, 145, 143, 142] or non-local effects
in bilayer or multilayer structures [19, 190, 127, 173, 174] can influence the damping
significantly. Moreover, other rare-earth metals like Tb or Ho have large orbital momen-
tum and, therefore, much larger direct spin-lattice coupling. Thus, it is of fundamental
interest to investigate the dependence of the orbital-resolved spin model also for large
damping values, which can occur in the above described situations.

6.4.1 Spin dynamics with large αe: two-step demagnetization

In Fig. 6.13, simulation results for large values of the damping parameter αe are shown.
The absorbed fluence of the 300 fs laser pulse is 3.5 mJ/cm2. Similar to the case for
low damping, the increase of αe leads to an increase in the speed and the amplitude of
demagnetization. In contrast to the simulations above, the dynamics of the 4f spin sys-
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6 Ultrafast demagnetization dynamics in the rare-earth ferromagnet Gd

tem is also significantly affected for large values of the spin-electron damping parameter
(αe > 0.01). The large αe leads to a fast drop of the 4f magnetization during the first
2 ps after the excitation followed by a much slower demagnetization, within which 5d
and 4f spin system demagnetize simultaneously until all subsystems are in equilibrium.
As only the 5d electrons “see” the high electron temperature, this drop is mediated via
the strong intra-atomic exchange.

Similar results were recently observed in XMCD measurements performed on a poly-
crystalline Gd film between two yttrium layers by Wietstruk et al. [196] (see Fig. 2.4).
Such a sample confinement will alter the absorption of the pump light, the scattering
probability of hot electrons (thus transport) and the magneto-crystalline anisotropy.
So, in principle also a much larger damping is possible in such an experimental setup.
Nevertheless, for a justification of such large damping constants measurements or more
detailed theoretical investigations are necessary which goes beyond the scope of this the-
sis. Moreover, the used temperature model is optimized for a thin Gd film on W, where
a very fast heat transfer into the substrate exists. The demagnetization in Fig. 2.4 holds
up to 200 ps, which implies that the sample in [196] stays hot for a much longer time.

6.4.2 Spin dynamics with large αp: simultaneous demagnetization

The large energy separation of the 5d and 4f electrons is specific to Gd. Hence, a similar
observation of a transient decoupling in other lanthanide metals might be strenuous, as
laser irradiation would rapidly heat both 4f and 5d systems. Furthermore, the half
filled 4f shell in Gd leads to a vanishing orbital moment and a low direct spin-lattice
coupling. In contrast, Tb has an orbital quantum number L = 3, resulting in a large
orbital momentum. This leads to an anisotropy, which is observed to be two orders of
magnitude larger in Tb than in Gd [146, 54, 1]. Since both the anisotropy as well as the
direct spin-lattice coupling are mediated via spin orbit coupling, the direct spin-lattice
coupling is also assumed to be much larger.

Hence, reminiscent of Tb, the dynamics of the orbital-resolved spin model in the case
of large direct spin-lattice coupling is investigated. In comparison to Gd, Tb has a lot
of other differences, namely, a larger magnetic moment of 9.34 µB due to the additional
orbital contribution, a larger anisotropy and a lower TC = 225 K [101]. Nevertheless, as
described in the last section, the variation of only one of the two damping constants to
much larger values can lead to considerable different dynamics. Hence, the variation of
αp to much larger values can be seen as a first approximation for estimating the dynamics
in materials with a large direct spin-lattice coupling.

In Fig. 6.14, the dynamics of the orbital-resolved spin model for Gd for different
damping constants αp is plotted. The absorbed fluence of the 300 fs laser pulse is
3.5 mJ/cm2. The spin-electron damping constant is set to αe = 0.0001 for all simulations.
For much larger values of αp the demagnetization of the 4f spin system is much faster.
As opposed to the simulations for low direct spin-lattice coupling, the demagnetization
of the 5d spin system does not stop after a first drop. Distinct spin dynamics is observed
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Figure 6.14: Temperature evolution (top) and spin dynamics (bottom) in gadolinium for
large damping constants, αp. The spin-electron damping constant is set to
αe = 0.0001 for all simulations. The absorbed fluence of a 300 fs laser pulse
is 3.5 mJ/cm2 The solid lines show the dynamics of the 5d spins and the
dotted lines show the dynamics of the 4f spins. For large αp both spin
systems demagnetize simultaneously.

in the simulation with αp = 0.01, but the two different spin systems are almost in
equilibrium after a few ps and continue demagnetization with the same time constant.
For increased damping (αp = 0.05), no distinct dynamics between 5d and 4f spin system
is observed. Such values are still realistic in rare-earth metals due to their large orbital
moment, which results in a large direct spin-lattice coupling. Here, the strong intra-
atomic exchange in combination with the large damping leads to a fast alignment of the
localized 4f spins to the itinerant 5d spins and to a very fast demagnetization of both
spin systems.

6.5 Concluding remarks

In conclusion, it was shown that using a full ab initio orbital-resolved spin model for
the magnetization dynamics of Gd after an excitation with a short strong laser pulse,
distinct dynamics for the spin system of the localized 4f electrons and the spin system
of the itinerant 5d electrons were observed. Two parameters are left in the model, which
are related to the Gilbert damping parameter. Due to a vanishing orbital moment
of the half filled 4f shell the measured Gilbert damping parameter is very low in the
case of Gd. Varying the parameters around this low damping value leads to slightly
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6 Ultrafast demagnetization dynamics in the rare-earth ferromagnet Gd

different behavior for each simulation, but does not affect the principal difference in the
dynamics. The simulation results were shown to be in good agreement with time- and
angle-resolved photoemission experiments.

The reason for the distinct dynamics is that the high temperature of the electron bath
in the first ps after the excitation affects only the itinerant 5d spin system. The localized
4f spin system is not directly excited by the laser pulse and demagnetizes on the much
slower timescale of spin-lattice relaxation.

For large damping the dynamics becomes strikingly different. In particular a large
αe leads to a much more pronounced drop of the 5d spin system, but also strongly
influences the 4f spin system. Here, a two-step demagnetization is observed, meaning
that an initial fast drop of the magnetization is followed by a much slower decrease.
A similar behavior was recently observed in polycrystalline Gd by means of XMCD
measurements [196]. Nevertheless, to justify a significant increase of direct spin-electron
damping in the used samples further experimental and theoretical studies are needed.

For a large direct spin-lattice coupling (αp) a fast simultaneous demagnetization of
both spin systems was observed. This suggests that rare-earth metals with large direct
spin-lattice coupling such as, for example, Tb do not show distinct dynamics of localized
4f spins and itinerant 5d spins upon excitation with a laser pulse.
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thermal magnetization switching in

rare-earth-based ferrimagnets

Thermally-induced magnetization switching was so far only observed in ferrimagnets
with two sublattices. It is generally assumed that a crucial requirement for reversal
is that these sublattices show distinct dynamics, which leads to a non-equilibrium be-
tween the two sublattices. In chapter 5 it was shown that such a non-equilibrium state
leads to an angular momentum transfer between the sublattices via dissipationless spin
dynamics. Distinct demagnetization times arise naturally due to different atomistic mag-
netic moments of the individual materials (see also section 5.1.1). This was assumed to
be the primary reason for the different demagnetization times in previous publications
[141, 134]. However, the measured demagnetization time of the Gadolinium sublattice
does not agree with the simulated one. This results in a much less pronounced tran-
sient ferromagnetic-like state (TFLS) in the simulations than in the measurements (see
Fig. 2.6 and Fig. 3.3).

