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Zusammenfassung
Diese Arbeit untersucht die Wechselwirkung der magnetischen Freiheitsgrade mit den
Freiheitsgraden eines dynamischen Gitters in einem Festkörper mit Hilfe eines mikroskopischen Hamiltonian. Die daraus resultierenden kanonischen Bewegungsgleichungen
werden im Rahmen der Molekular-Spin Dynamik numerisch gelöst. Ein besonderes Interesse gilt dem magnetischen Relaxationsverhalten unter Gitteranregungen, sowohl in
Situationen nahe dem thermischen Gleichgewicht, als auch in Fällen von sehr starkem
Nichtgleichgewicht. Diese Situation tritt insbesondere im Fall der ultraschnellen Demagnetisierung durch ultrakurze Laserpulse auf. Desweiteren werden die Auswirkungen
eines dynamischen Gitters auf die Bewegung magnetischer Strukturen, wie beispielsweise
Domänenwände, untersucht.
Durch die hohe zeitliche Auflösung, welche die heutige Laserspektroskopie ermöglicht, ist
die Interaktion des magnetischen Systems mit den phononischen Anregungen des Gitter
experimentell zugänglich. Außerdem lassen sich gezielt Anregungen des Gitters erzeugen,
die neue Aufschlüsse über die Magnetisierungsdynamik auf ultraschnellen Zeitskalen im
Bereich weniger hundert Femtosekunden geben.
Im ersten Teil der Arbeit (Kapitel 2) wird die Hamiltonfunktion des Spin-Gitter Systems ausgehend von einem Heisenberg-Spin Hamiltonian entwickelt. Dafür werden die
relevanten Wechselwirkungen und Modelle besprochen. Da sich die magnetischen Momente auf einem dynamischen Gitter befinden, werden die Spin-Spin Wechselwirkungen nicht durch Austauschkonstanten charakterisiert, sondern durch eine stetige abstandsabhängige skalare Funktion, die an diskrete ab-initio Daten für den magnetischen Austausch angenähert wird. Desweiteren wird ein anisotroper Teil in der Austauschwechselwirkung eingeführt, der den Transfer des Drehimpulses zwischen dem magnetischen System und dem Gitter ermöglicht.
Das Gitter wird durch ein einfaches harmonisches Paarpotential realisiert, dessen Stärke
sich an der Größe des Young-Moduls für das jeweilige betrachtete Material orientiert.
Im Rahmen dieser Arbeit werden die Metalle Eisen, Kobalt, Nickel sowie die Legierung
Eisen-Platin genauer charakterisiert. Für den letzen Teil der Arbeit wird auch eine
approximative Parametrisierung für das Material Yttrium-Eisen-Granat vorgestellt. Die
Hamiltonfunktion des gesamten Systems erlaubt dann die Herleitung der kanonischen
Bewegungsgleichungen, die ohne eine phänomenologische Ergänzung benutzt werden
können, um beispielsweise Relaxationsphänomene zu beschreiben.
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Daraufhin werden die numerischen Methoden besprochen (Kapitel 3), welche benutzt
werden um die Bewegungsgleichungen zu lösen. Ein besonderes Augenmerk liegt hierbei
auf der Symplectizität des verwendeten Algorithmus, da die Erhaltung der physikalischen Größen, wie der Gesamtenergie oder des totalen Drehimpulses, eine besondere
Rolle spielt. Ein Aspekt, der in den gängigen Methoden der Spin-Dynamik, die durch
phänomelogische Bewegungsgleichungen wie die Landau-Lifshitz-Gilbert Gleichung oder
die Landau-Lifshitz-Bloch Gleichung beschrieben werden, keine Beachtung findet.
Mithilfe dieser Methoden wird dann das magnetische Relaxationsverhalten unter Gitteranregungen untersucht (Kapitel 5). Dabei wurde ein Abweichen von dem zu erwartetenden exponentiellen Verlauf der Magnetisierungsdynamik gefunden. Um den
zeitlichen Verlauf der Magnetisierung zu beschreiben wurde ein logistischer Wachstumsansatz gewählt, der das Verhalten ausreichend zu reproduzieren vermag. Anhand dieses
Modells werden die magnetischen Dämpfungskonstanten, die durch die Ankopplung an
das Gitter bedingt sind, für die Metalle Eisen, Kobalt und Nickel bestimmt. Für das
Dämpfungsverhalten ergibt sich ein linearer Zusammenhang mit der Gittertemperatur,
obwohl die Gitterdämpfung kleiner ist als dissipative Effekte, die durch Elektronen hervorgerufen werden.
Danach wird das Gitterverhalten unter dem Einfluss ultraschneller Magnetisierungsdynamik untersucht (Kapitel 6). Es konnte festgestellt werden, dass die Reduzierung der
magnetischen Wechselwirkung zu Verspannungen im Gitter führen, welche die Werte
für Magnetostriktion im thermischen Gleichgewicht um nahezu eine Größenordnung
übersteigen. Außerdem wird die Möglichkeit diskutiert durch eine Minderung des magnetischen Austausches eine Demagnetisierungsdynamik zu ermöglichen, die den Gesamtdrehimpuls im physikalischen System auf sämtlichen Zeitskalen erhält.
Zum Schluss der Arbeit (Kapitel 7) wird auf den Einfluss von Torsionswellen im Gitter
auf die Dynamik magnetischer Domänenstrukturen eingegangen. Hier lässt sich feststellen, dass die Gitterbewegung einen entgegengesetzten Effekt zu der von magnonischem Transport hervorgerufener Domänenwandbewegung haben kann, welcher allerdings
mindestens eine Größenordnung kleiner ist.
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Comparison between Bloch and Néel domain wall . . . . . . . . . . . . .
Domain wall motion due to electron currents . . . . . . . . . . . . . . . .
Angle definition in a magnetic domain wall . . . . . . . . . . . . . . . . .
Exchange function used in spincaloritronic simulations . . . . . . . . . .
Slab with stabilized domain wall profile . . . . . . . . . . . . . . . . . . .
Domain wall profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Generation of a monochromatic spin wave . . . . . . . . . . . . . . . . .
Schematic sketch of the torsional excitation . . . . . . . . . . . . . . . .
Generation of phononic modes . . . . . . . . . . . . . . . . . . . . . . . .
Induced domain wall movement by monochromatic spin-wave . . . . . . .
Influence of domain wall displacement on components of the total magnetization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Magnonic current for magnon driven domain wall motion . . . . . . . . .
Induced torsional wave in the lattice by a magnetic domain wall . . . . .
Influence of torsional waves on domain wall movement . . . . . . . . . .
Influence of torsional waves on components of the total magnetization . .
Domain wall displacement under torsional waves . . . . . . . . . . . . . .
Magnonic current under torsional lattice movement . . . . . . . . . . . .
Dependence of domain wall movement on spin-lattice coupling . . . . . .
Dependence of domain wall movement on torsional wave amplitude . . .
Domain wall movement under transversal phononic excitation . . . . . .
Domain wall movement under longitudinal phononic excitation . . . . . .

116
117
119
120
121
123
124

142
145
146
148
149
150
151
152
153
154
155

ix

List of Tables
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12

Curie temperatures and atomic magnetic moments for Fe, Co and Ni
Ab-initio exchange data for Fe, Co and Ni . . . . . . . . . . . . . . .
Fit exchange parameters for Fe, Co and Ni . . . . . . . . . . . . . . .
Exchange parameters for Fe, Co and Ni . . . . . . . . . . . . . . . . .
Anisotropy constants for Fe, Co and Ni . . . . . . . . . . . . . . . . .
Young modulus for Fe,Co and Ni . . . . . . . . . . . . . . . . . . . .
Elastic stiffness constants for Fe, Co, Ni and YIG . . . . . . . . . . .
Parametrization of harmonic potential . . . . . . . . . . . . . . . . .
Debye temperature for Fe,Co and Ni . . . . . . . . . . . . . . . . . .
Magneto-Elastic constants for Fe, Co and Ni . . . . . . . . . . . . . .
Magnetostriction constants for various materials . . . . . . . . . . . .
Parametrization of the atomistic spin-lattice coupling for Fe, Co, Ni .

.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.

9
16
18
18
22
29
30
31
34
34
35
39

3.1

Reduced unit scheme used in simulations . . . . . . . . . . . . . . . . . .

49

4.1
4.2

Data for the g-factor of selected magnetic elements . . . . . . . . . . . .
Resulting magneto elastic coefficient for Fe, Co and Ni . . . . . . . . . .

61
69

5.1
5.2

Resulting relaxation rates for the magnetic system under thermal demagnetization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Resulting damping constants for the FMR setup . . . . . . . . . . . . . .

91
97

6.1

Exchange and material parameters for FePt modeling . . . . . . . . . . . 105

7.1

Model parameters of material in domain wall movement . . . . . . . . . . 134

xi

1 Introduction
The progress of understanding phenomena in solid state physics has been remarkable in
the past decades of research. Especially in the field of magnetism enormous achievements
have been made. The same is true for the theoretical modeling of the mechanisms
creating magnetic order itself, but foremost in the technological application of these
phenomena. For example, magnetic recording in form of hard disk drives in computers
has become an essential technology in this modern day and age. Improvements of this
technique by the discovery of the giant magnetoresistance were honored with the Nobel
price in the year 2007 [1, 2, 3]. Nonetheless, this area of research still provides many
open questions for further investigations.
For ongoing advances in the magnetic technology it is essential to improve the understanding of interactions of the magnetic system with its environment. As sketched in
Figure 1.1, a ferromagnetic material consists of three thermodynamic subsystems, which
influence each other.

electrons

τel

τes

lattice

τls

spins

Figure 1.1: Thermodynamic systems of a ferromagnet. The relaxation times τij depend
on the coupling between the subsystems.
While in the early days of solid state physics each system was considered solely on its
own, the demand for application specific tailored materials in nanotechnology makes an
understanding of the interactions between all of these subsystems highly desirable. A
field where all of these interactions have to be taken into account is magnetic recording.
As the damping effects arising from the interplay limits the dynamics of the magnetic
system in particular. Some scenarios exist where the influence of the other parts can also
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improve the dynamics of the magnetic system. The so called “Heat assisted magnetic
Recording” (HAMR) [4] is an example for that procedure. A laser pulse heats the
magnetic sample and reduces the energy, which is necessary to switch the magnetization.
That procedure makes it possible to write in material with high magnetic anisotropy like
for example iron-platinum.
The realization of thermodynamic cycle processes in nanoparticles [5] is another example,
where interactions of all subsystems play a crucial role. This application could play a role
in future medical treatments like hyperthermia [6] or the realization of cooling machines
on the nanometer scale [5].

1.1 Magnetization damping and dissipative effects close
to equilibrium
For modeling magnetization dynamics it is crucial to treat the dissipative effects correctly. The most common way is to assume one single phenomenological damping parameter which represents the interactions of the magnetic systems with the environment.
This parameter is then used in an equation of motion like the Landau-Lifshitz-Gilbert
equation [7, 8] (see equation (3.26)). This approach completely neglects the differences
in the relaxation channels depending on whether the interactions are due to electrons
or the lattice. Furthermore, the approach often takes only the energy dissipation into
account, although changes in the magnetization also depend on the transfer of angular
momentum. Due to the conservation of angular momentum the dynamics can be further
restricted.
By improvements in theoretical modeling the dissipative mechanisms arising from the
electronic reservoir can be handled with perturbative methods [9, 10, 11, 12]. Effects
arising from the direct lattice interactions are hard to handle [13, 14, 15, 16, 17] and rely
on major simplifications. As a convincing theory is missing here, a suitable approximation which is orientated at experimentally accessible quantities will be developed within
this thesis.
The challenge is now to explain the damping processes stemming from the spin-lattice
interactions with a theoretical framework. One reason for that is the enormous effort
in ab-initio calculations to treat the spin-orbit interaction, which allows the necessary
transfer of angular momentum to the lattice via anisotropic terms in the magnetic Hamiltonian.
As one needs the full electronic structure of the material, the numerical complexity restricts the size of the samples to a few atoms. Otherwise one has to assume perfect
lattice symmetries and cannot take distortions through e.g. phonons into account. Another difficulty lies in the treatment of long-range dipolar forces. They also depend on
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the position and spin-orientation of the neighboring atoms and can therefore lead to
angular momentum transfer out of the magnetic system.
The primary focus of this thesis is on modeling the interaction of the magnetic system
with the lattice within a framework, which is as simple as possible, but still capable of
showing the relevant effects. The resulting dissipative effects are discussed in detail to
gain a better understanding of relaxation mechanisms and outline the different relaxation
behaviors of magnetic and lattice systems.

1.2 Ultrafast dynamics in strong non-equilibrium states
Since the discovery of ultrafast magnetization processes [18] the origin of the demagnetization become a intriguing question. Closely related to the topic, the mechanisms for
dissipation and their timescales gained high interest especially in the high temperature
regime. In Figure 1.2 the quenching of the magnetization of a Nickel film after a femto-

Figure 1.2: Reduction of the magnetization after a short laser pulse in a thin film of
Nickel. The Optical Kerr signal is reduced within a few hundred femtoseconds. Picture taken from Ref. [18].
second laserpulse is shown. Although this behavior can be detected in many materials,
the mechanisms are still unclear. Some experiments [19] indicate the possibility that
there are very efficient channels for the angular moment to dissipate directly into the
lattice, but these phenomena and their underlying mechanisms are still controversially
under discussion [20, 21, 22].
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Improved imaging techniques on ultrafast timescales now allow the tracking of atomic
movement during magnetization processes, enabling these experiments to examine the
spin-lattice coupling from scratch. Therefore, there is still a lot of interest in identifying
possible mechanisms for coupling the spin dynamics with the lattice dynamics. With
the availability of laser sources in the terahertz regime it becomes possible to study the
lattice dynamics directly [23, 24, 25]. Recent experimental developments indicate that
the lattice can also be influenced by ultrafast magnetization dynamics, which emphasizes
the wish for a better understanding of these processes even more.

1.3 Spincaloritronic and magnetic domain wall
movement
Another area of ongoing research field is the spincaloritronic transport in insulators [26,
27] where the interplay of lattice movement and magnetization is again very important.
In this field the interaction of magnetic structures like domain walls [28, 29, 30, 31] or
skyrmions [32] with heat flows in thermal gradients is investigated.
Different possible mechanisms could play a role in these phenomena, from thermodynamic considerations, which are quite general [28] to microscopic interactions [33]. Performing simulations offers a way to disentangle possible contributions. The special focus
of this work lies on the possible influence of phonon dynamics on magnetic structures.
Although the lattice plays the role of a heat bath for many thermodynamic considerations regarding the magnetic part of a solid-state material, the atomistic interactions
are poorly understood.
In Figure 1.3 measurements in GdMnAs for the transversal spin Seebeck effect are shown.
Experimental data [34] suggests that the phonon transport through the insulating and
non-magnetic GaAs substrate influences the magnetic response, because the magnetic
film has a scratch, representing a barrier, which can not be overcome by electronic or
magnonic exctiations. Nevertheless a spin currents in the separated part of the magnetic
film can be detected. Therefore, the experiment shows a case where a phonon-magnon
drag plays an important role in magnetic transport phenomena.