An alternative reason for the different demagnetization times was given in the last
chapter. Here, it was shown that the dynamics in the rare-earth ferromagnet Gd is
intrinsically very different from the dynamics in transition metals. The magnetization
in Gd is mostly carried by the 4f electrons, which are located deep below the Fermi
level and cannot be excited directly by the laser pulses used in the experiments. A
simple modeling with a single magnetic moment for each Gd atom, which is coupled
to the hot electron heat bath as done in [141, 134] can thus not describe the complex
dynamics of elemental Gd, and probably also not the dynamics in a more complex
GdFeCo compound, adequately.

In this chapter, the orbital-resolved spin model for rare-earth ferromagnets introduced
in chapter 6 is extended to rare-earth-based ferrimagnets. Similar to the model for rare-
earth ferromagnets, here, it is distinguished between magnetic moments stemming from
the 4f and the 5d orbitals in the rare-earth (RE). In addition, magnetic moments stem-
ming from the 3d orbitals in the transition metal (TM) are considered. In particular
a ferrimagnet consisting of the materials Fe and Gd is modeled to compare the results
with the time-resolved element-specific measurements on GdFeCo compounds in [141].
It is shown that this kind of approach gives much better agreement with the experiments
than the approach considering only one magnetic moment for every atom [141]. Further-
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7 Orbital-resolved spin model for thermal magnetization switching

more, the dependence of the switching on the initial temperature and the absorbed laser
fluence is investigated. It is shown that switching can be observed below and above the
magnetization compensation temperature and that the fluence needed for switching de-
creases with increasing temperature, which is in agreement with experiments [180, 134].
Moreover, the dependence on the phenomenological damping constant is investigated.
In section 7.2.4 it is demonstrated that a system, which does not exhibit a magnetization
compensation temperature, also shows a TFLS, but switches back after a few ps. This
is in agreement with recent experiments in terbium-based ferrimagnets, which also show
this kind of back-switching [93, 4].

The main results of this chapter are published in:

• S. Wienholdt, D. Hinzke, K. Carva, P. M. Oppeneer, and U. Nowak. Orbital-
resolved spin model for thermal magnetization switching in rare-earth-based ferri-
magnets. Physical Review B, 88(2):020406(R), 2013.

7.1 Orbital-resolved spin model for rare-earth-based

ferrimagnets

Using a similar approach as for the rare-earth metal Gd (see chapter 6) a microscopic
model for switching in rare-earth-based ferrimagnets is developed. The model provides
an improved understanding of the processes leading to the thermal switching in rare-
earth-based ferrimagnets. In particular, the atomistic spin-dynamics simulations support
the importance of a two-spin treatment for the Gd atoms, having two distinct spins stem-
ming from the 5d and 4f orbitals and explain the different demagnetization dynamics
of the sublattices, which is the origin of the transient ferromagnetic-like state.

The Hamiltonian of the spin system is again expressed in the classical limit via unit
vectors Si and S

′
i, where each vector represents the normalized magnetic moment stem-

ming from the electrons in an orbital of a particular atom. In the model it is distinguished
between three types of spins (see Fig.7.1 (a)): i) the spins of the 3d orbitals of the TM
(3d spins), ii) the spins of 5d orbitals (5d spins), and iii) of the 4f orbitals of the RE
(4f spins). Each Si represents the 3d spins, respectively 5d spins, of the ith atom (with
magnetic moment µi

s) and in addition, for each Gd atom S
′
i represents the 4f spin of

the ith Gd atom (with magnetic moment µ′i
s ). The Hamiltonian reads

H=−
∑

〈ij〉

Jij

2
Si · Sj −

∑

i∈Gd

JintSi · S
′
i − dz

∑

i

(Sz
i )2. (7.1)

The first term describes the Heisenberg exchange between the d spins of the differ-
ent sublattices taking into account nearest neighbors (NN) and next nearest neighbors
(NNN). The second term describes the exchange between the 5d spins and the 4f spins
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(a) (b)

Figure 7.1: (a) Sketch of the orbital-resolved spin model, distinguishing electrons in 5d
and 4f orbitals of Gd and the coupling of the spin system to the electronic
and phononic heat baths. (b) Sketch of the cubic (C15) Laves phase for
GdFe2, within which each Gd atom exhibits two spins (yellow arrows) and
each Fe atom one spin (blue arrows).

in the RE. Fig. 7.1 (a) shows the different couplings in the model. Note, that the 4f
spins of the RE — due to their high degree of localization — are only coupled via this
intra-atomic exchange. The calculations for the intra-atomic exchange in elemental hcp
Gd described in chapter 6 were also done for the prototypical cubic Laves phase GdFe2.
The exchange was found to be very similar for Gd and GdFe2. So, the same value of
Jint = 130 meV as for Gd is used.

In the simulations the d spins are arranged on a cubic (C15) Laves phase, reminis-
cent of GdFe2, where the number of TM atoms is twice the number of RE atoms (see
Fig. 7.1 (b)). Each TM atom has 6 TM atoms as NN and 6 RE atoms as NNN, while
each RE atom has 12 TM atoms as NN and 4 RE atoms as NNN. The exchange constants
between the d spins of different atoms are set to JFe-Fe = 32.5 meV, JGd-Gd = 7.8 meV
and JGd-Fe = −3.25 meV. The atomistic magnetic moments are set to µFe

s = 1.92 µB

and µGd
s = 0.63 µB for the d spins and µ′Gd

s = 7 µB for the 4f spins of Gd. The third
term in equation (7.1) represents a uniaxial anisotropy, where a value for the anisotropy
constant of dz = 1.3 meV is used.

Langevin dynamics is used to simulate the dynamics, i. e. the stochastic LLG equation
of motion is numerically solved for each spin within which thermal fluctuations are
included via an additional white-noise term (see appendix A for the numerics). In this
special case it reads for the d spins:

Ṡi = − γi

(1+α2
e)µi

s
Si × Hi(t) −

αeγi

(1 + α2
e
)µi

s

Si ×
(

Si × Hi(t)
)

. (7.2)

For the 4f spins of Gd the equivalent equation with the primed quantities and a different
damping constant αp, which describes the coupling to the phonon heat bath, is used.
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Figure 7.2: Equilibrium magnetization m and individual magnetization of the 5d and 4f
spin system of Gd and the 3d system of Fe versus temperature calculated
with the orbital-resolved spin model. The simulated Curie temperature,
TC ≈ 560 K, and magnetic compensation temperature, TM ≈ 300 K, are
representative for a GdFeCo alloy.

The gyromagnetic ratio γi associated with the spin at site i is assumed to be equal for
all sublattices.

Fig. 7.2 shows the calculated temperature dependence of the equilibrium magnetiza-
tion m and of the individual magnetization of the 5d and 4f spin system of Gd as well as
of the 3d system of Fe. The assumed exchange constants result in a Curie temperature
of TC ≈ 560 K and a magnetization compensation temperature of TM ≈ 300 K. These
values are representative for a GdFeCo alloy [141] showing all-optical magnetization
switching. As the percentage of Co is usually small in these materials (∼ 9%), only Gd
and Fe sublattices are taken into account.

However, the main feature of the orbital-resolved spin model is the separate treatment
of the itinerant d and the energetically low-lying f states of the Gd, at about 8 eV binding
energy. The latter cannot be excited by the laser energies used in Refs. [141, 134], which
can now be taken into account by coupling the Gd 4f spins only to the phononic heat
bath and only the d spins of both, Fe and Gd, to the electronic heat bath [169].