1.4 Outline of the thesis
This work focuses on the direct interaction of the magnetic degrees of freedom and the
lattice degrees of freedom. Therefore, a suitable microscopic model is derived in chapter
2, which is suitable for atomistic computer simulations. The basic Heisenberg-model is
laid out and the origin and spatial dependence of the quantum mechanical exchange is
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Figure 1.3: Experimental setup for the spin Seebeck effect in the magnetic insulator
GdMnAs. Although electronic or magnonic excitations can not pass the
scratch, subplot b), the temperature gradient induces a spin current over
the whole magnetic film. Picture taken from Ref. [27, 34]
explained in detail. Furthermore, the sources of anisotropic effects in magnetic systems
is discussed. In addition the basic treatment of the lattice dynamics is shown. For
the parametrization of the model the macroscopic theories for the magnetic and lattice
system are briefly introduced.
In chapter 3, the numerical methods to perform the simulations are presented. A special
requirement for this thesis is the strict conservation of energy and angular momentum
in the total system. Therefore, a symplectic integration scheme based on the Liouville
formalism is presented, which treats all degrees of freedom equally. Furthermore, the
reduced unit scheme applied in the calculations and the possibility to determine the
temperature of the total spin-lattice system are presented. Finally the simulation code
is shortly reviewed.
In chapter 4 the proposed model and the numerical algorithms are tested by reproducing
the Einstein-de Haas effect for a freely suspended cobalt cluster. As a second test serves
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the determination of the magnetostrictive behavior of the metals Fe, Co and Ni.
In chapter 5, the relaxation dynamics of the spin system and the lattice are investigated
in situations close to equilibrium. The damping effects arising from the spin-lattice
coupling are closely examined. On the one hand, the setups consist of thermal demagnetization through the lattice, on the other hand the relaxation of magnetization in
strong external magnetic fields are simulated. In the end, the obtained results for both
scenarios are compared.
In chapter 6, the focus lies on lattice effects induced by ultrafast magnetization dynamics.
As these situations are in a strong non-equilibrium regime the possibility of a quenching
of the isotropic exchange interaction and the influence of that procedure on the lattice
dynamics are discussed. Furthermore, a channel for the angular momentum transfer
is proposed, which allows the demagnetization within several hundred femtoseconds
without violating the total conservation of angular momentum.
In chapter 7, the effects of torsional lattice waves on domain wall motion are examined.
As angular momentum conservation plays a crucial role in these effects, the simulation
of magnetic as wells as lattice dynamics offers new insight into that topic. At the end
of the thesis a summary and an outlook for further research possibilities is given.
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2 Physical model for microscopic
spin-lattice dynamics
The explanation of magnetic interactions has been a challenging task for centuries of
research. The first observation of magnetism was that two lodestones could attract or
repulse each other. The name ”magnetism” was derived from the area where these
minerals were first found in Europe, namely Magnesia in ancient Greece [35]. Although
magnetic materials were used for navigation over centuries, the interpretation of this
behavior was more mystical than scientific.
A big step towards understanding these topics was done by the development of the theory of electrodynamics in the 19th century by James Clerk Maxwell [36], as it explains a
magnetic field due to magnetic moments induced by electric currents. A short comparison between the energy of interacting magnetic dipoles and the thermal energy led to
the conclusion that pure electromagnetic forces cannot explain a macroscopic magnetic
moment for a material at elevated temperatures [37]. Only with the dawn of quantum
mechanics it was possible to explain ferromagnetism, an ordered magnetic state with
non-vanishing magnetic moment, in solid state materials. The Bohr-van-Leeuwen Theorem [38, 39] states that magnetism cannot be explained by a purely classical theory,
but has to consider the spin of the electron in combination with the quantum mechanical exchange interaction, which is explained in detail in section 2.2. Even today, all
magnetic phenomena cannot be summarized in one comprehensive model.
Traditionally, mainly two different approaches to describe magnetism in solid state
physics are chosen. The first model assumes that the electrons and therefore the magnetic moments are completely localized, the so called Heisenberg model (see e.g. Ref.
[35, 37]). It is used to describe magnetic insulators and scenarios where one can neglect
the itinerant character of the electrons. Furthermore, excitations of the magnetic ground
state can be described within a Heisenberg approach, leading to the field of spin waves
and magnonics (see section 2.1.2).
The second approach is the model of itinerant electrons (see e.g. Ref. [40]), where the
delocalized character of the electrons plays a crucial role. It can explain for example the
non-integer values of the magnetic moment and an oscillatory behavior of the exchange
interaction in metals. In this work we will only use magnetic models based on the
Heisenberg Hamiltonian, which is described in section 2.1.1. Especially the origin and
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the spatial variation of the exchange interaction is explained in more detail in section
2.2.
As the focus of this thesis lies on the transfer of angular momentum, the necessary
anisotropic parts of the model like magnetic anisotropies are discussed in section 2.3.
Here, the description focuses on the two-site anisotropy proposed by Néel [41] and the
magneto-elastic theory [42]. Furthermore, a connection between the magneto-elastic
energy and the resulting corrections of the anisotropy is presented. Following these
considerations, an atomistic formulation of the coupling between the spins and lattice is
shown and an atomistic model is proposed, which is used within this work (for further
reading, see section 2.5.1).
This chapter is divided in three main parts, where the first one is dealing with the
magnetic system and its interactions. The second one considers the lattice system and
describes a possible parametrization for the potential forming the lattice structure. Furthermore, some properties from the continuous elastic theory are introduced, which
describes the lattice dynamics on a macroscopic scale. The third part then combines
the magnetic and lattice system and develops the equations of motion for the coupled
systems. Finally, the classical equations of motions of the atomistic model are then used
in Molecular-Spin dynamics simulations performed within this thesis.

2.1 Magnetic system
In this part, the important magnetic interactions and models are briefly explained. This
work focuses on atomistic models for the magnetization, while continuous theories are
only used for parametrization by providing the relevant energy scales when no atomistic or ab-initio values are available. Most experimental data is discussed within the
framework of the continuous approaches.

2.1.1 Heisenberg-model
The Heisenberg model [43] was developed to explain magnetism on the basis of Coulomb
interaction and the Pauli-principle. It deals with interacting spins, which are strictly
localized. The basic Hamiltonian can be formulated as
X
HHeisenberg = −
J(rij )Si Sj ,
(2.1)
<i,j>

where J(rij ) is a scalar function dependent on the distance between a pair of interacting
spins. For simple cases it is sufficient to restrict the summation to the first nearest
neighbor shell. In more realistic scenarios one has to take more shells into account.

8

2.1 Magnetic system
Although the spins are quantities solely defined in quantum mechanics, it is possible to
use an equivalent Hamiltonian in a classical picture, where Si is defined as a classical
vector with the length of its magnetic moment µs
S=

µ
.
µs

(2.2)

Fortunately, the intra-atomic forces that create the magnetic moment are much stronger
than the extra-atomic ones. As a consequence, the atomic magnetic moment is nearly
constant over the temperature regime up to the Curie temperature [44]. Thus, changes of
the overall magnetization are due to the different orientation of the spins. To determine
the precise form of the exchange function J(rij ) is still a demanding task. Different
approaches and origins are discussed in the paragraphs 2.2. One important aspect is the
sign of the exchange, as a positive exchange value leads to a parallel alignment of the
neighboring spins and hence ferromagnetic order of the sample, while a negative value
leads to antiferromagnetic coupling.
The model can now be discussed for different spin dimensions as well as for varying space
dimensions. For spins with only one dimension and fixed length the model is the so called
Ising-model, the first model where phase transitions could be analyzed analytically for
one and two space dimensions. An analytical solution of the three dimensional Isingmodel is still missing to this day. Likewise, the Heisenberg-model, which has three
dimensional spins as well as three space dimensions, can only be solved numerically.
An example for such a procedure is the determination of the critical temperature for the
Heisenberg model, where
J0
(2.3)
TC = 1.44
Kb
is found [45] for a simple cubic lattice and nearest-neighbor interaction, with J0 being
the effective coupling constant per bond. Other properties of the phase transition, like
the critical exponents, can be determined as well [46]. For other lattice symmetries, like
body-centered cubic and face-centered cubic, the critical temperatures are also known
[46]. In Table 2.1 the experimental values for the Curie temperature of the ferromagnetic
materials Iron, Cobalt and Nickel are given.

TC (K)
µs (µB )

Fe (bcc)
1043
2.2

Co (fcc)
1390
1.6

Ni (fcc)
650
0.6

Table 2.1: Curie temperature and atomic magnetic moments for the metals Fe, Co and
Ni. The magnetic moment are multiples of the Bohr magneton. Values are
taken from [38] .
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Another aspect worth mentioning is the complete isotropy in space for that Hamiltonian (2.1) [44]. Even if pairs of spins have different distances, only the angle between
those spins plays a role. The distance dependence of the exchange only changes the energy of the bond and renormalizes the bonding energy, which leads to a different Curie
temperature.
To describe anisotropies it is necessary to expand the Hamiltonian (2.1) with anisotropic
terms or use a tensorial exchange function. In this work, only a scalar exchange is
considered with additional anisotropic terms.

2.1.2 Spinwaves and magnonics
For further explanations of the model, a Heisenberg Hamiltonian on a simple cubic
lattice with lattice constant a is considered
X
H = −J0
Si Sj .
(2.4)
<i,j>

For the sake of simplicity only nearest neighbor interactions are taken into account. The
ground state is a parallel alignment of all spins, as sketched in Figure 2.1.
ground state configuration

excitation by spin flip

∆E = 2J0

∆E = J0

Figure 2.1: The excitation of a spin wave is energetically favorable to a complete spinflip, although both excitations lead to a change in angular momentum of
one reduced Plank constant h̄.
An excitation of this ground state would be a spin flip, which leads to an energy change
of ∆E = 2 J0 and a change of angular momentum of ∆S = h̄, assuming S = 1/2.
Calculations show that it is energetically less expensive to tilt every spin by a small
angle so that the change of angular momentum is again ∆S = h̄ but the change in
energy is only ∆E = J0 . This kind of excitation forms a spin wave [47] and its quantum
mechanical description is called magnon. As it has integer values of spin, it obeys the
Bose-Einstein statistics [48]. The dispersion relation for the simple scenario of a linear
ferromagnetic chain can be calculated as [38]
h̄ω = 4J0 S(1 − cos(ak)) ≈ 4J0 S(ak)2 .
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(2.5)

2.1 Magnetic system
In a ferromagnet magnons have therefore a quadratic dispersion relation. With a uniaxial
anisotropy a gap occurs, hence there has to be a minimum amount of energy to excite the
system. In Figure 2.2 the behavior of the dispersion relation is sketched. The harmonic

frequency ω (a.u.)

8SJ/h̄

0

magnon dispersion
harmonic approximation
0

π/a
momentum k (a.u.)

Figure 2.2: Sketch of the magnon dispersion relation for a simple ferromagnetic chain.
For the small momenta the dispersion is well approximated by a harmonic
approach.
approximation is only valid for magnons with long wavelengths.
Within the framework of spin-wave theory one can derive the low-temperature behavior
of a ferromagnet, which describes the decay of magnetization with temperature,
"
 3/2 #
T
M (T ) = M (0) 1 −
.
(2.6)
TC
This dependence is also known as Bloch’s T 3/2 Law [48], first derived by Felix Bloch.

2.1.3 Micromagnetism
As far as discussed, all interactions and descriptions are on an atomistic level. In most
cases it is sufficient to have a continuous approach where the atomistic details are averaged out. This treatment is called Micromagnetism [35] and deals by a continuous
magnetization field M. To obtain an expression for the continuous magnetization, the
assumption is made that the variation between the atomic magnetic moments is small.
The basic Heisenberg Hamiltonian (2.1) with the exchange constant J can be written as
X
H = JS2
φ2ij ,
(2.7)
ij

with the angle difference
φij := φi − φj .

(2.8)
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mi − mj

Atomistic Description:
Si

mi

Sj
φj

φi

Micromagnetism:

mj

j

i
rij

M(r)
Figure 2.3: Transition from atomistic description to micromagnetism. If the spatial
variation of the magnetization is small, the magnetization can be described
with a continuous field M(r).
This difference between the angles can be approximated as the length of the difference
vector |mi − mj |. An expansion of this term to linear order leads to
|mi − mj | ≈ |(rij · ∇)m|.
Thus, the exchange energy can be written as[35]
XX
Eex = JS 2
[(rij · ∇)m]2 .
i

(2.9)

(2.10)

j

Applying the continuous limit one ends up with[35]
Z

JS 2 c 
Eex =
(∇mx )2 + (∇my )2 + (∇mz )2 dτ,
a

(2.11)

where c is constant depending on the kind of cubic lattice( sc: 1, bcc: 2 or fcc: 4) and
a the lattice constant. The anisotropy can be included with similar terms, which are
discussed in section 2.3.
The micromagnetic theory is often applied to determine the properties and dynamics of
magnetic structures like domain walls [49]. Since the numerical effort in the atomistic
model becomes enormous for larger structures, the micromagnetic theory is applied for
samples with dimensions larger than several nanometers. Furthermore, the theory allows
the investigation of the influence of the sample shape originating from the long-range
magnetic dipole-dipole interaction.

2.2 Isotropic exchange interaction
In order to use the Heisenberg model one needs to know the exact exchange function for
a given material. This task is tremendously difficult so that severe approximations are
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necessary. Even from experimental data it is hard to obtain the correct spatial variation
as the exchange function depends crucially on the overlap of atomic orbitals. Therefore
theoretical models are needed to distinguish the different mechanisms. In the following
paragraphs the main interactions and deductions for the models are presented.

2.2.1 Heisenberg exchange
The initial approaches for calculating the exchange function were done by Heitler and
London for a hydrogen molecule as the simplest system one could imagine. The fundamental procedure is described in many textbooks e.g. [35, 50, 44], and is known for
example under the name of linear combination of atomic orbitals (LCAO). In principle,
the energy difference between the symmetric state (FM) and the anti-symmetric state
(AFM) is calculated. The names arise from the positive or negative superposition of the
respective wave functions leading to ferromagnetic or antiferromagnetic coupling. Both
states are sketched in Figure 2.4. While the symmetric superposition of the atomic wave

ψ(r)

symmetric
antisymmetric

L

R

r
Figure 2.4: Sketch of Linear combination of atomic orbitals. Difference between symmetric and antisymmetric solution.
functions leads to a bonding configuration, the anti-symmetric case leads to an antibonding. As for electrons, the Coulomb interaction
VC =

e2
4π0 |r − r0 |

(2.12)

is the most important one and forms the basis for any further calculations. Here, only
the distance |r − r0 | and the charge e play a role. Therefore, the interaction is completely
isotropic and spin-independent. The spin enters by the Pauli exclusion principle, which
allows only antiparallel spin alignment in the same orbital. Furthermore, it is assumed

13

2 Physical model for microscopic spin-lattice dynamics
that the total wave function is a linear combination of the atomic ones, and can be
defined as
ΨFM ≈ φL (r)φR (r0 ) − φR (r)φL (r0 )
(2.13)
and
ΨAFM ≈ φL (r)φR (r0 ) + φR (r)φL (r0 ).
If one now calculates the energy for each state,
Z
E = Ψ∗ (r, r0 )H(r, r0 )Ψ(r, r0 )dV dV 0 ,

(2.14)

(2.15)

one can define the exchange constant J as [44]
J=

EAFM − EFM
.
2

(2.16)

One problem is to choose the most appropriate set of wave functions to describe the
situation correctly. The use of single atomic orbitals does not describe the scenario well,
because they are not orthogonal for different atoms and therefore not suited as a basis
for the many body problem. Another aspect which has to be taken into account is the
hopping of the electrons between the atomic sites. This procedure leads to a reduction
of the exchange interaction [48].
Modern approaches use ab-initio methods to calculate the exchange interaction for different materials by performing band structure calculations. If the electronic structure
is known it is possible to determine the magnetic exchange. In general, the method is
widely used for magnetic insulators, because the electronic behavior can be described
well within a set of localized wave functions.

2.2.2 RKKY exchange
In metals the situation becomes more complicated in comparison to magnetic insulators,
as the band structure allows electron transport and thus completely delocalized electronic
states. Although the magnetic moments are not strictly local, most metals can be
treated in a Heisenberg model, but the exchange has to be modified in this case. In
such a situation another type of interaction can occur, firstly described by Ruderman
and Kittel [51] as well as by Kasuya [52] and Yosida [53].
A starting point is the free electron gas with additional point like spin defects. This
assumption reflects the character of the nearly delocalized states. Through the hyperfine interaction the conduction electrons lead to an indirect exchange between the spin
defects. Calculations in second order perturbation theory lead to the solution [54]
JRKKY (r) = J0

14

2kF cos(2kF r) − sin(2kF r)
.
(2kF r)4

(2.17)

exchange JRKKY (r) (a.u.)
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25
RKKY

20
15
10
5
0

−5

1

1.5

2

2.5
distance r/a0

3

3.5

4

Figure 2.5: Spatial behavior of the RKKY exchange. The characteristic oscillations
lead to ferro- and antiferromagnetic coupling for the different neighbor
shells. The oscillations vanishes typically for distances larger than several
lattice constants. The distance is normalized to the lattice constant a0 .

The typical oscillations are sketched in Figure 2.5. As the Fermi vector kF is large,
the oscillations vanish after a few angstroms in most metals. This kind of interaction
play a role for the 3d ferromagnets Fe, Co and Ni, as they are all conducting metals.
Furthermore, the RKKY exchange allows to tune the exchange properties for example
in layered magnetic systems [55].

2.2.3 Biquadratic exchange interaction
In complex materials one has to take more effects into account, hence the approaches
mentioned above are in some situations not sufficient. In such cases one could consider
the Heisenberg Hamiltonian (2.1) as the first term of an expansion series. The second
term then is quadratic in the product Si and Sj . So the biquadratic term becomes [54]
HBi (rij ) =

X

J Bi (rij )(Si Sj )2 .

(2.18)

<i,j>

These higher order terms can play a role in multilayer system or complicated alloys.
While the first order term (2.1) leads to parallel or antiparallel alignment of the spins,
the second order term (2.18) could favor perpendicular orientation if J Bi (rij ) < 0. This
behavior can lead to complex ground state structures in the magnetic system.
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2.2.4 Examples for scalar exchange in metals and implementation
of continuous exchange functions
For a combination of the spin dynamics with the lattice lattice dynamics, which is
the aim of this chapter, it is necessary to model the magnetic exchange interaction in
a spatial continuous way, so that forces can be calculated from the spatial gradients.
That procedure is not necessary on a static lattice, where solely the magnetic system is
considered.
Nowadays it is possible to determine the electronic band structure of a material by abinitio methods. When the band structure is known, the magnetic properties, like the
exchange integral, can be derived from that leading to the form of Heisenberg exchange
and RKKY interaction, depending on the material.
Fe (bcc)
R0j 
NS J0j (mRy)
111
8
1.432
222
(100)
6
0.815
(110)
12
-0.016
311
24
-0.126
222
(111)
8
-0.146
(200)
6
0.062
331
24
0.001
222
(210)
24
0.015
(211)
24
-0.032
333
8
0.187
222
MFA
(K)
TC
1414
RPA
TC (K)
950

R0j 
11
0
22
(100)
1 12 12
(110)
31
0
22
(111)
3 1
1
2 2
(200)
33
0
22 
11
22 2

Co (fcc)
NS J0j (mRy)
12
1.085
6
0.110
24
0.116
12
-0.090
24
0.026
8
0.043
48
-0.024
6
0.012
12
0.026
24
0.006
1645
1311

R0j 
11
0
22
(100)
1 12 21
(110)
31
0
22
(111)
3 1
1
2 2
(200)
33
0
22 
11
22 2

Ni (fcc)
NS J0j (mRy)
12
0.206
6
0.006
24
0.026
12
0.012
24
0.003
8
-0.003
48
0.007
6
-0.001
12
-0.011
24
0.001
397
350

Table 2.2: Values for the exchange interaction for Fe, Co and Ni. R0j gives the distance
of the shell and NS the number of neighbors in there. In the last rows the
resulting values for the resulting Curie temperature are given in mean-field
approximation (MFA) and random phase approximation (RPA). All data
taken from [56].
One method, for example, is the nonrelativistic spin-polarized Green-function technique
[56]. If anisotropic terms caused by spin-orbit coupling also play a significant role, it is
necessary to use full-relativistic methods like the Korringa-Kohn-Rostoker method [57,
58]. These methods yield the exchange pair interactions for discrete neighbor shells on a
static lattice. With the use of fully relativistic methods the exchange has tensorial form,
otherwise the pair interactions stay scalar. For the materials iron, cobalt and nickel the
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calculated values for the isotropic exchange are given in Table 2.2. Furthermore, the
spatial behavior of the data is plotted Figure 2.6. The details of the used calculation
methods can be found in Ref. [56].
To use the data in a dynamic lattice, it is useful to fit a continuous function to this
ab-initio data. The function should reproduce the behavior of the atomic exchange
integrals and therefore rapidly vanishes in the long distance limit. Also the oscillatory
behavior in metals should be taken into account. In this work the following fit-function
is used


C1 cos(ω(rij − d1 ))
2
fit
+ C2 exp(−γ(rij − d2 ) ) ,
(2.19)
J (rij ) = J0
1 + exp(ξ(rij − d1 ))
where d1 is the distance to the next-nearest neighbor and d2 is fitted to deviations, which
have an assumed gaussian shape. The cosine in the numerator reproduces the RKKY-

exchange J(rij )/J0

Fe (bcc)
1.5

ab-initio
continuous fit

Co (fcc)
1.5

a)
1

b)
1

ab-initio
continuous fit

Ni (fcc)
1.5
c)
1

0.5

0.5

0.5

0

0

0

−0.5

1 1.5 2 2.5 3
rij /a0

−0.5
0.5 1 1.5 2 2.5 3
rij /a0

ab-initio
continuous fit

−0.5
0.5 1 1.5 2 2.5 3
rij /a0

Figure 2.6: Isotropic exchange data for the ferromagnets Fe, Co, Ni. Ab-initio data is
taken from [56]. The fit function is able to reproduce the behavior of the
data. The strongest interaction are the nearest neighbor ones, than the
exchange is rapidly vanishing.
oscillations with the frequency ω, while the denominator leads to an exponential decay,
with the decay length ξ. The amplitudes C1 and C2 are also fitted to the data. Examples
for the parametrization are given in Figure 2.6 where the ferromagnetic materials Fe,
Co and Ni are fitted.
Because the ab-initio calculation gives no information about small spatial variations the
assumption is made that the exchange is sufficiently smooth and that the first shells
represents local extrema, as the the overlap of the atomic orbitals should be maximized
for the closest shells. In Table 2.3 the resulting fitting parameters are given. For distances
smaller than the first-neighbor distance a strong antiferromagnetic coupling is assumed
due to Pauli-principle which acts stronger with increasing overlap of the wave functions.
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d1 (a0 )
d2 (a0 )
ω (1/a0 )
ξ (1/a0 )
γ (1/a20 )
C1 (J0 )
C2 (J0 )

Fe (bcc)
0.93
1.90
3.2
2.4
15.0
1.89
0.2

Co (fcc)
0.74
1.195
5.68
3.95
53.0
1.92
0.34

Ni (fcc)
0.735
1.10
8.5
4.7
35.0
1.93
0.39

Table 2.3: The exchange fitting parameters for Fe, Co and Ni. The values are given in
reduced units used in the simulation, see Table 3.1.

As indicated in Table 2.2, the ab-initio calculations have problems to reproduce the
experimental value for the critical temperature. For this work it is important to adjust
this value as the energy of the magnetic systems have to be in the right order compared
to the lattice energy scales of the lattice. To obtain the experimentally found Curie
temperature, the values for J0 given in Table 2.4 are used. They are determined by simulations with the Landau-Lifshitz-Gilbert equation with an additional stochastic noise
term for thermal effects (see section 3.6).

J0
(J)
(eV)
(mRy)
(K)

Fe (bcc)
5.384 · 10−21
0.034
2.5
390.0

Co (fcc)
4.349 · 10−21
0.027
2.0
315.0

Ni (fcc)
1.450 · 10−21
0.009
0.6
105.0

Table 2.4: The exchange values for the nearest neighbor interaction used in this work
for Fe, Co and Ni. The values reproduce the experimental Curie-temperature
for the continuous exchange fit.

From that fit function the forces on the lattice atoms from the magnetic system can be
easily derived by calculating the gradient, which are important for the lattice dynamics.
The continous exchange is therefore the first part in the combined dynamics of the
magnetic system and the lattice. It is worth mentioning that it is only possible to
transfer energy magnetic system and lattice via this scalar exchange function between.
As a change of magnetization also requires a change of angular momentum, this approach
is not sufficient and anisotropic terms have to be considered as well, which are discussed
in section 2.5.1.
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2.3 Magnetic anisotropies
The Heisenberg model as presented so far is completely isotropic. That means that every
direction is energetically equal. Therefore, all spins in a ferromagnet are aligned parallel,
but the magnetization can rotate as a whole without modification of its energy. Prior
knowledge indicates, that this is not the case for most materials. They have distinct
directions that are favorable for the spins to align with. Otherwise, magnetic recording
would not be possible as the magnetization could just rotate in space and the information
would get lost over time. With anisotropy, it becomes possible to have a well defined
orientation for the magnetization, where the parallel or anti-parallel orientation to the
direction of the anisotropy can be used for information storage.
Both the exchange and the sources for the anisotropy are manifold. The most important
is the spin-orbit coupling, which forms a nonuniform energy landscape for the spins
depending on the crystal structure. Anisotropy arising from that mechanism is called
magnetocrystalline anisotropy.
The magnetic dipole-dipole interaction connects spatial degrees of freedom with the
magnetic moment as well but is normally small. Due to its long-range characteristics
it induces anisotropies dependent on the shape of the sample. Additionally, it plays a
crucial role in the creation of domain wall structures [35].
Furthermore, it is possible that the exchange interaction becomes anisotropic if the
sample fulfills certain conditions, which can occur in complex materials. But in elemental
ferromagnets that is not the case. These effects are briefly discussed in section 2.3.5.
First, the general phenomenological approach to include magnetic anisotropies in form of
a series of polynomial terms with ascending order in the free energy is presented. This
approach is important as the experimental data is discussed in that series approach.
Then the Néel-model as a first attempt for explanation is introduced. The more sophisticated Bruno-model is briefly discussed. It gives insight in the interplay of the spin-orbit
coupling and the crystal field. In the end of the section the sources in form of direct
anisotropic interaction are described in more detail.
The most common way to describe the anisotropy in magnetic materials are phenomenological expressions. Hence the magnetization is commonly considered in spherical coordinates,
M = MS (sin θ cos φ ex + sin θ sin φ ey + cos θ ez )
(2.20)
and the directional cosines
α1 = sin θ cos φ,

(2.21)

α2 = sin θ sin φ,

(2.22)

α3 = cos θ

(2.23)
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are used to express the anisotropic energy. The definitions are also depicted in Figure
2.7. A general series approach is chosen to express the anisotropic energy contribution
z
α3
M
θ
α2
α1

φ

y

x
Figure 2.7: Magnetization in spherical coordinates and definition of directional cosine.
These coordinates are used in the expression of the free energy for the
magnetization.
[38],
Ecrys = E0 +

X
i

+

X

bi α i +

X

bij αi αj +

ij

X

bijk αi αj αk

ijk

bijkl αi αj αk αl + O(α5 ).

(2.24)

ijkl

As observations have shown, there is no difference between oppositely magnetized samples and therefore the expansion can only have even terms [38],
X
X
Ecrys =
bij αi αj +
bijkl αi αj αk αl + O(α6 ).
(2.25)
ij

ijkl

Terms of higher order than fourth order are normally so small that they can be neglected.
The coefficients for the single terms in the series can now be determined experimentally
[59, 60] or, like in the case of the exchange, by ab-initio calculations of the electronic
band structure [61, 62].

2.3.1 Uniaxial anisotropies and cubic systems
The simplest case for an anisotropy is a uniaxial anisotropy described by a Hamiltonian
like
X
2
Hanis = k α32 → D
Sz,i
.
(2.26)
i
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a)

b)

0.5 π

0.5
2.0 π
φ
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z

1.0 π
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0.5

0.0 π
0.0 π

2.0 π

0

energy [a.u.]

1

θ

1.0 π

0.0 π
0.0 π

Hard axis

z

energy [a.u.]

θ

Easy axis

φ

Figure 2.8: Different realizations of uniaxial anisotropies. Plot a) shows the realization
of on easy axis, where the magnetization will align with the z-axis. In
Plot b) the hard axis will lead to an orientation perpendicular to the zaxis. In the lower plots the angular dependencies are shown. Due to the
rotational symmetry around the z-axis, only Θ has an influence on the
energy landscape.
The behavior of the term 2.26 is illustrated in Figure 2.8 where the energy landscape for
an easy and a hard axis is plotted. In this example the z-direction behaves differently to
the other dimensions. In the case of an easy axis the magnetization will align parallel to
the axis, while in the scenario of a hard axis the magnetization will lie in the x-y-plane.
In Figure 2.8 the angular dependence is shown as well, where only variation in θ causes
a change in energy due to the rotational symmetry of the problem. This behavior can
only occur in non-cubic lattices with for e.g. hexagonal symmetry or in stretched cubic
systems. If the lattice has strict cubic symmetry the anisotropic energy becomes [38]
Ecubic = K0 + K1 (α12 α22 + α12 α32 + α22 α32 ) + K2 α12 α22 α32 ,

(2.27)

with anisotropy constants K0 , K1 and K2 . The definition of these constants vary through
the literature.
An example for a cubic system is shown in Figure 2.9 where an anisotropy with three
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K1 [J m−3 ]
K2 [J m−3 ]

Fe (bcc)1
5.48 · 104
1.96 · 102

Co (fcc)2
2.0 · 104
0.8 · 104

Ni (fcc)1
−12.63 · 104
5.78 · 104

Table 2.5: Anisotropy constants at 4.2 K taken from 1) Ref. [38] and 2) Ref. [63]. In
comparison to the exchange energies the anisotropic terms are at least 2
orders of magnitude smaller.
hard axes along the coordinate axes is shown. In that case the magnetization would favor
an alignment along the diagonal axis. Although the crystal axis and the symmetries in
the material play an important role, one cannot give a simple criteria if a direction is a
hard or a weak one.

Cubic anisotropy
z

x

y

Figure 2.9: Cubic system with three hard axes x, y, z. The easy axes would lie on the
diagonals, as the anisotropic energy is largely reduced in these directions.
As for the exchange interactions the theoretical prediction of the anisotropy constant is
a demanding task, which is only possible with cumbersome band structure calculations
of the material. Since small errors in the calculation can lead to significant variation, for
example a changing sign in the energy landscape, it is more convenient to use values from
experimental measurements. In Table 2.5 the experimentally determined constants for
Fe, Co and Ni are given. These values are measured for bulk systems, as in geometries
like thin films these values will change. In comparison to the exchange energies the
anisotropic energies are two or three magnitudes smaller.
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2.3.2 Néel model
Starting with the magnetic dipole interaction, Néel developed a generalized expression
for the anisotropy [41]. He formulated the expression


1
2
+ (h.o.),
(2.28)
HNeel = L(r) cos (φi − φj ) −
3
where L(r) are Legendre polynomials and therefore orthogonal functions. The definitions of the angles are shown in Figure 2.10. Terms like the magnetic dipole-dipole
Si
i

Sj
φi

j

φj

rij
Figure 2.10: Néel model. The orientation of a spin to its neighboring spins play a
role. As the dipole-dipole interaction the Néel anisotropy aligns a pair of
spins along rij . With increasing number of pair interactions the situation
become more difficult.
interaction, see equation (2.31), are included in this expression, but the formulation is
more general and different sources can be taken into account. While this model describes
qualitatively the arising anisotropy due to the lattice symmetries, it cannot provide a
deeper physical understanding. Especially the energy scales for the anisotropic terms
cannot be determined.
Van Vleck chose a similar approach [64] in an attempt to explain the anisotropy for
cubic magnets. He started with an interaction with the same form of the magnetic
dipolar-dipolar interaction and calculated different prefactors as well as different distance
dependencies using a perturbation theory approach. With that attempt the model gives
at least an approximation for the anisotropic energies. Although both attempts are
purely phenomenological, they provide an example how the energy landscape of the
anisotropy can be modeled on an atomic level.

2.3.3 Bruno model
The spin-orbit interaction is the starting point for theoretical models as one of the
most important sources for the magnetocrytalline anisotropy. Normally, the spin-orbit
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interaction is written as [54]
HSO = λ(r)L · S.