In order to simulate the excitation triggered by the laser pulse a two temperature
model for GdFe is established. The laser pulse is assumed to excite the valence band
electronic system of Fe and Gd and leads to a non-equilibrium between the temperatures
of the electron gas, Te, and the temperature of the lattice, Tp. The evolution of these
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Ce = γTe 700 J
m3K2 · Te

Cp 2.5 · 106 J
m3K

Gep 1.7 · 1018 W
m3K

τth 300 ps

Table 7.1: Values of the constants used in the two temperature model for a GdFe as
used in [181, 180, 141, 134].

temperatures is calculated via the usual two temperature model from Kaganov et al.
[80], which was introduced in section 3.4.1. As opposed to the extended model for Gd
introduced in section 6.2.3, here, no direct heat transfer into the substrate is included.
The reason is that in the experiments on GdFeCo the samples were grown in the following
multilayer structure: glass|AlTi(10 nm)|SiN(5 nm)|GdFeCo(20 nm)|SiN(60 nm). Since
glass has a heat conductivity at least two orders smaller than metals, the heat transfer
into the substrate does not play a significant role on ultrafast timescales. Hence, a
cooling of the sample is included in the model only via an exponential decay in the
phonon system with time constant τth. The differential equations describing the two
temperature model then read as follows:

Ce
∂Te

∂t
= Gep(Tp − Te) + P (t), (7.3)

Cp
∂Tp

∂t
= Gep(Te − Tp) − Cp

Tp − T0

τth

. (7.4)

Here, Ce denotes the electron heat capacity, Cp the phonon heat capacity and Gep
the electron phonon coupling constant. The model parameters are taken from previous
studies of all-optical magnetization switching in GdFeCo compounds [181, 180, 141, 134].
The used values of the parameters are shown in table 7.1. These are typical values for
a metal, but not specific for a GdFeCo compound for which the values are unknown
in general [181]. P (t) denotes the absorption from the laser pulse. As only thin films
of a few nm in the range of the optical penetration depth are investigated and no heat
transfer into the substrate is taken into account, the absorption is assumed to be uniform
in all directions. The energy absorption is therefore modeled as only Gaussian in time
(see equation (3.36)).

The spin system is coupled via the damping constants αe and αp to the electron
respectively phonon temperature. Since the low lying 4f spins of Gd cannot be excited
directly by the laser pulse, only the 5d spins of Gd and the 3d spins of Fe are coupled
to the electron temperature. The 4f spins are coupled to the phonon temperature only.
In principal, the values for the coupling to the phonon and electron system can be
different as seen in chapter 6. Therefore, the dependence on both damping constants is
investigated in section 7.2.3. Nevertheless, assuming the same damping constants αe =
αp = 0.02 gives best agreement with experimental values shown in Fig. 2.6. Hence, these
values are used to investigate thermally-induced switching at different temperatures
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and for different absorbed fluence. Note, that the effective damping parameter in a
ferrimagnet is a combination of the individual damping parameters. Considering a simple
two-sublattice ferrimagnet with αi = 0.02 for each sublattice would lead to an effective
damping of αeff ≈ 0.06 for the whole ferrimagnet, which is a reasonable value for GdFeCo
compounds [163, 153].

7.2 Thermally-induced switching of the orbital-resolved

spin model

In this section the dynamics of a GdFe ferrimagnet upon fs laser excitation is investigated
using the orbital-resolved spin model. First, it is shown that heat-induced all-optical
switching can be well described by the model. A large transient ferromagnetic-like state
is observed, which is quantitatively in much better agreement with experiments than
a two-sublattice spin model approach as was used in previous publications [141, 134].
Furthermore, the simulations indicate that the switching is linear, meaning that almost
no transverse magnetization occurs during the switching process.

In the subsections 7.2.2 and 7.2.3 the switching is investigated more systematically.
The fluence, the starting temperature as well as the damping constants αe and αp are
varied, showing, that switching is possible over a wide set of parameters. In subsec-
tion 7.2.4 a system is investigated within which the exchange constants are chosen so
that the system does not exhibit a magnetic compensation temperature, meaning that
the slow rare-earth element dominates the magnetization for all temperatures. This
system also shows a small transient ferromagnetic-like state, but here it is followed by a
back-switching of the sublattices as seen in chapter 5.

7.2.1 Linear reversal and large transient ferromagnetic-like state

The dynamics of a spin system of 81000 atoms (15x15x15 unit cells) with periodic
boundary conditions which follows from a thermal excitation is presented in Fig. 7.3.
The upper part shows the electron and phonon temperature with a maximum electron
temperature of 1585 K. The bottom part shows the z component of the sublattice
magnetizations and in the middle the transverse components mt are shown. To visualize
the switching process, Fig. 7.4 shows snapshots of the average sublattice magnetizations
during the switching process in addition.

It is, first of all, remarkable that the magnetization of the Fe sublattice decays much
quicker than the magnetization of the Gd 4f electrons although the sublattices are
strongly coupled. This is in agreement with the measurements shown in GdFeCo showing
transient decoupling of the Fe and Gd sublattice [141]. Moreover, not only the Fe and
Gd sublattices show distinct dynamics, but also the two different contributions of the
Gd sublattice behave differently during the first ps of the excitation as already seen in
the previous chapter in the case of pure hcp Gd. The reason for the distinct dynamics
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Figure 7.3: Thermally-induced switching of the sublattice magnetization in GdFe using
a spin model of 81000 atoms distinguishing spins of 5d and 4f orbitals of
Gd and 3d orbitals of Fe. Electron (Te) and phonon (Tp) temperatures are
shown as well as the transverse (mt) and longitudinal (mz) magnetization
dynamics of the different sublattices and orbitals.

is, on the one hand, the larger magnetic moment that goes into the noise term, but also
the fact that the 4f electrons are not coupled to the electronic heat bath with its higher
peak electron temperatures.

Due to the different demagnetization times of the different sublattices, this initial de-
magnetization ends in a non-equilibrium state after 0.8 ps, within which the Fe sublattice
is much more thermally excited than the Gd sublattices. On that timescale, electron
and phonon temperatures are nearly equilibrated below TC again, but spins of the Fe
sublattice are completely demagnetized (Fig. 7.4 t = 0.8 ps). This means that they
start to reorder while the spins of the Gd sublattice are still rather ordered and con-
tinue demagnetization. The remagnetization dynamics of Fe taking place subsequently
leads to a transient ferromagnetic-like state (Fig. 7.4 t = 1.6 ps). The magnitude of the
transient ferromagnetic-like state is of the same order as experimentally observed (see
Fig. 2.6). Hence, the orbital-resolved spin model shows much better agreement with ex-
periments than previous simulations (see Fig. 3.3). In the following the Gd 5d spins also
switch direction and the exchange coupling between 4f and 5d spins in Gd is sufficient
to revert the large magnetic moment of Gd 4f shell (Fig. 7.4 t = 4 ps). In chapter 5
it was argued that in a two-sublattice approach the occurrence of the TFLS is a direct
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Figure 7.4: Snapshots of the average magnetization of the different sublattices during
the thermally-induced switching process in GdFe. t = −0.5 ps: Due to
the different couplings 5d and 4f spins of the Gd sublattice point in the
same and the Fe 3d sublattice in the opposite direction. t = 0.8 ps: Upon
laser excitation the Fe sublattice demagnetizes much faster than the Gd
sublattices. t = 1.6 ps: Via dissipationless dynamics angular momentum is
transferred between the sublattices leading to a transient ferromagnetic-like
state. t = 4 ps: Finally all sublattices have switched their direction and the
system relaxes back to a ferrimagnetic equilibrium state.

consequence of linear angular momentum transfer between the sublattices. Since the 4f
spins are not directly coupled to the Fe sublattice, this angular momentum transfer has
to be mediated via the 5d spins in the orbital-resolved spin model. Almost no transverse
magnetization can be observed during the switching process for all sublattices, which
can be seen in the middle of Fig. 7.3, in which the transverse magnetization of the two
sublattices is plotted. This indicates that the switching in the orbital-resolved model
is also linear. Hence, the orbital-resolved ansatz leads to similar switching dynamics
as observed for only two sublattices, despite the fact that the 4f spins are not directly
coupled to the Fe sublattice.