(2.29)

Bruno [65] stated that the anisotropy of the orbital moment induces anisotropies for the
spin via
ς
(measy − mhard
) > 0.
(2.30)
∆ESO = ς [hL · Sihard − hL · Sieasy ] =
0
4µB 0
This equation claims that the hard magnetization direction has lower orbital moment
than the easy direction, leading to an energy difference proportional to the magnetocrystalline anisotropy [54]. To illustrate the concept, the argumentation given in Ref. [66]
is followed. An electron belonging to an atom bounded in planar geometry is considered. In Figure 2.11 the situation is sketched. The Coulomb repulsion of the negative
surrounding, or attraction if the neighboring atoms are positive, lead to a standing wave
for the orbiting electron.
As molecular orbitals will be formed, the in-plane orbit will be broken. Therefore, the
orbital momentum perpendicular to the bonding plane will be quenched. The motion
out-of-plane is less disturbed so that the angular momentum will be non-zero. With
equation (2.30) that situation will create an anisotropy in that direction.
In multilayer systems the orbital momentum out-of-plane can be larger than the inplane momentum so that the anisotropy is also out-of-plane. This way an experimental
verification of the model is possible. The measurements on a Cobalt wedge show an
in-plane anisotropy on the thin edge, while on the thicker edge the anisotropy is out-ofplane [54]. The mechanism couples the magnetization to the lattice structures but to use
this coupling dynamically, significant approximations and phenomenological approaches
are necessary [15]. As the discussed example shows, the arising anisotropy depends on
the crystal field and not only on the lattice symmetry and its deviations.
In-plane orbits are quenched
d-orbitals are formed
+

+

−

-

e

-

+
+
dxy ≈ |Lz = −2 > −|Lz = 2 >

-

y
-

-

-

Out-of-plane orbits
are less pertubed
-

e−

- x

dx2 −y2 ≈ |Lz = −2 > +|Lz = 2 >

Figure 2.11: Quenching of angular momentum through the environment. Directions
with lower orbital momentum serves as a magnetic anistropic axis. Picture was created after [[54] Fig. 7.35].
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2.3.4 Magnetic dipole-dipole interaction
As the spins carry a magnetic moment, they interact by dipolar-interaction [44],
HDip−Dip (r) =

3(Si rij )(rij Sj )
µ0 µ2s X Si Sj
−
.
3
5
4π <i,j> rij
rij

(2.31)

Although this interaction is small, normally four to six magnitudes smaller than the
exchange interaction, it is not possible to neglect it due to its long-range characteristics.
Therefore, the whole sample has to be taken into account. For a sphere this would not
lead to an anisotropy, but for an ellipsoid with one longer axis the integration leads to
an easy magnetic axis parallel to the longest ellipsoid axis.
For easy geometries it is possible to calculate the resulting anisotropy (see e.g. [35])
but for irregular shapes only numerical solutions are available. Since this interaction
depends on the shape of the sample, it is often called shape anisotropy.
Despite the fact that the interaction naturally connects the magnetic degrees of freedom
with the spatial ones, the strength of the interaction is normally too small to have
an effect on both dynamics. Nevertheless, the form of the interaction is often used in
phenomenological approaches as discussed in section 2.3.2.

2.3.5 Anisotropic exchange
The coupling between spin and orbital momentum leads also to anisotropic terms in the
exchange function. For two magnetic ions one can treat the spin-orbit coupling as a
perturbation[40] and consider the following Hamiltonian,
H = λ(L1 · S1 ) + λ(L2 · S2 ) + Vexch ,

(2.32)

where Vexch is the isotropic exchange coupling described in section 2.2.1 and λ the spinorbit coupling. To describe the arising anisotropy due to spin-orbit coupling, a thirdorder process is considered [40].
Ion 1 is excited in the state ψn1 by the term L1 · S1 . Then the exchange interaction Vexch
acts between ion 2 and the excited ion 1. In the end ion 1 relaxes through the spin-orbit
coupling again. For the energy in the process one can calculate [40]:
∆E3 = −

X

(2)
S1µ Γ(1)
µν (S1 · S2 )S1ν + S2µ Γµν (S1 · S2 )S2ν ,

(2.33)

µν
2
Γ(1)
µν = 2λ

X hg1|Lµ |n1iJ(n1g2, n0 1g2)hg1|Lν |n0 1i
.
(En1 − Eg1 )(En0 1 − Eg1 )
0

(2.34)

n1 n1
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For a spin-1/2 system the complete Hamiltonian can be written as [40]:
Haniso = −


1XX i
(i)
(i)
(Γµν + Γiνµ ) + δµν (Γ(i)
+
Γ
+
Γ
)
S1µ S2ν .
xx
yy
zz
4 µν i=1,2

(2.35)

Due to its mathematical form it is often called pseudo-dipolar, because it has the same
form as the magnetic dipole-dipole interaction but the magnitude is larger. Furthermore,
the spatial dependence is very different as the arising interaction is not of long range.
In most systems this interaction plays no role, but it illustrates that the effect of higher
order terms capable of the transfer of angular momentum have at least a similar form
comparable to the magnetic dipole interaction.
Another form of anisotropic exchange is the Dzyaloshinsky-Moriya interaction[67], which
can be written as
X
HDM = −
D · (Si × Sj ),
(2.36)
<i,j>

where D is the Dzyaloshinsky-Moriya vector. This kind of exchange can only occur
in systems with a lack of inversion symmetry and can normally be neglected in bulk
systems. In a scenario where surface effects become important, the term can play an
important role. Furthermore, the interaction plays a crucial role in the formation of
topological structures like skyrmions [32].

2.3.6 External magnetic field
The coupling to external magnetic fields is taken into account by the Zeeman-term
X
HZeeman = −Bext (t) µs
Si .
(2.37)
i

The magnetic moments favor to align in parallel to the external field, which also creates a
distinct direction for the magnetization. In comparison to the other anisotropic energies
the Zeeman energy is small as long as no very large external fields are applied. The
highest static field strengths available in a laboratory lie around 38 T [68]. In ultrashort
laserpulses even higher field strengths can be achieved.
A static external field breaks the rotational symmetry of the system and hence the
conservation of angular momentum for the directions not aligned with the direction of the
external field. If the magnetic field is also time dependent, neither angular momentum
nor energy is conserved.
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In this part of the chapter the main aspects of the lattice system are described and the
used potentials and their parametrization are explained. Hence the basics of elasticity
theory are delineated. To this end, a simple harmonic approach is chosen as a lattice
potential. More sophisticated potentials like Finnis-Sinclair potentials [69] or specific
potentials like the Dudarev-Derlet approach [70] for magnetic iron are not considered
because the focus of this work lies on the fundamental coupling between the magnetic
and elastic system. A simple potential is therefore easier to compare with theoretical
predictions. However, if things like structural changes in the lattice become important,
this harmonic approach would not be sufficient.

2.4.1 Elasticity theory
To describe the macroscopic elastic properties of a material, it is useful to neglect the
atomic structure and use a continuous theory instead, similar to the micromagnetic
approach. This part follows in the definitions ref. [71]. Here, a displacement field u is
x3
deformed
u

r0

r

undeformed

x2

x1
Figure 2.12: Visualization of a mechanical deformation. A slab is bended, while the
ends are fixed.
formulated,
u(r) = r0 − r,

(2.38)

where the position of a volume point r0 to its equilibrium value r gives the deformation
as shown in Figure 2.12. For the distances during that process one can define
dr0 = dr + du,

(2.39)
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and calculate the infinitesimal length as
√
dl =

dr · dr,

leading to the length after the deformation [71] being
X ∂ui
X ∂ui ∂ui
dl02 = dl2 +
dxi dxk +
dxk dxl .
∂xk
∂xk ∂xl
ik
ikl

(2.40)

(2.41)

Here, all indices run over the space dimensions {1, 2, 3}. After symmetrization of the
expression one gets
X
dl02 = dl2 + 2
uik dxi dxk ,
(2.42)
ik

with



∂uk ∂ul ∂ul
1 ∂ui
+
+
,
(2.43)
uik =
2 ∂xk
∂xi
∂xi ∂xk
the so called strain-tensor [71]. In most cases the resulting changes are small so that
the last term in the strain-tensor can be neglected. The more common form is


1 ∂ui
∂uk
uik =
+
.
(2.44)
2 ∂xk
∂xi
Thus, the changes in length can be described by a symmetric tensor of rank two. The
assumption is made that for normal distortions the entries of the tensor stays small so
does displacement. Cases like thin rods need more care, because even small stresses can
lead to huge displacements.
Normally, rotations of the whole sample are also not considered, since they do not change
the equilibrium distance between the atoms. Local torsions, nevertheless, change the
atomic distances and can be formulated as [72]
ω = ∇ × u.

(2.45)

Without a deformation, the atoms are in their equilibrium position and do not exert
forces on each other. In the deformed state this situation changes. The resulting internal
forces are another important aspect during the deformation. They can be described by
the stress-tensor σik [71]
I X
Z
Z X
∂σik
Ti dV =
dV =
σik dfk ,
(2.46)
∂xk
k
k
where dfk are the components of the surface element and Ti the components of the
resulting internal forces. For the free energy F of the deformation an expansion is
chosen [71]

X λ
2
2
(2.47)
F = F0 +
u + µuik ,
2 ii
ik
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where λ and µ are the material specific Lamé-parameters. To describe deformations of
a specific material the thermodynamic compressibility [71]


1
1 ∂V
=−
(2.48)
K
V ∂p T
is defined. Another important parameter is the Young-modulus Y defined as [71]
Y=

9Kµ
.
3K + µ

(2.49)

The Young-modulus describes the stiffness of a material. For the magnetic materials,
which will be studied in the following, these values are given in Table 2.6. For experimental determination, the following relation is used [71]
Y=

F/A0
,
∆L/L0

(2.50)

where F is the strength of the external force and A0 the cross section on which the force
acts. The denominator gives the resulting length change under the deformation. This
relation is only valid in the linear regime of deformations. In that linear regime one can

Y [GPa]

Fe (bcc)
131

Co (fcc)
114

Ni (fcc)
133

Table 2.6: Young modulus for magnetic materials in thin film geometry. Values are
taken from [73]
formulate Hooke’s Law, where the force resulting from a deformation is defined as [13]
X
ciklm ulm .
(2.51)
σik =
lm

Here, the four-rank tensor of elastic stiffness constants ciklm is used. Due to the symmetry
of the strain tensor uij , the elastic constants reduce to 21 in general. In lattice systems
with higher symmetry, the number of entries is decreased further. For the class of cubic
systems only three independent entries remain, namely cpppp , cppqq and cpqpq [13]. They
are written in short as c11 , c12 and c44 . For an isotropic elastic medium the relation
c11 − c12 = 2c44

(2.52)

is valid [13]. Under elastic forces fel one can formulate the equation of motion for the
displacement field [71]
∂ 2u
ρ 2 = fel ,
(2.53)
∂t
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Fe (bcc)
Co (fcc)
Ni (fcc)
YIG

[GPa]
c11
c12
c44
229
134
115
242
160
128
249
152
118
11
[10 dyn/cm2 ]
26.9 10.77 7.64

2c44 /(c11 − c12 )
2.4
3.1
2.4
0.947

Table 2.7: Elastic stiffness constants for Fe, Co, Ni and YIG. Values taken from [73]
and [74] .
with the density of the material ρ. Furthermore, the elastic energy for a cubic lattice
can be written down as [13]

1
Uel = c11 u2xx + u2yy + u2zz + c12 (uxx uyy + uyy ezz + uzz uxx )
2

+ 2c44 u2xy + u2yz + u2zx .

(2.54)

In this work the experimental findings for the macroscopic theory, especially the Young
modulus, are used to parametrize the lattice potential in the atomistic simulations.

2.4.2 Lattice potentials
For an atomistic simulation an inter-atomic potential is needed, that is able to reproduce
at least the properties the work focuses on. As the Coulomb interaction in solid-state
materials produces complicated band structures, one is facing similar problems like determining of the exchange function (2.1). The method of LCAO was originally developed
to calculate bonding energies in crystal structures. To model small lattice excitations,
it is possible to start with a harmonic potential around the equilibrium position d0
X
H = V0
(|rij − d0 |)2 .
(2.55)
<i,j>

With only nearest-neighbor interaction the lattice is not very stable under shear forces
and therefore more interactions are taken into account. In this thesis, in line with
the magnetic exchange, the pair interactions up to lattice shells with distance 2 a0 are
evaluated. The constant V0 is chosen in such a way that the resulting Young-modulus
is reproduced, which can be approximated as
Ya30
,
(2.56)
2N
where a0 is the lattice constant and N is the number of neighbors which are taken
into account. The potential prefactor V0 is identical for all interactions. It is a drastic
V0 ≈
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V0
[J]
[eV]
[K]
TM [K]

Fe (bcc)
2.416 · 10−20
0.150
1750.0
1808

Co (fcc)
1.588 · 10−20
0.100
1150.0
1768

Ni (fcc)
1.864 · 10−20
0.116
1350.0
1726

Table 2.8: Parametrization of the harmonic potential. Values for the melting point TM
are taken from [50] .
simplification for most materials to consider just a harmonic potential. However, for
only small displacements from equilibrium position, this approximation should yield
reasonable results. Initially of this thesis’ work Lennard-Jones potentials
 m 
X   σ n
σ
H = V0
A
−B
rij
rij
ij

(2.57)

have been considered [75], but the instability under torsional movement of the lattice
was too strong in most cases, so that the lattice structure collapses over the simulation
time. A comparison for the element Iron is plotted in Figure 2.13.

2

V(r) [eV]

1.5
1
0.5
harmonic potential
Lennard-Jones potential
0
-0.5

0.5a0

a0

1.5a0

2a0
r

Figure 2.13: Comparison between different lattice potentials. The harmonic potential
is constructed in such way that it reproduces the experimental lattice
constant precisely. The slope around the equilibrium distance should be
comparable.
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Another advantage is that the harmonic potential reproduces the experimental lattice
spacing, which in this work is important as the magnetic exchange depends on this
distance. The Lennard-Jones potential does not achieve the correct spacing very often.
More sophisticated approaches with multi-body potentials also show a harmonic behavior in that regime, for details see e.g. [69]. As mentioned before, one can not derive any
information about binding energies or structural changes from the harmonic approach.
The characteristics that the potential shall reproduce are the elastic properties in the
linear regime. As most of the excitations lead to lattice distortions of less than 5 % of
the lattice constant, this assumption should be justified.
Another important point is the resulting lattice dynamics. As sketched in Figure 2.14,
one can model a solid material as a lattice of masses interacting via linear forces. This
work stays very close to that model, except that in the simulations carried out, other nonnearest neighbor interactions are taken into account. If the interactions are restricted to
nearest neighbor, one can calculate the normal modes of the system, see e.g [50]. The
quantization of these wave modes are called phonons. The solution for the dispersion
relation is sketched in Figure 2.15.
Through the restriction to the first Brillouin zone, the dispersion relation becomes nonlinear at the boundary, but in the center the deviation is negligible. In this regime
the excitations are called acoustic, because they form longitudinal waves. Furthermore,
the atoms can move perpendicular to the direction of the neighboring atoms, leading
to transversal waves. If there is more than one atom per unit cell, waves in which the

Figure 2.14: The excitation of a phonon. To model a solid material one can develop a
model where the atoms are coupled via linear forces around their equilibrium position, here symbolized by the springs in a one dimensional chain
of atoms.
atoms in a unit cell move in opposite direction, are also possible. These branches are
called optical because the movement of the atoms induce a dipol-moment, which can
interact with light near the visible spectral regime.
The classical dynamic equation (2.53) for the continuous theory can also be solved by
the ansatz of plane waves. The solution has a strictly linear dispersion relation, as only
the acoustical branch is considered (see equation (2.67)) and no boundary effects of
the Brillouin zone come into play. For long wavelengths of the phonons the quantum
mechanical effects become neglible and the classical acoustic waves are obtained [50].
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Although the normal modes represent a basis for lattice movement, it is hardly possible
to prepare the system in a precise mode because the modes will always mix due to
interface effects.

frequency ω

optical branches

acoustic branches

Boundary of the 1st Brillouin zone

Both magnons and phonons are, in a quantum mechanical picture, particles with integer spin and they also obey the Bose-Einstein statistics. The acoustical phonons have
zero spin and therefore the interaction with spin waves is severely restricted by the conservation of angular momentum. The spin of more complicated lattice excitations like
torsions is non-zero.

momentum k
Figure 2.15: Schematic phonon spectrum with 3 acoustic and 3 optical branches. In
the elastic theory only the acoustic branches exist and they have a linear
dispersion relation. Picture created after Ref.[13], p. 315.
Even with such a simple potential it is difficult to determine what branches are precisely
activated in the system that will be simulated in the following. An indicator for the
available phonon modes is the Debye-temperature ΘD , which is defined by the radius of
sphere in momentum space containing all allowed wave vectors [50]
n=

kD
,
6π 2

(2.58)

with n as the number of wave-vectors. Hence, for ΘD it yields
ΘD = h̄ckD ,

(2.59)
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ΘD [K]

Fe (bcc)
420

Co (fcc)
385

Ni (fcc)
375

Table 2.9: Debye temperature for the magnetic metals Fe, Co and Ni. Values are taken
from [50]. The temperatures lie below the Curie temperatures, compare
Table 2.1.
where c is the speed of sound in the given material. The values for the Debye-temperature
for selected magnetic materials are given in Table 2.9. Around room temperature the
phononic system is nearly fully activated. In the region around the Curie temperature
all modes in the phonon spectrum play a role.

2.5 Magneto-elastic coupling
The first attempts to couple the magnetic degrees of freedom with the elastic ones where
made in the 1950s by Baryaktar, Cromstock and Le Craw [42]. They coupled the elastic
strain field with the micromagnetic field M in second order [13],
UMag−Ela =

B1 X 2
B2 X X
Mi Mj uij
M
u
+
i ii
M02 i
M02 i j,j6=i


2
A2 X X ∂Mi
A1 X X X ∂Mi ∂Mj
ujl + 2
+ 2
ujj .
M0 i j l,l6=j ∂xj ∂xl
M0 i j
∂xj

(2.60)

The first terms are the anisotropic ones, which arise from the sources discussed in section
2.3 and are characterized by the constants B1 and B2 . As for the magnetocrystalline
anisotropy the spin-orbit coupling is the strongest anisotropic interaction, which couples
the magnetic degrees of freedom with the lattice degrees of freedom. The last two
terms arise from the isotropic exchange. In Table 2.10 the values of B1 and B2 for the
ferromagnetic materials iron, cobalt and nickel are given. For a perfect isotropic material
B1 = B2 would be valid.

Fe (bcc)
Co (fcc)
Ni (fcc)

B1 [MJ m−3 ]
-3.43
-9.2
9.38

B2 [MJ m−3 ]
7.38
7.7
10.0

Table 2.10: Magneto-Elastic constants for the cubic materials Fe, Co and Ni. Values
are taken from [73].
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This anisotropic coupling leads to some effects summarized under the term of magnetostriction. Mostly it is distinguished between Joule-magnetostriction and volumemagnetostriction. Under Joule-magnetostriction it is understood that the length of a
sample varies if it is parallel or perpendicular to an external field. This leaves the volume
of the sample constant, while in the case of volume-magnetostriction not only the shape
but also the overall volume changes.
These effects are normally small so that usually the length change is given in parts per
million. For cubic single crystals one can write [13]
 
2 B1
δl
=−
,
(2.61)
λ100 =
l0 100
3 c11 − c12
 
δl
1 B2
λ111 =
=−
.
(2.62)
l0 111
3 c44
For polycrystalline structures it becomes
2
3
λpoly = λ100 + λ111 .
5
5

(2.63)

Nevertheless, materials exist where the change in the dimensions lengths is in the range
of nearly one percent as shown in Table 2.11. Examples are Terfenol-D or some metallic glasses which are called highly magnetoresistive and are used for example in sonar
systems. A complete understanding of this process is still missing.

1)

Fe
Co1)
Ni1)
YIG2)
FePt3)
Terfenol − D4)

λ100 [×10−6 ]
24.1
75
-64.5
-1.4
≈ 100
≈ 2400

λ111 [×10−6 ]
-22.7
-20
28.3
2.8
30
-

Table 2.11: Magnetostriction constants for various materials. Values from 1) [73], 2)
[13], 3) [76] and 4) [77]. For the materials FePt and Terfenol-D the properties depend on the composition of the alloy.
Another technological important mechanism arising from the magnetostriction is the
so called Invar -effect [38] where the material shows negative volume-magnetostriction.
During heating it counters the thermal expansion of the lattice with the reduction of
volume through the reduced magnetization. Therefore, the dimensions of a sample are
nearly constant over a wide temperature range.
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First attempts to describe the dynamics of the coupled system were made by [78] and
later on by [42]. As an example, the equations of motion for a cubic lattice are given
[42] by:





∂Mx
B2 ∂uy ∂uy
∂uz ∂uy
y
=−γ
+
Mx + γHeff Mz − γB2
+
∂t
M0 ∂x
∂x
∂y
∂z



B1 ∂uy ∂uz
z
− D∇2 + 2
− γ Heff
+
My ,
M0 ∂y
∂z




∂My
B2 ∂uy ∂uy
∂uz ∂uy
y
=−γ
+
My − γHeff Mz + γB2
+
∂t
M0 ∂x
∂x
∂y
∂z



B1 ∂uy ∂uz
z
+
Mx .
− γ Heff
− D∇2 + 2
M0 ∂y
∂z

(2.64)

The third component of the magnetization can be determined from the constant length
of the magnetization. For the elastic components one obtains

∂ 2 ux
∂
B1 ∂Mx2
2
=
c
∇
u
+
(c
+
c
)
(∇
·
u)
+
44
x
44
12
∂t2
∂x
M02 ∂x


B2 ∂
∂
+ 2
(Mx My ) + (Mx Mz ) ,
M0 ∂y
∂z
2
∂ uy
∂
B1 ∂My2
ρ 2 = c44 ∇2 uy + (c44 + c12 ) (∇ · u) + 2
∂t
∂y
M0 ∂y


B2 ∂
∂
+ 2
(My Mz ) +
(My Mx ) ,
M0 ∂z
∂x
∂ 2 uz
∂
B1 ∂Mz2
ρ 2 = c44 ∇2 uz + (c44 + c12 ) (∇ · u) + 2
∂t
∂z
M0 ∂z


B2 ∂
∂
+ 2
(Mz Mx ) +
(Mz My ) .
M0 ∂x
∂y

ρ

(2.65)

Here the cii are elastic constants and D the magnetic anisotropy constant. In general
these equations are hard to solve. Nevertheless, solutions exist for the linearized equations of motion[13, 79, 80]. To obtain the dispersion of the magneto-elastic waves, one
uses the ansatz of plane waves for the magnetization as well as for the elastic part and
substitute them into the linearized version of (2.64) and (2.65). One gets five algebraic
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frequency ω

k1

k2

ω2

ω
ωH1

Longitudinal elastic
Transverse magnetoelastic, right hand polarized
Transverse magnetoelastic, left hand polarized
momentum k

Figure 2.16: Sketch for magnetoelastic waves, created after Ref. [13], p. 321. The
dotted lines are the curves of the non-coupled systems. The longitudinal
elastic mode is not coupled and therefore undisturbed. The points at k1
and k2 mark the magnetoelastic resonance.
equations [13],
iωmx + γ(H0 + Dk 2 )my − iγkB2 uy = 0,
iωmy − γ(H0 + Dk 2 )mx + iγkB2 ux
B2
ω 2 ρux − k 2 c44 ux − ik
mx
M0
B2
ω 2 ρuy − k 2 c44 uy − ik
my
M0
ω 2 ρuz − k 2 c11 uz

= 0,
= 0,
= 0,

(2.66)

= 0,

(2.67)

where the last equation 2.67 is not coupled. The resulting spectrum is sketched in Figure
2.16. The points (k1 , ω1 ) and (k2 , ω2 ) in the dispersion relation are the points where the
uncoupled systems would cross each other. They are called magnetoelastic resonance
[13]. At these points one can see the influence of the coupling as the dispersion behavior
is clearly altered.
To describe the relaxation process in this model, one can use a quantum mechanical
picture, where scattering processes for magnons and phonons are used to describe energy transfer [81, 82]. As mentioned before, the conservation of momentum sets a severe
constriction for the dynamics as a conversion from a magnon to a phonon is prohibited.

37

2 Physical model for microscopic spin-lattice dynamics
Therefore, the relaxation processes regarding the energy can only have an even order in
magnons. A possible process is sketched in Figure 2.17 a) where two magnons exchange
energy with two phonons. If the number of magnons whould be changed, one needs
scattering with torsional waves in the lattice or scattering with electrons. The latter
process is not considered in this thesis, as no electron dynamics is taken into account.
The processes were first investigated in paramagnetic resonance experiments and thea)
magnon1

b)
magnon1

magnon2

torsion
phonon1

magnon2

phonon2

Figure 2.17: Possible interactions of phonons and magnons are shown. In a) a twophonon two-magnon scattering is shown, where the angular momentum
stays constant and energy changes. In b) the creation of a torsional lattice
wave under annihilation of two magnons is shown.
oretically described [83] for relaxation behavior. The processes can also play a role in
ferromagnetic materials [84].

2.5.1 Atomistic spin-lattice coupling
It is now possible to combine lattice and spin-dynamics in an atomistic approach. To
achieve the total dynamics of both systems, this work uses the continuous exchange
function given by eq. (2.19), which is fitted to the material specific ab-initio data and
an anisotropic correction in the exchange function
X
(Si rij )(rij Sj )
HJ = −
J(rij )(Si Sj ) +λ
.
(2.68)
rij 6
<i,j>
|
{z
}
|
{z
}
Hiso

Hanis

As mentioned in section 2.3 and 2.5, most of the anisotropic interactions have the form
of a dipolar interaction in the first order. The magneto-elastic correction also has this
principal form. Hence the proposed model within this thesis uses a similar term to
describe an anisotropic correction term in addition to the isotropic exchange. The anisotropic part is parametrized by λ. It is chosen in such a way, that in equilibrium the
anisotropic part has the same relation to the exchange as the continuous magnetoelastic
energy to the overall exchange,
λHanis
(|B1 | + |B2 |)a30
≈
,
Hiso
KB TC
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(2.69)
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where TC is the Curie temperature of the material and a0 the lattice constant. The
constants B1 and B2 are the magneto-elastic constants introduced in section 2.5. For an
atomistic model one has to assume a distance dependency of the anisotropic correction.
In this work the expression 1/r4 is chosen, since this decay ensures that the energy of
the anisotropic correction converges on larger distances. A slower decay would lead to
long-range effects similar to the dipole-dipole interaction (see section 2.3.4). There are
other suggestions for the distance dependency like in Ref. [15].
This work follows with this proposed model, the physical picture in particular, that the
lattice deformations lead via the spin-orbit coupling to an anisotropic potential for the
spins. As the direct implementation of the spin-orbit coupling is too difficult [15], one has
to make a simplification for this potential. With the presented procedure it is possible
to model different materials. In Table 2.12 the relation between energy exchange and
anisotropic correction is given for the materials Fe, Co and Ni. The anisotropic term

a0 (Å)
µs (µB )
TC (K)
(|B1 | + |B2 |)a30 /KB TC

Fe (bcc)
2.87
2.2
1043
0.018

Co (fcc)
3.54
1.6
1390
0.039

Ni (fcc)
3.52
0.6
650
0.094

Table 2.12: Parametrization for Fe, Co, Ni. Material parameters from [38]. The relative strength of the coupling is strongest in Nickel.
now creates locally easy or hard axes due to lattice distortions. The assumed distance
dependency of 1/r4 creates stronger anisotropies for smaller distances. For stretched
cubic lattices the situation is sketched in Figure 2.18. Here, just the z-axis of the crystal
is varied. Depending on the sign of λ the stretched axis becomes a hard or easy axis for
the magnetization.
Without any modification of the lattice with cubic symmetry the coupling term creates a
constant landscape for the magnetic spins, which can be neglected in magnetic dynamic
calculations. This behavior is desired, as the coupling should not have any influence on
the magnetic properties in the case of a resting lattice.
In a dynamical lattice, however, excitations create anisotropies for the spins through the
coupling term locally, through which the transfer of angular momentum from the spins
to the lattice or vice versa is possible. As the lattice excitations in the regime up to
the Curie-temperature stays normally small, one can neglect these dynamically induced
anisotropies so that the static anisotropy constants (see chapter 2.3) do not have to be
corrected [13].
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b)

1.0 π
0.5 π
0.0 π
0.0 π

0
-0.1
-0.2
-0.3
2.0 π

c)

1.0 π
0.5 π
0.0 π
0.0 π

φ

-0.01
-0.02
2.0 π
φ

energy [a.u.]

θ

a)

1.0 π
0.5 π
0.0 π
0.0 π

0
-0.01
-0.02
2.0 π
φ

Figure 2.18: Anisotropies due to stretched simple cubic lattices. For a) the z-axis is
stretched about 0.5, in b) 1.0 and in c) 1.5. Below is the resulting angular
dependency of the anisotropy is shown. With perfect cubic symmetry
in b) the anisotropy vanishes. Due to the assumed spatial dependence
distance variations smaller than the equilibrium positions creates stronger
anisotropies.
Nevertheless, the corrections are important for the angular momentum transfer as they
are connected to the lattice movement. Another point is that during the fabrication
of nanostructures strong lattice strains can occur, which play a role in the resulting
magnetic properties of the sample [73].

2.6 Model and equations of motion
For an atomistic model that couples the spin and the lattice dynamics the following
total Hamiltonian
Htot = −

X
<i,j>

|

X (Si rij )(rij Sj )
X
−
µ
B
Si
S ex
6
r
ij
<i,j>
{z i }
|
{z
} |

J(rij )Si Sj + λ
{z

Hiso

}

X p2
X
i
+
+ V0
(|rij | − d)2
2m
| i {z } | <i,j> {z
}
Hkin

Hanis

HZeeman

(2.70)

Hlat

is used, which is basically a Heisenberg Hamiltonian in the magnetic part and a simple
harmonic lattice. The coupling is achieved by the mechanism described in section 2.5.1.
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The terms Hiso and Hanis allow the magnetic system to exchange energy as well as
angular momentum with the lattice, therefore a dynamics without phenomenological
terms for relaxation can be obtained.
The equations of motion for pi , ri and Si can be derived directly via the Hamiltonian
formalism and the use of the Poisson brackets,

s 
X
∂f ∂g
∂f ∂g
−
.
{f, g} :=
∂q
∂p
k ∂pk
k ∂qk
k=1

(2.71)

The equations of motions become
∂H
,
∂pi
∂H
ṗi = {p, H} = −
,
∂ri
γ
Ṡi = {Si , H} = − Si × Heff .
µs
ṙi = {r, H} =

(2.72)
(2.73)
(2.74)

The Poisson-bracket for the spin dynamics leads to a rotation [85] around the effective
field, which is given by the variation of the Hamiltonian with respect to each single spin
with index i
δH
Heff = −
.
(2.75)
δSi
It is the same effective field used in the Landau-Lifshitz equation (3.26), which is in
general used for atomistic spin-dynamics simulations (see section 3.6.1 for further information). Furthermore, µs is the magnetic moment carried by each spin and γ the
gyromagnetic ratio, which is to be assumed to be identical with the gyromagnetic ratio
of the free electron [86],
rad
γ = 1.760859708 × 1011
.
(2.76)
sT
As one considers a classical approach, the angular moment of one atom in the lattice is
defined as
Li = ri × pi .
(2.77)
Since only the canonical equations of motion are used, the dynamics strictly obey all
conservation laws. Important in this work are the total energy and angular momentum.
The linear momentum and the position of the center of mass is also conserved, but they
are not considered in most cases.
Another advantage of this atomistic approach is that the dynamics, unlike in (2.64)
and (2.65), do not have to be linearized and therefore can also be applied to higher
order excitations. While local torsions of the lattice are naturally considered, scattering
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processes with these kind of lattice excitations can be investigated as well. In the
following, these equations of motions will be used in the simulation performed throughout
this thesis.
The derived equations of motions summarize the chapter, as they provide a framework,
which allows to treat the magnetic degrees of freedom and the lattice degrees of freedom on equal footing. In the model the dominant magnetic interaction, the isotropic
Heisenberg exchange is modeled with atomic resolution and an anistropic correction was
developed from continous magneto-elastic theory, which allows the transfer of angular
momentum on the atomic level as well. For reasons of simplicity the lattice potential is
considered only in the harmonic approximation.
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With the help of sophisticated numerical schemes and algorithms computer simulations
have become an important tool in modern science. Their strength is the ability to
verify theoretical predictions and models in a completely controlled environment, but
on a length scale more comparable to experiment situations. In many cases less severe
approximations are required than in an analytically solvable model of the problem.
Especially in many-body systems an attempt to integrate the equations of motion for
each particle leads to an unmanageable analytical calculation effort due to the enormous
number of degrees of freedom.
The steady increase of computational power has made it feasible to perform the necessary
numerical calculations in many-body systems. It is often possible to choose between two
general approaches. On the one hand there is the Monte-Carlo method, where the phase
space is analysed by stochastical integration of the partition function of the system. The
procedure is well suited for the determination of equilibrium properties of the system.
On the ofter hand, one can use the equations of motion derived from the Hamiltonian to
describe the dynamics. This approach is called Molecular Dynamics. In this work the
Molecular-Spin Dynamics (MD-SD) framework is chosen, because the focus lies upon
relaxation towards equilibrium and dynamics in non-equilibrium situations for magnetic
materials.
Dealing with magnetic materials increases the numerical effort further, because the magnetic system expands the phase space with the spin degrees of freedom, so that additional
equations of motions have to be solved. Besides that, the conservation of angular momentum sets severe constraints for magnetization dynamics, which also demands more
rigorous simulation methods.
In the following chapter the methods which are used during this work are presented.
First, the Liouville formalism is explained including the dynamics of physical systems as
defined within that scheme. The necessary decomposition of operators is given, which
describes the time evolution of the system. A short explanation is given on how magnetization dynamics on its own can be solved.
Furthermore, the combination of spin and molecular dynamics is deduced. At last, the
use of special boundary conditions for the realization of certain system states is outlined
and the usage of Langevin dynamics is briefly discussed. These kind of dynamics are
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needed for the inclusion of additional dissipative effects. In the end, an overview of the
simulation program is shown.