7.2.2 Dependence on the absorbed fluence

The dependence of all-optical magnetization switching on the absorbed fluence and the
initial temperature was investigated experimentally in [73, 180]. Switching was observed
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Figure 7.5: Dependence of thermally-induced switching on the absorbed fluence and the
initial temperature. The color of the circles represent the magnetization
of the Fe sublattice 30 ps after laser excitation. Blue indicates that the
system has switched whereas red indicates that the sublattice magnetizations
ends up pointing into the initial direction. Black indicates that the system
has completely demagnetized, since the temperature after electron phonon
relaxation is above TC.

below and above the magnetization compensation temperature TM. While below TM

a decrease of the needed fluence with increasing temperature was observed [180], the
opposite behavior was observed above TM [73, 180].

For comparison, the switching dynamics of the orbital-resolved spin model for differ-
ent fluences and different starting temperatures is investigated. Fig. 7.5 shows the Fe
sublattice magnetization 30 ps upon laser excitation for different fluences and different
starting temperatures. The blue dots indicate a switching of the sublattice magneti-
zations and the red dots a relaxation back into their initial direction. The black dots
indicate that the system ends up above TC, which leads to a total demagnetization.
As mentioned above, a crucial step to reach switching is the fast demagnetization of
the Fe sublattice. It is observed that switching occurs if the initial demagnetization of
the Fe sublattice leads to a value below 0.35 µB per spin, independent of the initial
temperature of the sample. Consequently, the threshold fluence is observed to decrease
with increasing starting temperature. This agrees with experiments in which the same
behavior was observed below TM [180]. Switching can be observed below and above the
magnetic compensation temperature of TM ≈ 300 K, which is in agreement with previ-
ous experiments and simulations [134, 180]. In general, no differences can be observed
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Figure 7.6: Thermally-induced switching of the sublattice magnetization in GdFe for
three different fluences starting at 150 K. The temperature (top), transverse
and longitudinal magnetization (bottom) are shown. In addition, the angles
between the sublattices (Θ0) and between the sublattices and the easy axis
are shown (ΘFe and ΘGd). A rapid drop of Θ0 and ΘFe is an indication for
linear angular momentum transfer. (a) The threshold fluence is not reached
and no switching occurs. (b) Switching occurs, but the Fe sublattice is not
completely demagnetized, which leads to precessions during the switching
process. (c) For large fluences no transverse magnetization arises during the
switching process.

between the switching below and above the compensation temperature. Nevertheless,
the window where switching above TM can be observed is very small. This is due to
the fact that the Curie temperature for the chosen model parameters is relatively low
(TC ≈ 550 K). For higher initial temperatures the system ends up always above TC for
fluences leading to a sufficient demagnetization of the Fe sublattice. Hence, a fluence
dependence above TM was not observed with the used model parameters.

Next, the fluence dependence of the dynamics is investigated in more detail. Fig. 7.6
shows three simulations for different fluences starting at 150 K. For low fluences, at which
the threshold fluence is not reached, all sublattices simply show a demagnetization and
relaxation to the new equilibrium state (Fig. 7.6 (a)). Note that some transverse mag-
netization and, hence, precessional motion arises during the relaxation due to thermal
fluctuations. As explained in section 5.3 this leads to arising angles between the sublat-
tices with each other as well as between the sublattices and the easy axis. This is shown
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7.2 Thermally-induced switching of the orbital-resolved spin model

in the upper middle part of Fig. 7.6, in which the angles between the Gd4f and the Fe3d

sublattices (Θ0) as well as the angles between the individual sublattices and the easy
axis (ΘFe and ΘGd) are plotted (see also Fig. 5.12 (a)). It can be seen that the angle
between the two sublattices only slightly varies, while the angles between the sublattices
and the easy axis vary more strongly. This indicates that the precessions are mainly
due to ferromagnetic modes, in which both sublattice magnetizations precess around the
easy axis [153] (see also section 4.4.1).

For large fluences the switching occurs linearly, which is shown in Fig. 7.6 (c). Here,
almost no transverse magnetization mt can be observed. Furthermore, the linearity of
the switching can be identified by looking at the angles ΘFe, ΘGd and Θ0. When the Fe
sublattice crosses mz = 0, an instantaneous drop of ΘFe and Θ0 can be observed. As long
as the transient ferromagnetic-like state exists, the magnetization of both sublattices are
parallel, followed by a sudden increase of ΘGd and Θ0, when the magnetization of the
Gd sublattice changes its direction.

Fig. 7.6 (b) shows a simulation just above the threshold fluence, in which the Fe sub-
lattice is only demagnetized to a value of about 0.35 µB per spin. Here, pronounced
transverse magnetization occurs leading to precessional motion of the sublattice magne-
tizations. As already discussed in section 5.3, the precessional motion is a consequence
of small thermal fluctuations, which lead to a large canting between the sublattice mag-
netizations via linear angular momentum transfer (see also Fig. 5.12 (b)). Nevertheless,
the fast drop of ΘFe seen in Fig. 7.6 (b) and (c) indicate that linear angular momentum
transfer is the driving process for the reversal here as well. The drop is coinstantaneous
with the switching of the Fe sublattice and cannot be explained with a precessional path
since the transverse component would have to increase much faster if the sublattice sim-
ply rotates in the direction of the Gd sublattice. Moreover, there is no argument for
the fast drop down of Θ0 below 90◦ after the initial excitation. The slightly increasing
transverse magnetization can be explained by local reordering processes, which occur
due to the decreasing temperature and cannot be compensated by the linear angular
momentum transfer.

7.2.3 Dependence on the damping constants

It was already shown in chapter 6 that varying the damping parameters αe and αp

can lead to significant different demagnetization dynamics in pure Gd. In general no
element and orbital specific damping constants are known, for RE-compounds as used
in the experiments showing thermally-induced switching. Consequently, they have been
treated as parameters so far and chosen to be roughly in accordance with a Gilbert
damping value known from experiments. Nevertheless, all-optical switching has been
observed in different materials including Gd, Tb and Ho compounds [119], in which the
damping constants can be very different. In particular the direct spin-lattice coupling in
Tb and Ho is observed to be much larger than in Gd [143]. Therefore, the dependence
of the switching on the damping constants is investigated in the following.
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Figure 7.7: Dependence of thermally-induced switching on the damping constants αe and
αp. Switching (blue dots) can be observed over a few orders of magnitude. No
switching can be observed for large damping constants αe, where dissipation
dominates the dynamics (red dots).