3.1 Molecular dynamics
In a molecular dynamics approach one considers a system as a classical N-body problem
of interacting particles. Therefore, one needs to integrate the Newtonian equations
of motion for each single particle. After some relaxation time one can determine the
properties of a system (for an overview, see e.g. [87, 88]). This way, quantum effects
are neglected in the system, which, for most larger systems at elevated temperature, is
a suitable approximation.
The advantage of this method lies in the ability to compute the dynamics before reaching the final thermodynamic state. One has furthermore the possibility to calculate
dynamical properties when the system has reached its thermodynamical ground state.
It is also possible to deal with non-equilibrium situations, although the interpretations
of the results require a more careful consideration.
The general way for performing a molecular dynamics simulation is to set up the system
in some suitable initial conditions and then solve the equations of motion for each particle
over time. When an equilibrium state is reached, one can perform an ensemble average
and determine properties like transport-coefficients via the Green-Kubo formalism [89,
90] from the reached distribution of positions and momenta.
In this work the magnetic degrees of freedom of a particle are additionally considered
by treating the atomic spin as a classical magnetic moment, which interacts via the
exchange interaction and the the anisotropic corrections (see section 2.2 and 2.6) with
the other degrees of freedom.

3.2 Symplectic algorithms
The simulation of many body systems imposes different demands than the numerical
solution of an initial value problem. For a single particle in a force field an important
applied criteria is the accuracy with which the trajectory can be calculated. For many
body systems the exact trajectory of a single particle is less important, so that other
aspects become crucial, like the volume conservation of the phase space. This property is called symplecticity. Without that property other conservation laws for physical
properties like energy or angular momentum cannot be fulfilled.
The methods generally used for numerical solving ordinary differential equations, like
high-order Runge-Kutta schemes, are therefore not suited for molecular dynamics simulations, because they often show a lack in symplecticity. So algorithms based on verlet
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schemes or predictor-corrector methods [87] are used, because these are able to conserve the phase space volume. One of the most common methods is the velocity-verlet
algorithm which can be written as [88]
1
r(t + ∆t) = r(t) + ∆t v(t) + (∆t)2 a(t),
2
1
v(t + ∆t) = v(t) + ∆t (a(t) + a(t + ∆t)) .
2

(3.1)
(3.2)

One of the difficulties is now to derive schemes that are capable of handling the molecular
dynamics part as well as the spin dynamics part on equal footing and provide sufficient
accuracy and long-time stability.

3.3 Suzuki-Trotter decomposition
In quantum mechanics the problem of non-commuting operators arises. So the order of
application of the operators plays a crucial role. The Suzuki-Trotter decomposition [91]
allows to deal with that situation. For two non-commuting operators Â and B̂ it holds
eÂ+B̂ 6= eÂ · eB̂ .

(3.3)

Suzuki showed that the following expansion is valid
P

eÂ+B̂ = lim eÂ/2P eB̂/P eÂ/2P .

(3.4)

If only a finite number P of terms is considered, the expression becomes

P
2
Â/2P B̂/P Â/2P
Â+B̂
eO(1/p ) .
e
e
= e
e

(3.5)

P →∞

In the next part it is shown how these decompositions help to understand the dynamics
of many-body systems.

3.4 Liouville scheme and application in molecular-spin
dynamics
A way to create a symplectic integration scheme can be developed within the Liouville
formalism. The general approach is described for example in [92, 88]. For a better
understanding the application of the formalism is illustrated by an example following
[88].
The formalism describes the time evolution of an arbitrary function in time. In the field
of physics this is often the probability density for a many-body system [93] described by
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its position coordinates rN := {r1 , r2 , . . . rN } and its momenta pN := {p1 , p2 , . . . pN }.
Consider now the function Γ(rN , pN ) where both rN and pN have an implicit time
dependency. For the total time derivative one obtains [88]
∂Γ
∂Γ
d
Γ = ṙ
+ ṗ .
dt
∂r
∂p

(3.6)

With the definition of the Liouville operator
iL̂ := ṙ

∂
∂
+ ṗ
∂r
∂p

(3.7)

Eq. (3.6) can be written as
d
Γ = iL̂Γ.
dt
Now one can formally integrate Eq. (3.6) to obtain the solution [88]
Γ[pN (t), rN (t)] = exp(iL̂ t)Γ[pN (0), rN (0)].

(3.8)

(3.9)

Without the possibility to evaluate the expression on the right hand side of the equation,
the practical use is limited. Nevertheless, it is possible to develop the expression further,
namely splitting the total operator
∂
,
∂r
∂
iL̂p := ṗ(0) ,
∂p
iL̂r := ṙ(0)

(3.10)
(3.11)

so that
iL̂ = iL̂r + iL̂p .

(3.12)

Considering just iL̂r and performing a Taylor expansion for the exponential function so
that the single operator yields [88]
(iL̂r t)2
Γ(t) = f (0) + iL̂r Γ(0) +
Γ(0) + . . .
2!


∂
= exp ṙ(0)
Γ(0)
∂r
∞
X
(ṙ(0) t)n ∂ n
=
Γ(0)
n
n!
∂r
n=0
= Γ[(r + ṙ(0) t)N , pN (0)].

(3.13)

In these calculations one can see the effect of the Liouville operator on the positions.
It creates a linear shift in the phase space. For the momenta pN the calculation is
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analogous and one also gets a linear shift. Now combining the results for both operators
by using the decomposition yields
eiL̂∆t = ei(L̂r +L̂p )∆t = eiL̂p ∆t/2 eiL̂r eiL̂p ∆t/2 .

(3.14)

In principle every decomposition of the operators is possible as explained in [92], but the
resulting numerical properties and effort are different. Now calculating the successive
application of the operators on the phase space configuration starting with eiL̂p ∆t/2 one
gets [88]
(

N )
∆t
eiL̂p ∆t/2 Γ[rN (0), pN (0)] = Γ rN (0), p(0) +
ṗ(0)
.
(3.15)
2
Applying the position operator on that result leads to
(
N )

∆t
ṗ(0)
eiL̂r ∆t Γ rN (0), p(0) +
2
(
N )

∆t
ṗ(0)
=Γ [rN (0) + ∆tṙ(∆t/2)]N , p(0) +
2
and lastly multiplying the above with eiL̂p ∆t/2 yields the final result being
(

N )
∆t
eiL̂p ∆t/2 Γ [rN (0) + ∆tṙ(∆t/2)]N , p(0) +
ṗ(0)
2
(

N )
∆t
∆t
=Γ [rN (0) + ∆tṙ(∆t/2)]N , p(0) +
ṗ(0) +
ṗ(∆t)
.
2
2

(3.16)

(3.17)

Summarizing the shifts in the coordinates one sees that the application of the decomposed Liouville operator with this certain decomposition leads to the Velocity-Verlet
algorithm [88]
∆t
(F(0) + F(∆t)),
2
r(0) → r(0) + ∆tṙ(∆t/2),

p(0) → p(0) +

= r(0) + ∆tṙ(0) +

(∆t)2
F(0).
2m

(3.18)

This scheme can be also applied to pure magnetic systems where the operators carry
the spin dynamics. The decomposition then can be understood as splitting the total
system into different sub-lattices, which are non interacting [94, 95]. It is also possible to
combine molecular dynamics and spin dynamics within this scheme. It was implemented
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for spin-liquids [96] as well as for lattice simulations based on the Heisenberg model [97].
First one has to introduce the operator for the spin dynamics by [96]
iL̂s = [S × γH]

∂
.
∂S

(3.19)

The Liouville operator therefore consists now of the following three parts
iL̂ = iL̂r + iL̂p + iL̂s .

(3.20)

Now the problem arises, that the spin-operators do not commute with each other, and,
even worse, that the effective field H for each spin depends on the state of its neighboring
spins. So one can apply a second Suzuki-Trotter decomposition just for the spin system
as [97]
(3.21)
eiL̂s ∆t = eiL̂s1 ∆t/2 . . . eiL̂sN −1 ∆t/2 eiL̂sN ∆t eiL̂sN −1 ∆t/2 . . . eiL̂s1 ∆t/2 .
Now one has to calculate the result of the application for each single spin. As every spin
is now in a fixed field, the operator leads to a rotation
eiL̂si ∆t Si (0) = D(0, ∆t)Si (0),

(3.22)

D(0, ∆t) = 1 + Wi sin(γHi ∆t) + Wi2 [1 − cos(γHi ∆t)].

(3.23)

with the rotation matrix [96]

It represents a rotation by the angle γHi ∆t. The matrix is skew-symmetric therefore
the following relations hold:

WXY = −ĤZ ,
WXZ = ĤY ,
WY Z = −ĤX ,
H
with the normalized effective field Ĥ = kHk
. One can expand the rotation matrix in the
angle and obtain a second order approximation [96]

eiL̂si ∆t Si (0) =
n
Si (0) + [γHi × Si (0)]∆t +

(γ∆t)2
2

1+



Hi (Hi · Si (0)) −

γHi ∆t 2

1
(Hi
2

o
· Hi )Si (0)
.

(3.24)

2

With varying the order of application of the single operators one can now create different
numerical schemes for the time integration of the system. In this work the decomposition
eiL̂ = eiL̂s ∆t/2 eiL̂p ∆t/2 eiL̂r ∆t eiL̂p ∆t/2 eiL̂s ∆t/2
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(3.25)

3.5 Reduced unit scheme
is used as in [97]. This approach reduces the numerically expensive recalculation of the
effective fields and the forces on the particles. The algorithm is also able to keep the
total energy and phase space volume constant over the required simulated timescales of
several nanoseconds. That corresponds to 106 to 108 time steps as the length of a single
time step has to be below the precession frequency of the magnetic system.

3.5 Reduced unit scheme
In computer simulations it is often useful to express the physical quantities in a unit
scheme, which is defined by some characteristic values.
quantity
mass
length

unit i
hreduced
p
2 3
m = γ (J0 µ20 )/µ2s m
hp
i
r∗ = 3 J0 /(µ0 µ2s ) r
∗

force

t∗ h= [(γJ0 )/µs ] ti
p
p∗ = γ 3 µ0 /(J0 µs ) p
i
hp
F∗ = 3 (µ0 µ2s )/J04 F

angular momentum
torque
energy
magnetic field

L∗ = [γ/µs ] L
τ ∗ = [1/J0 ] τ
E ∗ = [1/J0 ] E
B∗ = [µs /J0 ] B

time
momentum

Table 3.1: Reduced unit scheme for the magnetic properties. All quantities are scaled
to the exchange energy J0 , the atomic magnetic moment µs and the gyromagnetic ratio γ.

This approach minimizes rounding errors in the numerical calculations because most
quantities are scaled around one [87]. Therefore, the case in which quantities with very
different orders of magnitudes are multiplied or divided does not occur in the simulation.
However, all quantities are dimensionless in the situation, which makes it harder to
compare the results with the experimental data.
The special requirement in this thesis is that one has to combine the molecular as well
as the spin dynamics. That is why one also has to scale the magnetic properties. The
results for most relevant quantities are given in Table 3.1. The exchange energy of the
first neighbor is chosen as the typical energy scale as shown in Table 2.4.
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3.6 Temperature and Langevin dynamics for spin
systems
This part discusses the equations of motions for pure spin dynamics and the application of Langevin dynamics to introduce path to perform spin dynamics in a canonical
ensemble. The presented methods are only used for comparison to the Molecular-Spin
Dynamics approach used within this thesis.

3.6.1 Equations of motion for spin dynamics
The fundamental equation of motion for magnetic moments and therefore spins was
developed by Landau and Lifshitz in the year 1935 [8]
Ṡ = −

γ
γαs
S × Heff −
S × S × Heff ,
2
(1 + αs )µs
(1 + αs2 )µs

(3.26)

with the effective Field

δH
(3.27)
δS
and H the Hamiltonian of the system. While the first term can be derived in a classical as well as in a quantum-mechanical framework [98], the second term is introduced
purely phenomenologically to describe the dissipation of the magnetic system. This
damping term is constructed in such a way, that the absolute value of the magnetization
is conserved. The damping constant α is a material specific value and characterizes the
coupling with a surrounding heat bath, which can be formed by electrons or phonons.
These assumptions only take into account energy and angular momentum transfer out
of the spin system. For further influences on the magnetization dynamics the equation
of motion can be modified further [99].
Heff = −

The form given in (3.26) has a renormalized precession frequency and damping to be
in accordance with Gilbert’s form of damping. Gilbert made another attempt to model
the dissipation effects [7] by using a Stokes-viscosity approach. He derived a different
form for the relaxation
γ
αG
∂S
Ṡ = − S × Heff −
S×
(3.28)
µs
µs
∂t
which becomes identical to equation (3.26) for small damping constants α. This dynamical equation can be used for an atomistic simulation as well as in a continuous approach
like the micromagnetic one. In the form of equation (3.26) this equation of motion is
called Landau-Lifshitz-Gilbert equation (LLG).
The damping constant α is mostly obtained by magnetic resonance experiments, where
the line width of the resonance signal is connected to the relaxation processes [100]. For
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the important case of paramagnetic resonance experiments another equation of motion
for the magnetization vector is used, namely the Bloch equations [101]:
Ṁ = γM × Heff − ex

Mx
My
Mz − M0
− ey
− ez
,
T2
T2
T1

(3.29)

where ex , ey and ez are the unit vectors in x-, y- and z-direction. The total magnetization
is M0 . The first part of equation (3.29) is, like the one in the LLG (3.26) a rotation
term. The relaxation dynamics differs and splits in the Bloch equation in two parts.
The first is comparable to the coupling with a heat bath and is described by T1 , the
so called spin-lattice relaxation time. The second mechanism is characterized by T2
and arises from the dephasing between the single magnetic moments. It is called the
spin-spin relaxation time. This mechanism is neglected in the LLG as it only applies to
ferromagnetic materials, where the coupling between the magnetic moments is too strong
to allow significant dephasing. This description of dynamics with the Bloch equation
is mostly used in the case of nuclear spin resonance (NMR), but also in electron spin
resonance (ESR) and to some extend in ferromagnetic resonance (FMR)[102].
z

transversal

precession

M

longitudinal

y

x
Figure 3.1: Different contributions to magnetization dynamics. The effective field
should point in z-direction, which leads to a precession around the axis and
a transversal damping. In the LLG only transversal dissipative dynamics
are taken into account. At elevated temperatures the magnetization can
also vary its length, leading to longitudinal dissipation.
Besides these formulations other variations of describing the magnetization dynamics
exist. One example is the Landau-Lifshitz-Bloch equation [103, 104, 105]
Ṁ = γM × Heff − L1

[M × [M × Heff ]]
(MHeff )M
−
L
,
2
M2
M2

(3.30)
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which describes the dynamics of a thermally averaged macrospin M. The dissipative
effects are characterized, like in the Bloch-equation, by two mechanisms, parametrized
by L1 and L2 , which are given by [103]
T
L1 = 2γαs ,
J
0

T
L2 = γαs 1 −
,
J0

(3.31)
(3.32)

where αs is the damping parameter used in the LLG (equation 3.26). For zero-temperature
equation 3.30 this is exactly the Landau-Lifshitz-Gilbert equation, while in the hightemperature regime the first relaxation term is dominant, which leads to a behavior
described by the Bloch-equations. As the LLB-approach describes thermally averaged
macrospins, the dynamical equation overcomes some practical restrictions of an atomic
approach like small system sizes. It also connects the longitudinal relaxation L1 behavior
with the microscopic damping parameter αs .
In Figure 3.1 the possible torques acting on the magnetization are sketched. As the
LLG considers the absolute value of the magnetization as constant, only the transversal
torque is taken into account. The Bloch and Landau-Lifshitz-Bloch equations also takes
a longitudinal torque into account, which can change the length of the magnetization
vector.