For the switching process the damping constants are important for two different rea-
sons. On the one hand, increased damping leads to larger and faster demagnetization
during the excitation. On the other hand, it was argued in section 7.2.1 that the tran-
sient ferromagnetic-like state occurs via dissipationless dynamics, which dominate on
fast timescales for small damping constants only. Therefore, one would expect an upper
border, where the damping is too large for significant angular momentum transfer be-
tween the sublattices due to domination of dissipative dynamics and a lower border at
which the demagnetization is not large enough to trigger magnetization reversal.

Fig. 7.7 shows the dependence of thermally-induced switching on the damping con-
stants αe and αp for an absorbed laser fluence of 1.02 GJ/m3. Switching is indicated
by the blue dots whereas the red dots indicate that the system relaxed back to the
initial state. Switching can be observed over a few orders of magnitude, but not for
large damping constants αe where dissipation dominates the dynamics resulting in a
relaxation back to the initial state. For the combination of low values for αe and large
values for αp not enough energy is brought into the Fe sublattice to achieve switching a
non-equilibrium state which relaxes into a switched state.

Fig. 7.8 shows the dynamics of selected simulations of Fig. 7.7. The simulations show
different typical cases which occur for different damping values. Simulations (a)-(c) are
done with αp = 0.02. In combination with low damping αe ≤ 0.005 not enough energy
is brought into the system during the initial excitation to trigger magnetization reversal
(Fig. 7.8 (a)). The sublattices demagnetize on different timescales to a new equilibrium
value. For 0.01 ≤ αe ≤ 0.08 angular momentum transfer between the sublattices leads
to a transient ferromagnetic-like state and a faster demagnetization of Gd, which is
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Figure 7.8: Thermally-induced magnetization dynamics for an absorbed fluence of
1.02 GJ/m3 and different values of αe and αe. (a) Due to the low αe,
not enough energy is put into the system to trigger magnetization rever-
sal. (b) The instantaneous drop of Θ0 and ΘFe indicates linear reversal.
(c) Due to the large αe, dissipative processes dominate the dynamics after
the initial demagnetization and lead to a fast reordering of the Fe sublat-
tice. (d) Even for very low values for αp magnetization reversal is observed.
Angular momentum transfer leads to a linear reversal of the Fe sublattice
followed by a slower reversal of Gd. (e) Increasing αp increases the reversal
speed of the Gd sublattice, but does not change the reversal speed of the Fe
sublattice significantly. (f) For very large αp, the Gd sublattice is completely
demagnetized and no angular momentum transfer can be observed.
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Figure 7.9: Equilibrium magnetization m and individual magnetization of the 5d and 4f
spin systems of Gd and the 3d system of Fe versus temperature calculated
with the orbital-resolved spin model. The simulated Curie temperature is
TC ≈ 600 K. The system exhibits no magnetic compensation temperature.

followed by reversal of all sublattices (Fig. 7.8 (b)). The instantaneous drop of Θ0 and
ΘFe and the absence of transverse magnetization indicate that the switching is linear.
For very large damping αe ≥ 0.1 dissipative processes dominate the dynamics leading to
a fast remagnetization of the Fe sublattice into the initial direction (Fig. 7.8 (c)).

In simulations (d)-(f) the electron-spin damping constant is set to αe = 0.02. Even
for very low values of αp magnetization reversal is observed. Angular momentum trans-
fer leads to a linear reversal of the Fe sublattice followed by a slower reversal of Gd
(Fig. 7.8 (d)). Increasing αp leads to a faster switching of the Gd sublattice, but does
not influence the reversal speed of Fe significantly (Fig. 7.8 (e)). For very large αp the
Gd sublattice is completely demagnetized and no angular momentum transfer can be
observed (Fig. 7.8 (f)).

7.2.4 The role of the magnetization compensation temperature

In the first experiments on all-optical magnetization switching it was already assumed
that the magnetization compensation temperature TM plays a crucial role in the switch-
ing process [164, 181, 141]. Switching was observed below and above TM [180, 134], which
reveals that driving the system through TM, as proposed in [141], is not necessary. Nev-
ertheless, almost all of the systems showing all-optical magnetization switching exhibit
a compensation temperature [119]. Therefore, it is generally assumed that a magnetiza-
tion compensation temperature is a crucial requirement to achieve all-optical switching
in ferrimagnets [94]. Furthermore, recent experiments by Alebrand and coworkers show,
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Figure 7.10: Thermally-induced magnetization dynamics in a system without magnetic
compensation temperature. Linear reversal of the Fe sublattice leads to a
transient ferromagnetic-like state followed by a back-switching to its initial
direction.

that in a Tb32Co68 alloy, which exhibits no magnetization compensation temperature a
transient ferromagnetic-like state can be observed, but is followed by a back-switching
of the Fe sublattice to its initial direction [4]. Also Khorsand and coworkers observed
a transient ferromagnetic-like state followed by a back-switching in a TbFe alloy [93].
Similar observations were made in section 5.2, where switching was only observed in
systems showing a magnetic compensation temperature. For example in Fig. 5.5 (a)
and Fig. 5.7 (b), which are simulations of systems without a compensation temperature,
a transient ferromagnetic-like state was followed by a reversal of the transition metal
sublattice into the initial state.

Here, it is investigated, how an orbital-resolved spin model, which does not exhibit
a compensation temperature reacts to a realistic laser excitation. For this the values
of the model parameters for the exchange interaction are adjusted to JFe-Fe = 26 meV,
JGd-Gd = 6.5 meV and JGd-Fe = −10.4 meV. The atomistic magnetic moments are again
set to µFe

s = 1.92 µB and µGd

s = 0.63 µB for the d spins and µ
′
Gd

s = 7 µB for the 4f spins of
the rare-earth. The anisotropy constant is dz = 1.3 meV and the damping constants are
αe = αp = 0.02. The same temperature model, which was used above and introduced in
Fig. 7.9 shows the temperature dependence of the magnetization for each sublattice for
the given model parameters. The system does not exhibit a magnetization compensation
temperature and the Curie temperature is TC ≈ 600 K.

Fig. 7.10 shows the dynamics of the model excited by a 60 fs laser pulse with an
absorbed fluence of 1.6 GJ/m3. The bath temperature before laser excitation is set to
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7 Orbital-resolved spin model for thermal magnetization switching

Te = Tp = 75 K. The dynamics shows rapid demagnetization of all sublattices. The TM
subsystem shows a faster demagnetization than the RE subsystem and reverses within
less than 500 fs. Thus, a transient ferromagnetic-like state arises, which remains for
almost 2 ps. In contrast to the simulations above the transient ferromagnetic-like state
does not lead to a full reversal of both sublattices, but the TM sublattice switches back
to its initial direction after 2 ps as it was also observed in chapter 5 for ferrimagnetic
toy models. This dynamics is very similar to the recent measurements of Alebrand et

al. [4] and Khorsand et al. [93].

7.3 Concluding remarks

To conclude this section, the thermally-induced spin-switching of RE-based ferrimagnets
can be well described on the basis of a physically realistic orbital-resolved spin model,
distinguishing electrons in d and f orbitals of the RE. It was shown that a distinct
treatment of the spins of different orbitals contributes significantly to the different de-
magnetization times of the strongly coupled Fe and Gd sublattice. As a consequence the
simulations show the existence of a large transient ferromagnetic-like state of the same
magnitude as seen in the experiments, but not in previous simulations [141, 134].

This in particular means that the pronounced thermal excitation of d electrons drives
the system into a non-equilibrium state. As investigated in chapter 5, dissipationless spin
dynamics, where energy and angular momentum are distributed between the sublattices,
leads then into a transient ferromagnetic-like state on timescales of just a picosecond
followed by a almost linear switching of the Gd sublattice. The transfer of angular
momentum to the 4f spin system is mediated by the 5d spins. Overall, it is remarkable
that the exchange coupling between 4f and 5d spins in Gd is sufficient to revert the
large magnetic moment of Gd 4f shell inaccessible to the pump laser on a picosecond
timescale.

In section 7.2.2 the fluence dependence of the switching for different temperatures was
investigated. Switching was observed above and below the magnetic compensation tem-
perature. Furthermore it was shown that a full demagnetization of the transition metal
is not necessary, but switching occurs always in the particular model if the remanent
magnetization of the Fe sublattice upon laser excitation is below 0.35µB per spin.

It was shown in section 7.2.3 that switching in the orbital-resolved spin model works
for very different damping constants, implying that these are not the crucial factors to
achieve switching. Therefore, the model is able to describe switching in materials with
large spin phonon damping, like e.g. Tb, as well.

In the last section it was shown that a ferrimagnetic orbital-resolved spin model ex-
hibiting no magnetization compensation temperature can show a transient ferromagnetic-
like state followed by a back-switching of the sublattices as found for ferrimagnetic toy
models in chapter 5.
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This thesis is devoted to the modeling of laser-induced ultrafast spin dynamics in mag-
netically ordered materials by means of atomistic spin model simulations. In particular
all-optical magnetization switching in antiferromagnets and ferrimagnets was investi-
gated. Various approaches were followed to get a deeper insight into the excitation
process and the following non-equilibrium spin dynamics.

The excitation of antiferromagnets and ferrimagnets by external THz magnetic field
pulses was investigated numerically and analytically. It was demonstrated that antifer-
romagnets show an inertia-like behavior which results in a switching of both sublattice
magnetizations in case of sufficient strong and precisely adjusted magnetic field pulses.
Both the inertia-like behavior as well as the switching rest on the coordinated dynamics
of the two sublattices and were explained by exactly solving the Landau-Lifshitz equation
for two sublattices in a no-damping limit. The analytical calculations allow to estimate
the necessary field strength and the optimal pulse duration and frequency respectively.
The necessary field values turned out to be rather large. However, by simulating the
dynamics of the antiferromagnet NiO it was shown that resonant excitations can lead
to a drastic reduction of the field strength needed for switching. Ferrimagnets show
this kind of field-induced switching close to its magnetic compensation temperature, but
show strikingly different dynamics far away from magnetic compensation.

The second part deals with the examination of thermally-induced switching as re-
cently observed in ferrimagnetic GdFeCo compounds. The dynamics following from a
strong non-equilibrium state which occurs upon laser excitation was modeled by means
of atomistic spin model simulations. A minimal toy model consisting of two sublattices
and exhibiting a magnetization compensation temperature was shown to already con-
tain the essential features leading to the unexpected transient ferromagnetic-like state
and a reversal of both sublattices. This non-linear dynamics was demonstrated to be
a consequence of angular momentum transfer between the sublattices due to entropy
maximization under the constraint of energy and angular momentum conservation. This
process is linear, meaning that no transverse magnetization arises during the switching
for sufficiently large systems. Moreover, it was shown that the transfer rate of the angu-
lar momentum is proportional to the inverse of the value of the inter-sublattice exchange
interaction and, hence, faster than usual dissipation processes which are restricted by
the damping parameter. Furthermore, the role of the temperature during relaxation as
well as the existence of a magnetization compensation temperature was revealed. If the
bath temperature during the relaxation is far below the compensation temperature, the
sublattices switch back via precessional exchange modes.
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Different dynamics of the sublattice magnetizations upon laser excitation are essential
to reach a non-equilibrium state leading to the magnetization reversal. Therefore, the
demagnetization dynamics upon laser excitation in the rare-earth metal Gd, which is
used in most of the experiments showing all-optical switching, was investigated. A full
ab initio orbital-resolved spin model was developed in a collaboration with Prof. Pe-
ter M. Oppeneer from Uppsala University and Dr. Karel Carva from Charles University
in Prague. Within this model spins stemming from the localized 4f electrons and the
spins stemming from the itinerant 5d electrons are distinguished considering that the
4f are not directly affected by the exciting laser pulse. It is generally assumed that
the strong intra-atomic exchange leads to a quasi-instantaneous aligning process in the
magnetic moment dynamics of spins in separate, on-site atomic orbitals. In contrast,
disparate magnetization dynamics of the localized 4f and the itinerant 5d spin moments
was observed upon excitation with a short strong laser pulse. The simulation results
were shown to be in good agreement with time- and angle-resolved photoemission ex-
periments performed in the collaborating group of Prof. Martin Weinelt at the Freie
Universität Berlin. The reason for the distinct dynamics is that the high temperature of
the electron bath in the first ps after the excitation affects only the itinerant 5d spin sys-
tem. The localized 4f spins are not directly excited by the laser pulse and demagnetize
on the much slower timescale of spin phonon relaxation.

Based on the same ideas as for Gd an orbital-resolved spin model for rare-earth-
based ferrimagnets was developed. The simulation show that this model is capable to
describe the thermally-induced magnetization switching as observed in GdFeCo com-
pounds. The distinct treatment of the spins of different orbitals contributes significantly
to the different demagnetization times of the strongly coupled Fe and Gd sublattice. As
a consequence the simulations show the existence of a large transient ferromagnetic-like
state of the same magnitude as seen in experiments but not in previous simulations.
It was shown that switching in the orbital-resolved spin model works for very different
damping constants, implying that the model is in principle also able to describe switch-
ing in materials with large spin phonon damping, as for instance TbCo. Furthermore,
simulations with a ferrimagnetic orbital-resolved spin model exhibiting no magnetization
compensation temperature were performed showing a transient ferromagnetic-like state
followed by a back-switching of the sublattices as found also in recent experiments. This
reveals again the importance of the magnetization compensation temperature.

Overall, the investigations show that atomistic spin models provide an adequate
method to describe thermally-induced switching in ferrimagnetic materials and give the
following understanding of the switching process. First, the pronounced thermal excita-
tion of d electrons drives the system into a non-equilibrium state. Dissipationless spin
dynamics via the inter-sublattice exchange, in which energy and angular momentum are
distributed between the sublattices, leads then into a transient ferromagnetic-like state
on timescales of just a picosecond. The transfer of angular momentum to the 4f spin
system is mediated by the 5d spins. It is remarkable that the exchange coupling between
4f and 5d spins in Gd is sufficient to revert the large magnetic moment of Gd 4f shell
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inaccessible to the pump laser on a picosecond timescale. The subsequent relaxation
depends on the temperature and the energy in the spin systems. Since in ferrimagnets
the sublattices with the larger amount of angular momentum dominate the relaxation
dynamics the system ends only in a switched state if the energy during relaxation is
large enough such that the stronger coupled Fe sublattice dominate. This is always the
case if the bath temperature during the relaxation from a strong non-equilibrium state
is above the compensation temperature.

Nevertheless, Laser-induced magnetization dynamics is still an exciting field with
many problems unsolved. In particular, it was shown that the choice of the phenomeno-
logical damping parameters αi is crucial for a quantitative description of the dynamics.
These define the timescale of the demagnetization as well as remagnetization. Further-
more, an orbital-resolved treatment the 4f and 5d spin systems in the rare-earth-metal
Gd revealed that also different damping processes for magnetic moments stemming from
different orbitals have to be considered. Therefore, further theoretical and experimental
investigations are necessary to understand the underlying quantum mechanical processes
such as, for example, electron-electron scattering, Elliot-Yafet-like electron-phonon scat-
tering or superdiffusive spin transport, and to determine orbital-resolved damping con-
stants.