3.6.2 Equipartition theorem and Langevin dynamics
The simulations for the molecular-spin dynamics framework are performed in a nearly
microcanonical ensemble and do not use thermostats, like the Andersen thermostat or
Nosé-Hoover chains, because most of these schemes have problems with the angular momentum conservation. The ensemble cannot fully satisfy the microcanonical conditions
due to the fact that spin-lattice coupling volume changes are possible as discussed in
section 2.5. The volume of the system is therefore not constant during the simulation.
This problem arises in almost every standard thermodynamic treatment of magnetism,
where it is neglected due to the small size of effects like the Joule magnetostriction.
To define a temperature for the total system, the equipartition theorem [106] is used.
As the lattice is the system with the largest heat capacity, it has the main contribution
to the overall heat capacity, which is slightly increased by the magnetic system.
hHkin i + hHpot i + hHspin i = 4KB T
| {z }
| {z }
| {z }

=3/2KB T

=3/2KB T

(3.33)

=2/2KB T

The lattice potential and the kinetic energy are in quadratic form, therefore the calculation of its contribution to the overall heat capacity is straightforward [106]. The spin
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Figure 3.2: Initial system configuration for testing the conservation properties of the
STD algorithm and Heun-method.
system is more complicated, but at least for lower temperatures one can map the Heisenberg Hamiltonian with a Holstein-Primakoff transformation onto a system of harmonic
oscillators, with leads which results in the given contribution to the thermal capacity
0
[47]. For the magnetic system one has to count the energy from the ground state Umag
,
so that one finally arrives at
TSys

0
hHLat i + (Umag
+ hHmag i)
=
.
4KB

(3.34)

Formula (3.34) is only valid after some equilibration time, i.e. when each subsystem
only fluctuates around its average inner energy.
For special boundary conditions and for simulation with the Landau-Lifshitz-Gilbert
equation it is useful to use a stochastic scheme to create a certain temperature related
momentum distribution. In the Langevin dynamics this is achieved by a normal distributed random force field, so called white noise [107]. To integrate that system, one
has to take care because stochastic processes have special demands. One method, where
the convergence to the Stratonovich solution is proven, is the Heun-method [107, 108]
xP (t + ∆t) = x(t) + ∆t f [x(t)]

1
xC (t + ∆t) = x(t) + ∆t (f [x(t)] + f [xP (t + ∆t)] .
2

(3.35)
(3.36)
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= Tsys =

Lattice
Kinetic

= Tsys =

Potential

Magnetic
Spin

Figure 3.3: Equipartition of thermal energy between the subsystem. After equilibration all systems have the same temperature.
It is a predictor-corrector scheme of second order. The variable x stands for the position,
momentum or spin, while f (x) is the corresponding driving field, including the internal
forces and the white noise ζ, which has the property
hζ(r, t)ζ(r0 , t0 i = Γ2 δ(t − t0 )δ(r − r0 )δi,j .

(3.37)

Here Γ is the amplitude which is defined by the pre-defined temperature. The delta
functions indicate that the noise is not correlated neither in time nor in space. Also,
the single components of each spin are treated independently, which is indicated by δi,j
where i indicates the spin-component. For the spin dynamics within the framework of
the Landau-Lifshitz- Gilbert equation the width of the gaussian distribution is given by
s
2αKB T µs
,
(3.38)
Γ=
γ
where α is the damping constant introduced in eq. (3.26). In this work the LandauLifshitz-Gilbert equations and the Heun- method scheme are used for pure spin-dynamics
at elevated temperatures. Another case of application is the realization of dissipative
boundary conditions in the simulation of transport phenomena.
To perform complete MD-SD simulations with the Heun-method the numerical stability
is not sufficient. As a comparison for the numerical stability a small system with layerwise perpendicular magnetization, as show in Figure 3.4, is simulated. The Heun-method
immediately has a strong drift in the total energy, while the symplectic algorithm (3.25)
keeps the total energy as well as the total angular moment constant. For simulations
with dissipative terms the numerical errors of the Heun-method are negligible.

3.7 Boundary conditions
As the conservation of angular momentum plays an important role in this work, open
boundary conditions are used when the total angular momentum has to be conserved.
This may increase the influence of surface effects although the anisotropies created
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Figure 3.4: Comparison of the second order Suzuki-Trotter based algorithm with the
second order predictor-corrector Heun-method.
through lattice strains are local and not affected by the surface. The main reason
for the use of open boundary conditions is that it is impossible to construct periodic
boundary conditions in Cartesian coordinates, which have full rotational symmetry [87].
Though most of the latter described boundary conditions are not consistent with the
conservation of total angular momentum, the local interactions still conserve angular
momentum and energy as long the atoms are not directly influenced by the boundaries.
Other scenarios include dissipative boundary conditions, where some layers are damped
in the lattice dynamics as well as in the spin dynamics. For these cases the dynamics
for the selected parts contain a simple dissipative term of the form
Hdiss = −λ

∂
X,
∂t

(3.39)

where X is either the momentum or spin vector and λ describes the strength of the
dissipation.
Langevin-dynamics is used in this work to create certain temperature distributions at the
boundary. In these cases the integration is done with the Heun-method (3.36) because
the damping renders the numerical errors irrelevant.
Furthermore, fixed boundary conditions are used in some cases, which prohibit the rotation of the sample in space and therefore destroy total angular momentum conservation.
This is done to realize that the bottom layers of the system are not integrated in time.
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3.8 Simulation code
The simulations for this work were performed in a self-developed program, written in
C++. The language allows the use of modern algebraic template libraries like Eigen
[109], which enables to write efficient and comprehensive code. In this program the
implementation of three dimensional vectors as well as the scalar and cross product are
used. It also allows the use of programming paradigms like object orientation through
classes and inheritance, which improves the usability further.
The schematic structure of the code is shown in Figure 3.5. The class LatticeSpin encapsulates all variables describing the atom on a lattice site and stores the position,
momentum and spin configuration. It also calculates properties like the angular momentum. The physical system is represented by an array of these objects. The memory
addresses of neighboring atoms are stored in a list for quick access.
RandomGen
LatticeSpin
wraps GSL
implementation

SolverSTD
methods for time
integration and
boundary conditions

structure to store
spin, momenta and
position configuration

Initializer
Hamiltonian

creates lattice
geometries

implements
physical model
IOhandling
main
load configuration
and entry point

implements
input and ouput

Figure 3.5: Class diagram of simulation code. The arrow with a sphere mark the
classes, which includes each other. Arrows represent calls of the functions
in the classes.
The class Initializer creates systems with different lattice geometries like simple cubic
(sc), basic centered cubic (bcc), face-centered cubic (fcc) or hexagonal close packed
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(hcp). Also two dimensional structures are implemented. The neighbor lists for each
LatticeSpin are initialized here. Normally, all neighbors in the range of two lattice
constants are determined. During the initialization process the lattice atoms can be
disordered by a random variation of their position as shown in Figure 3.6.

Figure 3.6: The lattice atoms are placed at their equilibrium positions (opaque spins)
and displaced randomly on the sphere (blue) with radius δr.
In the class SolverSTD all necessary methods for the time integration of the system and
the use of special boundary conditions are implemented. For the time integration of
the spin-lattice system equation (3.25) is used. The implementation of the boundary
conditions is also done here, see section 3.7.
All input and output operations are performed by the class IOhandling, which stores
the external parameters into structures defined in DataStructs.h. These structures
can be passed to other classes. The class RandomGen is a wrapper for the GSLimplementation [110] of various random number generators and distributions. In most
cases the Mersenne-Twister algorithm [111] is used.
In an auxiliary program the Fourier analysis of elastic and magnetic modes is performed.
The needed implementation of the fast Fourier transform is provided by the FFTWproject [112], whose library provides optimized C-code. Mostly, transformations for
one and two dimensional systems are used. As the magnetostriction is able to change
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Full system

Averaged system

Figure 3.7: The procedure of averaging the system. The spin- and space-coordinates for
each atom in a layer are added and divided by the total number of atoms
in the layer. For each space dimension one obtains a chain of averaged
atoms. In the figure the layers are shown in red, blue and green and the
averaged results in the same colors.
the volume of the sample, it provides valuable information to analyze these changes in
spatial dimensions (see section 2.5 for further information).
To obtain the dimensions of the sample, the position of each atom in one layer is
summed up and divided by the number of atoms in the layer. The results are stored in a
macrospin, which has the average magnetization and center of mass coordinates for the
complete layer. The averaging is performed in all space directions as shown in Figure
3.7. Now the difference of the margin atoms gives a value for the sample dimensions.
In the averaged system, Fourier analysis for space and spin dimensions can also be
performed. The advantage of this procedure is that rotation in space induced by magnetization changes does not play a role as the origin of the coordinate system is in the
center of mass of the sample.
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physical conservation laws
This chapter will test the numerical stability of the implemented algorithms, presented
in chapter 3 and take a first look at the dynamic spin-lattice coupling and its effect on
the magnetization dynamics. Throughout the whole chapter the Hamiltonian, presented
in section 2.6, being
X
X (Si rij )(rij Sj )
X
Htot = −
J(rij )Si Sj + λ
−
µ
B
Si
S
ex
6
r
ij
<i,j>
<i,j>
{z i }
|
{z
} |
{z
} |
Hiso

Hanis

HZeeman

X p2
X
i
+
+ V0
(|rij | − d)2
2m
| i {z } | <i,j> {z
}
Hkin

(4.1)

Hlat

and the continuous isotropic exchange function


C1 cos(ω(rij − d1 ))
2
J(rij ) = J0
+ C2 exp(−γ(rij − d2 ) )
1 + exp(ξ(rij − d1 ))

(4.2)

with the parameterization for the ferromagnetic metals iron, cobalt and nickel, which is
discussed within chapter 2, is applied.
In a first test the Einstein-de Haas effect for a free cobalt cluster is reproduced, because
the effect relies in particular on the conservation of energy and angular momentum into
the total system. It also gives insight in the direct flow of energy and angular momentum
between the magnetic and lattice subsystems. Furthermore, the resulting timescales for
the magnetic reversal can be compared to the experimental data for the switching in
magnetic nanoparticles.
As a test for the parameterization of the spin system and the lattice, the magnetostrictive
behavior for iron, cobalt and nickel is investigated by a simple setup in section 4.2, which
consist of a magnetic reorientation in the direction of an alternating strong external
magnetic field. In this scenario one can check if the energy scales between the magnetic
system and the lattice system are correct. The simulations further show the limits of the
homogenized anisotropic interactions applied in the used model, since the experimental
behavior for the Joule magnetostriction cannot be fully reproduced.

59

4 Tests of numerical stability and physical conservation laws

4.1 Einstein-de Haas effect in free nanoparticles
At the beginning of the 20th century the source of magnetism in solid state materials
was still unclear and only closed currents of electrons in the material (Ampére molecLight Source

Mirror
Detection Screen

Alternating
Current

Coil

Magnet

Figure 4.1: Sketch of the Experiment of Einstein and de Haas. The alternating external magnetic field switches the magnetization of the sample. The flow
of angular momentum induces a rotation of the sample.The movement of
the magnetic sample, induced by the alternating field, is detected by the
deflection of a light beam.
ular currents) could offer an explanation within the frame of classical electrodynamics
[36], since they would lead to a non-vanishing magnetic dipole moment. To verify this
physical picture Einstein proposed an experiment based on the conservation of angular
momentum [113].
In this experiment a magnetic rod is freely suspended in an alternating magnetic field,
which switches the magnetization of the sample periodically. The experimental setup is
sketched in Figure 4.1. Possible small rotations of the sample can be measured by the
deflection of a light beam. Due to the relation [100]
M=g

q
L
2m

(4.3)

the angular momentum L is directly connected with the magnetization M, where m is
the mass and q is the charge of the particles, which form the currents. In solid state
materials these particles are electrons. The factor g is a proportionality factor of angular
and magnetic moment. Here L is the angular momentum of the electrons, but as they
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Fe (bcc)
Co (hcp)
Ni (fcc)
Gd (hcp)
Tb (hcp)

g-factor
-2.09
-2.18
-2.21
-2.6
-1.3

Table 4.1: g-factor for selected elements. The ferromagnetic metals Fe, Co and Ni are
all close to the value of the free electron, indicating pure spin magnetism.
In Gd even higher spin states contribute to the magnetic moment. In the
rare-earth metal Tb the orbital momentum has a significant contribution,
as the g-factor is close to −1.0. The values are taken from [114] and [50].
will relax due to scattering processes with the lattice phonons, the angular momentum
will be ultimately transferred into the lattice. Therefore changes in the magnetization
have to be compensated by a rotation of the whole body to keep the total angular
momentum constant.
Following this procedure, it is possible to measure the rotation of the body and determine
the g-factor for a material in the experiment. For a current of classical charges the
relation
g = −1
(4.4)
is valid. The remarkable result of the experiment was, that the g-factor was almost −2
for the metals Fe, Co and Ni. Although the first publication [113] tended to confirm the
classical picture due to its poor accuracy, later measurements [115] confirmed the value
of approximately −2. The experiment shows that the spins of the electrons are the main
source of magnetism in ferromagnetic materials like iron, cobalt and nickel.
The total angular momentum contributions to an electronic magnetic moment are shown
in Figure 4.2, in which the complete situation is depicted. Here the orbit angular momentum of the electron is called Lelec , while in all other parts of this thesis L will denote
the lattice angular momentum, as the orbital momentum of the electron can be completely neglected in the cases considered in this thesis. As mentioned in section 2.3.3,
the orbital moment of electrons is almost completely quenched by the crystal field in
ferromagnetic metals.
Today the g-factor of the free electron has been found to be g = −2.002319 [86]. The
g-factor changes in different materials due to the variation of the potentials of their
atomic cores. In Table 4.1 the values of the g-factors for selected elements are presented.
As one can see the ferromagnetic materials Fe, Co and Ni are very close to the value
of the free electron, while in the rare-earth material Tb the magnetic moment is mostly
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Jelec
Lelec
Selec

µL

µS
θ
µtot µ

Figure 4.2: Contributions for the magnetic moment of an electron. The magnetic moment is opposite to the spin and orbital angular momentum. The rotation
of the spin around the orbital momentum lead to an deflection angle of θ
for the resulting total moment. Picture created after [38].
induced by the orbital moment of the electron. For the determination of this property,
measurements of the Einstein-de Haas effect are still performed to this day in cases,
where no other method like electron spin resonance (ESR) is applicable.
Even nowadays it is still unclear through which mechanisms the spin angular momentum
is ultimately transported to the lattice, since the spin-orbit interaction only couples
to the electronic degrees of freedom and their orbital angular momentum. How the
movement of the atomic nuclei can be influenced by the changes of the electronic spin
configuration is still an unanswered question. Yet the behavior can be observed in
various systems and has been the topic of ongoing research [116, 117]. Nevertheless, a
reasonable spin-lattice coupling has to be able to reproduce the described behavior, as
it should allow the flow of angular momentum and energy between both subsystems and
obey the conservation laws for these quantities.
For the simulation of this effect the parameters for cobalt in a face-centered cubic lattice
structure are used. The magnetization of a cluster with a size of 63 unit cells, which
corresponds to 666 atoms, is switched via an external field of 50 T. The strong field is
chosen to keep the magnetic reversal time in a temporal regime, which can be simulated
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Figure 4.3: Flow of angular momentum and energy between subsystems. After a equilibration time between the lattice and the magnetization, the external field
switches the magnetization. The z-component of the total angular momentum, depicted in subplot a), is strictly conserved as well as the total energy,
shown in subplot b). For the definition of the energy terms see equation
(4.1).
without numerical stability problems. The switching process for the magnetization and
the energies of the different thermodynamics subsystems is shown in Figure 4.3.
In the beginning of the simulation the spins are initialized in opposite direction to the
external field, but with a slight random variation in the configuration. This procedure
prohibits a metastable state, which could occur if the spins would be aligned strictly
antiparallel to the external field. The final results are obtained by averaging over 20
independent simulation runs. The temporal behavior of the magnetic z-component in
the individual simulation runs can be seen in Figure 4.4 and the plot shows, that the
variation in the behavior of the single simulations is quite big. This indicates a strong
dependence on the initial conditions for the system.
In Figure 4.3 a) the behavior of the magnetization and angular momentum of the lattice
is shown. As the direction of the z-axis is determined by the external field, only these
components of the magnetization and angular momentum are conserved, while in the
other directions the rotation invariance of the total system is broken by the magnetic
field. The magnetization reorientates along the field direction and the angular momentum flows into the lattice. The sample therefore starts to rotate around the z-axis.
The whole reversal process of the magnetization takes around 2.0 ns. Thereafter, the
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Figure 4.4: Switching in single simulation runs. The dynamics depend on the initial
conditions of the lattice.
magnetic system is fully reorientated in the direction of the external magnetic field.
Although most experiments are not able to create magnetic fields of this strength, the
switching time is in a reasonable regime of several nanoseconds [118]. One also has to
consider, that in metals the damping due to the lattice dynamics is weaker than the
electronic dissipative effects as discussed in section 5.2. Furthermore, the simulations
do not take effects from impurities and lattice defects into account, which reduces the
necessary magnetic field strengths in the experiments. Therefore, the magnetization
dynamics are faster in an experimental situation, which is compensated here by the high
field strength used in the simulations.
In Figure 4.3 b) the energies of the subsystems are plotted. At the beginning of the
switching process one can see a short equilibration between the spin system and the
lattice, after which the dynamics are purely driven by the external field. The rotation
induced by the flow of angular momentum increases the lattice energy, while the Zeeman
term goes down. The exchange energy is nearly constant during that process, indicating
that the magnetization reorientates without much disorder of the spin configuration.
The total energy of the system, depicted by the black line in Figure 4.3 b), is constant
during the switching without any significant drifts induced by numerical errors. This
result demonstrates the stability of the algorithm as wells as the fact that the model
obeys the conservation laws for energy and angular momentum.
Another interesting aspect is the stability of the anisotropic spin-lattice coupling. The
ratio between the Heisenberg exchange Hiso and the anisotropic coupling term Hanis is
shown in Figure 4.5. During the equilibration process a slight deviation can be observed,
but as the lattice and magnetic system are in thermal equilibrium, the ratio is constant.
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Figure 4.5: Ratio between isotropic exchange energy and anisotropic spin-lattice coupling. For the definitions of the energetic terms see equation (4.1). The
ratio of the isotropic and the anisotropic exchange stays constant during
the magnetization reversal.
The coupling strength also stays within the regime, in which it was initialized (see Table
2.12), during the entire simulation time. The proposed mechanism is therefore suitable
to handle non-equilibrium situations without leading to unrealistically high values of the
coupling term. This fact shows that the model is suited for the forthcoming study (see
chapter 5) of the relaxation effects at elevated temperatures.