The orbital-resolved spin model was shown to be well suited to describe the magneti-
zation dynamics in systems with magnetic moments stemming from electrons in different
orbitals and showed distinct spin dynamics of the different spin systems upon laser ex-
citation. Another interesting question is, whether also a distinct treatment of orbital
moment and electron spin can influence the magnetization dynamics. A further step
would, therefore, be to investigate the dynamics of an extended model in which also the
contribution of the orbital and spin moment are distinguished.
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A Numerical methods

The equation of motion of a system of N atomic spins coupled to a heat bath and de-
scribed by an extended Heisenberg Hamiltonian (equation (3.19)) is the LLG equation
(3.29) with Langevin dynamics. This is a set of 3N coupled non-linear stochastic differ-
ential equations. An analytical treatment is only possible in very special situations or
by means of rough approximations such as, for example, linearization of the equations.
Therfore, appropriate numerical methods have to be used. The method used in this
thesis is a direct integration of the Landau-Lifshitz-Gilbert equation (3.29) with multi-
plicative white noise term. This is usually called Langevin dynamics simulation [116].
Detailed introductions to this method can be found, for example, in the PhD theses of
Hinzke [70], Kazantseva [85] and Ostler [133] or in the review article [129].

A.1 Langevin dynamics and Heun method

The LLG equation with Langevin dynamics is a first-order differential equation with
multiplicative noise. In one dimension such an equation reads in general

dx

dt
= f(x(t), t) + g(x(t), t) · ζ(t). (A.1)

Here, ζ(t) is the noise term which fulfills the properties of white noise 〈ζ(t)〉 = 0 and
〈ζ(t)ζ(t′)〉 = Dδ(t − t′). For numerical integration one has to choose an adequate in-
tegration scheme. This leads to the so-called Ito-Stratonovich dilemma as different
discretization schemes converge to different results [61]. It has been pointed out by
Garcia-Palacios and Lazaro that the Stratonovich stochastic calculus pertains to the
Fokker-Planck equation (3.32) with the relation (3.33). In contrast, the stochastic LLG
equation, when interpreted in the Ito sense, does not yield the correct thermal equilib-
rium properties [60]. Therefore, a numerical scheme has to be used which converges to
Stratonovich interpretation.

The simplest discretization scheme leading to a Stratonovich interpretation is the
Heun method [61]. This method is a predictor-corrector method where the predictor
x̄n+1 is calculated from Euler integration scheme

x̄n+1 = xn + f(xn, tn)∆t + g(xn, tn)ζ̄n. (A.2)

Here, ∆t denotes the discretized time intervals so that tn = n∆t and xn = x(tn). ζ̄n are
random numbers representing the white noise and, hence, have to fulfill 〈ζn〉 = 0 and
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〈ζnζm〉 = Dδnm which is achieved by using random numbers with Gaussian distribution,
p(ζ) ∼ exp(−ζ2/2σ), with σ = D∆t. The corrector is then calculated by

xn+1 = xn +
1

2

(

f(xn,tn
) + f(x̄n+1, tn+1)

)

∆t +
1

2

(

g(xn, tn) + g(x̄n+1, tn+1)
)

ζ̄n. (A.3)

The generalization to more dimensions is straightforward.

A.2 Implementation

In order to apply the integration scheme to the LLG equation, this has to be written
in the form of equation (A.1). This can be easily done by writing the LLG equation by
means of the Levi-Cevita tensor ǫβην and the Einstein summation convention:

dSβ
i

dt
=

γ

(1 + α2)µs

(ǫβηνSη
i H ′ν

i − αǫβηνǫνδθS
η
i Sδ

i H ′θ
i + ǫβηνSη

i ζν
i − αǫβηνǫνδθS

η
i Sδ

i ζθ
i ) (A.4)

Here, the Greek indices represent Cartesian coordinates, whereas Roman indices indicate
the lattice site. H

′
i(t) = − ∂H

∂Si
denotes the effective field without thermal effects and ζi(t)

are the random fields. To achieve Gaussian distributed random fields, two pseudorandom
numbers are generated and transformed by the well known Box-Muller method [32]. The
implementation of the Heun method for equation (A.4) is straightforward.

Since the LLG equation conserves the length of each atomistic spin it has to be ensured
that the atomistic spins remain normalized (|Si| = 1). Due to numerical and rounding
errors this condition is violated in general. Therefore, an additional projection step is
used meaning that the spins are normalized after each Heun step. The choice of the
time-step is crucial for the stability of the numerical integration, but is restricted by the
available computation time. An upper boundary of ∆t is given by the physical processes,
which are supposed to be investigated. In case of magnetization dynamics the ∆t should
be, therefore, much smaller than the precession time of the spin.

The computer code for this thesis was written in the C programming language. The
core of the implementation is based on a code provided by D. Hinzke [70]. During the
work on this thesis major parts have been adapted to the special requirements of the
systems being investigated.
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hardt, and F. M. F. de Groot. Transient electronic and magnetic structures of
nickel heated by ultrafast laser pulses. Physical Review B, 80(9):092404, 2009.

[80] M. I. Kaganov, I. M. Lifshitz, and L. V. Tanatarov. Relaxation between Electrons
and the Crystalline Lattice. Sov. Phys. JETP, 4(2):173–178, 1957.

[81] A. M. Kalashnikova, A. V. Kimel, R. V. Pisarev, V. N. Gridnev, A. Kirilyuk,
and T. Rasing. Impulsive Generation of Coherent Magnons by Linearly Polar-
ized Light in the Easy-Plane Antiferromagnet FeBO3. Physical Review Letters,
99(16):167205, 2007.
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[108] J. Kudrnovský, V. Drchal, and P. Bruno. Magnetic properties of fcc Ni-based
transition metal alloys. Physical Review B, 77(22):224422, 2008.

145



Bibliography

[109] C. La-O-Vorakiat, E. Turgut, C. A. Teale, H. C. Kapteyn, M. M. Murnane,
S. Mathias, M. Aeschlimann, C. M. Schneider, J. M. Shaw, H. T. Nembach, and
T. J. Silva. Ultrafast Demagnetization Measurements Using Extreme Ultraviolet
Light: Comparison of Electronic and Magnetic Contributions. Physical Review X,
2(1):011005, 2012.

[110] L. Landau and E. Lifshits. On the theory of the dispersion of magnetic permeability
in ferromagnetic bodies. Phys. Zeitsch. der Sow., 8:153–169, 1935.

[111] L. Le Guyader, S. El Moussaoui, M. Buzzi, R. V. Chopdekar, L. J. Heyderman,
A. Tsukamoto, A. Itoh, A. Kirilyuk, T. Rasing, A. V. Kimel, and F. Nolting.
Demonstration of laser induced magnetization reversal in GdFeCo nanostructures.
Applied Physics Letters, 101(2):022410, 2012.

[112] J. M. Li, B. X. Xu, J. Zhang, and K. D. Ye. Ultrafast heating and magnetic switch-
ing with weak external magnetic field. Journal of Applied Physics, 113(4):043919,
2013.

[113] A. I. Liechtenstein, M. I. Katsnelson, V. P. Antropov, and V. A. Gubanov. Lo-
cal spin density functional approach to the theory of exchange interactions in
ferromagnetic metals and alloys. Journal of Magnetism and Magnetic Materials,
67:65–74, 1987.

[114] A. I. Liechtenstein, M. I. Katsnelson, and V. A. Gubanov. Exchange interac-
tions and spin-wave stiffness in ferromagnetic metals. Journal of Physics F: Metal

Physics, 14:L125–L128, 1984.

[115] Z. Lin, L. Zhigilei, and V. Celli. Electron-phonon coupling and electron heat
capacity of metals under conditions of strong electron-phonon nonequilibrium.
Physical Review B, 77(7):075133, 2008.

[116] A. Lyberatos, D. V. Berkov, and R. W. Chantrell. A method for the numerical
simulation of the thermal magnetization fluctuations in micromagnetics. Journal

of Physics: Condensed Matter, 5:8911–8920, 1993.

[117] P.-W. Ma, C. H. Woo, and S. L. Dudarev. Large-scale simulation of the spin-lattice
dynamics in ferromagnetic iron. Physical Review B, 78(2):024434, 2008.

[118] K. Maiti, M. C. Malagoli, A. Dallmeyer, and C. Carbone. Finite Temperature
Magnetism in Gd: Evidence against a Stoner Behavior. Physical Review Letters,
88(16):167205, 2002.

[119] S. Mangin, M. Gottwald, C.-H. Lambert, D. Steil, V. Uhĺı̆r, L. Pang, M. Hehn,
S. Alebrand, M. Cinchetti, G. Malinowski, Y. Fainman, M. Aeschlimann, and
E. E. Fullerton. Engineered materials for all-optical helicity-dependent magnetic
switching. Nature Materials, 13:286–292, 2014.

146



Bibliography

[120] S. Mathias, C. La-O-Vorakiat, P. Grychtol, P. Granitzka, E. Turgut, J. M. Shaw,
M. Aeschlimann, M. M. Murnane, and H. C. Kapteyn. Probing the timescale
of the exchange interaction in a ferromagnetic alloy. PNAS, 109(13):4792–4797,
2012.

[121] R. Medapalli, I. Razdolski, M. Savoini, A. R. Khorsand, A. M. Kalashnikova,
A. Tsukamoto, A. Itoh, A. Kirilyuk, A. V. Kimel, and T. Rasing. The role of
magnetization compensation point for efficient ultrafast control of magnetization
in Gd24Fe66.5Co9.5 alloy. The European Physical Journal B, 86:183, 2013.

[122] A. Melnikov, A. Povolotskiy, and U. Bovensiepen. Magnon-Enhanced Phonon
Damping at Gd(0001) and Tb(0001) Surfaces Using Femtosecond Time-Resolved
Optical Second-Harmonic Generation. Physical Review Letters, 100(24):247401,
2008.

[123] A. Melnikov, H. Prima-Garcia, M. Lisowski, T. Giessel, R. Weber, R. Schmidt,
C. Gahl, N. Bulgakova, U. Bovensiepen, and M. Weinelt. Nonequilibrium Magne-
tization Dynamics of Gadolinium Studied by Magnetic Linear Dichroism in Time-
Resolved 4f Core-Level Photoemission. Physical Review Letters, 100(10):107202,
2008.

[124] A. Melnikov, I. Radu, A. Povolotskiy, T. O. Wehling, A. I. Liechtenstein, and
U. Bovensiepen. Ultrafast dynamics at lanthanide surfaces: microscopic interac-
tion of the charge, lattice and spin subsystems. Journal of Physics D: Applied

Physics, 41:164004, 2008.

[125] J. Mendil, P. Nieves, O. Chubykalo-Fesenko, J. Walowski, T. Santos, S. Pisana,
and M. Münzenberg. Resolving the role of femtosecond heated electrons in ultrafast
spin dynamics. Scientific Reports, 4:3980, 2014.

[126] J. H. Mentink, J. Hellsvik, D. Afanasiev, B. A. Ivanov, A. Kirilyuk, A. V. Kimel,
O. Eriksson, M. I. Katsnelson, and T. Rasing. Ultrafast Spin Dynamics in Multi-
sublattice Magnets. Physical Review Letters, 108(5):057202, 2012.

[127] S. Mizukami, Y. Ando, and T. Miyazaki. Ferromagnetic resonance linewidth for
NM/80NiFe/NM films (NM = Cu, Ta, Pd and Pt). Journal of Magnetism and

Magnetic Materials, 226-230:1640–1642, 2001.

[128] H. E. Nigh, S. Legvold, and F. H. Spedding. Magnetization and Electrical Resis-
tivity of Gadolinium Single Crystals. Physical Review, 132(3):1092–1097, 1963.

[129] U. Nowak. Classical Spin Models. In H. Kronmüller and S. Parkin, editors,
Handbook of Magnetism and Advanced Materials, volume 2, pages 858–876. Wiley
& Sons Ltd., Chichester, 2007.

147



Bibliography

[130] T. Ohkochi, H. Fujiwara, M. Kotsugi, A. Tsukamoto, K. Arai, S. Isogami,
A. Sekiyama, J. Yamaguchi, K. Fukushima, R. Adam, C. M. Schneider, T. Naka-
mura, K. Kodama, M. Tsunoda, T. Kinoshita, and S. Suga. Microscopic and
Spectroscopic Studies of Light-Induced Magnetization Switching of GdFeCo Facili-
tated by Photoemission Electron Microscopy. Japanese Journal of Applied Physics,
51:073001, 2012.

[131] E. Oniciuc, L. Stoleriu, D. Cimpoesu, and A. Stancu. Effect of damping on the
laser induced ultrafast switching in rare earth-transition metal alloys. Applied

Physics Letters, 104(22):222404, 2014.

[132] P. M. Oppeneer and A. Liebsch. Ultrafast demagnetization in Ni: theory of
magneto-optics for non-equilibrium electron distributions. Journal of Physics:

Condensed Matter, 16(30):5519–5530, 2004.

[133] T. A. Ostler. Computer Simulations of Ultrafast Magnetization Reversal. Phd
thesis, University of York, 2012.

[134] T. A. Ostler, J. Barker, R. F. L. Evans, R. W. Chantrell, U. Atxitia, O. Chubykalo-
fesenko, S. El Moussaoui, L. Le Guyader, E. Mengotti, L. J. Heyderman, F. Nolt-
ing, A. Tsukamoto, A. Itoh, D. Afanasiev, B. A. Ivanov, A. M. Kalashnikova,
K. Vahaplar, J. H. Mentink, A. Kirilyuk, T. Rasing, and A. V. Kimel. Ultrafast
heating as a sufficient stimulus for magnetization reversal in a ferrimagnet. Nature

Communications, 3:666, 2012.

[135] T. A. Ostler, R. F. L. Evans, R. W. Chantrell, U. Atxitia, O. Chubykalo-Fesenko,
I. Radu, R. Abrudan, F. Radu, A. Tsukamoto, A. Itoh, A. Kirilyuk, T. Rasing, and
A. V. Kimel. Crystallographically amorphous ferrimagnetic alloys: Comparing a
localized atomistic spin model with experiments. Physical Review B, 84:024407,
2011.

[136] G. Panaccione, P. Torelli, G. Rossi, G. van der Laan, M. Sacchi, and F. Sirotti.
Local magnetic moment coupling of Gd on Fe(100) studied by magnetic dichroism
in angular-dependent photoemission. Physical Review B, 58(10):R5916–R5919,
1998.

[137] P. S. Pershan, J. P. van der Ziel, and L. D. Malmstrom. Theoretical Discussion of
the Inverse Faraday Effect, Raman Scattering, and Related Phenomena. Physical

Review, 143(2):574–583, 1966.
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