4.2 Joule magnetostriction
As the anisotropic spin-lattice interaction is parametrized via the magnetoelastic coupling constants (see section 2.5.1 for further information), the resulting Hamiltonian (4.1)
should reproduce the magnetostrictive behavior at least to some extent. As the lattice
behavior is strongly simplified by only using a harmonic potential and the spin-lattice
coupling is also homogenized by not distiguishing between diagonal and off-diagonal
elements, an exact quantitative agreement for the volume variation cannot be expected.
Nevertheless, this approach allows the study of magnetostrictional effects without drastic
approximations like spin-dependent lattice potentials, which are specifically designed to
describe the phenomena [119]. Furthermore, it is an important test for the energetic
scaling between the magnetic system and the lattice system (see equations (2.61) and
(2.62)). For this test, the focus lies on the magnetostriction constant λ100 , which was
introduced in section 2.5. In the simulations the magnetization is only changed parallel to
a lattice axis and all investigated materials have a cubic lattice structure. To estimate
the order of magnitude for the arising effects it is sufficient to investigate only one
magnetoelastic constant. In the considered case the z-axis is the distinguished direction
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Start configuration

Second switch

End configuration

Figure 4.6: Setup to determine the magnetostriction. The sample magnetization is homogeneous, when being initialized in field direction pointing in z-direction.
After a time of 15 ps the field is switched in y-direction. The magnetization
reorientates and equilibrates with the lattice. Then the magnetization is
switched back with a second field change in z-direction and the deviations
of the sample dimensions is calculated.
defined by the external field.
To determine the length change in the system’s dimensions, a sample is initialized with
a homogenous magnetization pointing in the direction of a very strong external field in
z-direction. The bottom layer of the sample stays fixed, to prohibit rotations. In this
simulation a field strength of 500 T is chosen to keep the switching time in a tolerable
regime. After a short time of lattice equilibration, which is chosen as 15 ps, the direction
of the external field is switched from z-direction to y-direction. The magnetization
can reorder along the field’s direction and after equilibration the field reverts back in
z-direction.
During the process the length changes of the sample dimensions are calculated by layerwise averaging and by taking the difference of the coordinates from the outermost averaged margin atoms (see Figure 3.7). The magnetic states before the switching of the
magnetic field and after the relaxation are shown in Figure 4.6, where one can see the
reorientation of the magnetization towards the external field. Due to the heating of the
sample and finite size effects the magnetization is not fully saturated after the changes
of the field direction. To neglect the fast oscillations arising from the isotropic exchange,
as depicted in Figure 4.7 b), the data is also averaged in 10 ps time intervals. The fast
oscillations due to the isotropic exchange are discussed further in chapter 6, where their
role in ultrafast demagnetization processes are investigated.
In Figure 4.7 the behavior for the magnetization and the sample dimensions of a cobalt
cluster with a size of 83 unit cells over time is depicted. In Figure 4.7 c) the time averaged
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Figure 4.7: Magnetostriction for a cobalt cluster. In a) the temporal behavior of the
magnetization is shown. It follows the external field, which switches from
z-direction to y-direction and backwards. In b) the behavior of the sample dimensions during that process is plotted. The exchange interaction
creates a fast modulation. In c) the temporal average of the sample dimensions is plotted. During the second switching of the field at 300 ps the
magnetostrictive behavior can be seen.

values for the sample dimensions are plotted. The graph shows that in the beginning the
initial conditions of the resting lattice have an influence, as the dimensions vary strongly.
For that reason, only the second switching of the magnetic field is taken into account,
because then the magnetization reversal starts from a thermodynamically relaxed state.
At 300 ps one can immediately see the influence of the spin-lattice coupling, then the
relative length of the sample in z-direction is reduced to about 120 × 10−6 . The value is
in the range of the experimental measured magnetostriction values of cobalt, see Table
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Figure 4.8: Magnetostriction for an iron cluster. In a) the magnetization dynamics are
shown, which are slower than for cobalt and nickel. In b) the z-direction
is strongly influenced, while the other two directions are nearly constant
after the field switch.
2.11. The length changes of the x- and y-dimension behave almost identical and as the
z-direction shrinks, these dimensions increase in length. This behavior is not surprising,
because the total volume should be a conserved quantity under Joule magnetostriction
(see section 2.5). Due to the boundary conditions with one fixed layer at the bottom of
the sample the conservation of volume cannot be fully achieved.
For the material iron the behavior of the lattice dimensions and the magnetization is
shown in Figure 4.8. The magnetization dynamics with these parameters are slower,
to compensate the magnetic field switches at 500 ps to give the system more time to
equilibrate. The agreement with the experimental value is less convincing than in the
case of cobalt. In the z-direction the effect is with 265 × 10−6 nearly a magnitude larger
in comparison to the experimental values. Further the x- and y-components are nearly
unaffected. That indicates that volume of the sample also varies more strongly, than it
is measured in experiment.
The last case is nickel, which is shown in Figure 4.9. Here the effect of the magnetostriction is underestimated. But the qualitative behavior is the same as in the case
of cobalt and iron. Remarkable is that the magnetization dynamics in nickel are the
fastest as the magnetization aligns faster with the external field, than in the case of
the other metals. As the relation of the magnetoelastic constant and the magnetic exchange is highest in nickel, the fast dynamics are expected. But that does not imply the
strongest magnetostrictive behavior among the considered materials, since the energies

68

+1.00
+0.50
+0.00
-0.50
-1.00

a)

0

avr. sample length
hdl/l0 i[×10−4 ]

magnetization
hµi

4.2 Joule magnetostriction

50

µx
µy
µz |µ|
100 150 200 250 300 350 400
time t (ps)

+2.50

b)

+2.00

λ100

+1.50
+1.00

0

50

lx ly lz
100 150 200 250 300 350 400
time t (ps)

Figure 4.9: Magnetostriction for a nickel cluster. Nickel shows the fastest magnetization dynamics a), but the magnetostrictive effects are the smallest. Also is
the effect in z-direction weaker than in the other directions.
of the magnetic system in nickel are smaller in comparison to the lattice potential energy scale, as the Curie temperature is much lower than the melting temperature of the
lattice. That means that the magnetic bonding is weaker than the bonding between the
atomic nuclei.

Fe (bcc)
Co (fcc)
Ni (fcc)

λ100 (×10−6 )
Simulation Experiment
265
20
170
80
20
60

Table 4.2: Resulting magneto elastic coefficient from simulation. The experimental
values are taken from [73]. The best agreement can be achieved for cobalt,
while in iron the effect is overestimated. In nickel the behavior is weaker
than in the experimental data, but in the same order of magnitude.
This paragraph shows that with the used Hamiltonian (4.1) the magnetostriction effects
can be reproduced for the investigated metals Fe, Co and Ni. The results for the constant
λ100 are summarized in Table 4.2. The best match between simulated and experimental
data can be achieved for the element cobalt, while for iron and nickel the deviations
are quite significant. But this result is not surprising, since these materials are not very
elastically isotropic (see Table 2.7), leading to different behavior of the lattice axes, and
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the interactions in the applied model are strongly homogenized. A higher degree of
agreement could be achieved by lattice potentials which are more material specific and
are better in line with the material’s elastic properties.
In general one can claim that the parametrization of the magnetic system and the lattice
is at least able to produce the expected behavior within the correct order of magnitude,
as the relative length changes do not exceed the regime of 300 × 10−6 . That indicates
that the strength of the lattice potential is chosen in the correct range.
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The dynamics of magnetic systems cover an enormous variety of timescales. The fastest
processes are the quenching or the switching of the magnetization in femtosecond timescales
[18] in solid-state materials with high-energy laser pulses. On the other end of the scale,
there are processes in the field of geomagnetism and astrophysics, taking place over a
time frame of several thousand years [44] and longer. Examples for this kind of dynamics
are the turning of the earth’s magnetic field or even the influences of magnetic forces in
the forming of galaxies.
No single model and theory can explain all these phenomena and their related timescales.
As described in section 2.1.1, in solid-state magnetic materials the models based on the
Heisenberg Hamiltonian align very well for most of the experimental findings. The model
allows prediction for crucial properties like the Curie temperature of the investigated
material. The large scale magnetic effects in geomagnetism and astrophysics can be
described in the framework of Magneto-Hydrodynamics [120], which uses the classical
formulation of electrodynamics.
Although one model can be applied to the field of solid state physics, many mechanisms
contribute to the magnetization dynamics and damping, as briefly mentioned in section
3.6.1. In metals there are contributions from the electrons as well as from the lattice dynamics. Normally the electron contribution is dominant [11, 17], but no clear distinction
between these two sources can be made, especially in the high temperature regime. In
magnetic insulators like yttrium-iron-garnet (YIG) or europium sulfide (EuS) the lattice
interaction remains the main source for dissipative effects.
Throughout the whole chapter the Hamiltonian, presented in section 2.6, being
Htot = −
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is used with the continuous isotropic exchange function


C1 cos(ω(rij − d1 ))
2
J(rij ) = J0
+ C2 exp(−γ(rij − d2 ) )
1 + exp(ξ(rij − d1 ))

(5.2)

and the parameterization for the ferromagnetic metals iron, cobalt and nickel, which is
discussed within chapter 2.
A further mechanism for magnetic relaxation would be high-order magnon scattering
processes [121], but these processes do not transfer angular momentum out of the the
spin system and do not change the total magnetization. They are nonetheless important
for the thermalization process within the magnetic system leading to a equilibrium state
within the magnetic system.
With the simulation of the spin system as well as the lattice this work offers the possibility
to follow the flow of angular momentum and energy in more detail than in pure spin
dynamics simulations using the Landau-Lifshitz-Gilbert (3.26) or the Landau-LifshitzBloch (3.30) equation. As these equations of motion (see section 3.6.1) describe the
dissipation of both quantities with only one phenomenological constant, it is hard for
these approaches to discriminate the differences of the possible relaxation channels for
angular momentum and energy.
This part focuses on the general dynamics into equilibrium after the excitation of either
the lattice or the magnetic system. Many experiments change the magnetization via
an external magnetic field like in ferromagnetic resonance experiments. This procedure
limits both the duration of observable effects as well as the maximum attainable energy
levels, as strong pure magnetic fields are technically difficult to achieve. But the measurements provide valuable information about the magnetic relaxation behavior close to
thermal equilibrium. With optical experiments and specific laser sources, which are able
to produce temporal pulses in the femtosecond regime, the relaxation behavior very far
from equilibrium can be studied as well.
Another upcoming area of research is the use of terahertz light sources to pump the
lattice system and investigate the response of other systems. Therefore the investigated
scenarios include the temporal evolution of lattice excitations. To elaborate on this a
brief outline of non-equilibrium and relaxation theory is given, where a smaller thermodynamic system is coupled to a heat bath. A treatment often applied to the magnetic
part of a solid-state material.

5.1 General relaxation processes
As it is hardly possible to describe the dynamics of a many-body system by solving the
equation of motion for every constituent in the system analytically, more generalized
approaches have to be taken into account for the behavior in non-equilibrium situations.
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The use of a rate approach for the quantum mechanical occupation number of the discrete
energetic states in the system was proven to be very successful for situations close to
thermal equilibrium. This idea was first proposed by Wolfgang Pauli [122] in the year
1928. Dealing with spin-operators, which have the components Ŝx , Ŝy and Ŝz , Pauli
chose a quantum mechanical ansatz, thus the system is described by its magnetic states
|mi
X
0
(5.3)
|mi =
ϕm
m0 |m i ,
m0

energy (a.u.)

which are the eigen-states of the operator Ŝz . Furthermore the states |m0 i form a basis
for the respective situation with its weighting factor ϕm
m0 . The dynamics of the system
are described by the transition into different states and vice versa. Now a stochastic

|m2 i

|m1 i

state |mi
Figure 5.1: Sketch of a two state system. An energy barrier exist between the states
|m1 i and |m2 i. The system can change its state with a certain probability.
description is chosen, where the system has a certain probability to be in state |m1 i. In
m2
the following time dt the state can change into |m2 i with the probability γm
dt. One
1
can assume that these transitions between the states are independent (Markov-process),
so that the probabilities evolve as [93, 72]
X

d
q
pm (t) .
pm (t) =
γqm pq (t) − γm
dt
q

(5.4)

The equation (5.4) is the so called Master-equation. It describes the changes for a
system by considering the gain in a state γqm pq (t) by transitions from other states and
q
the losses of a state γm
pm (t) by transitions to other states. The dynamics described by
such an approach are irreversible. If the system is in its most probable state, it will stay
there except for thermal fluctuations around this state. This is a remarkable difference
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to equations of motions like that of Newton or the Schrödinger equation, which are
completely time reversible.
If the system is not in an excited state, one can assume that probabilities for the states
are described by their equilibrium values
p0m =

1
exp(−βEm ),
Z

(5.5)

where is β the inverse temperature
β=

1
KB T

(5.6)

with the Boltzmann constant KB = 1.380 648 52 × 10−23 J K−1 [86]. The partition function Z is defined by
!
X
Z = exp −β
Em .
(5.7)
m

Putting the equilibrium solution into equation (5.4) one holds the condition [72]
X

q 0
γqm p0q − γm
pm = 0.
(5.8)
q

Here one can see the non-reversibility of the equation (5.4). Although in general only
the total sum must vanish, in many cases one assumes that each term of the sum cancels
out, which is the so called detailed balance [72]
q
γqm pq (t) = γm
pm (t)

(5.9)

leading for the equilibrium to
m
γm
0
= exp(β(Em − Em0 )).
m
γm 0

(5.10)

Although the assumption of detailed balance seems very restrictive, one can prove in
second-order perturbation theory, that it yields the correct behavior [72].
To solve the dynamic case, one can make an exponential ansatz for the probabilities [72]
(k)
pm (t) = ϕm
exp(−t/τk ),

(5.11)

where τk is the unknown relaxation time for that state. Substituting this ansatz into eq.
(5.4), one get [72]
"
#
X 0
X

1 (k) X  m (k)
q (k)
q
ϕ =
γq ϕq − γm
ϕm =
γqm − δqm
γm
ϕ(k)
(5.12)
q ,
τk m
0
q
q
q
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q
, which is defined as
with the Kronecker symbol δm
q
δm
= 1 for q = m
q
δm
= 0 else,

the eigenvalues, determined by the evaluation of the determinant
"
#
!
X 0
1
q
det
γqm − δqm
γm
−
,
τ
q0

(5.13)

give now the relaxation times τk for each state. For the probabilities pm (t) one now
obtains a general solution via superposition of those relaxation times [72] being


X
t
(k)
,
(5.14)
pm (t) =
λk ϕm exp −
τ
k
k
where λk depends on the initial conditions of the system. For low temperatures mainly
one eigenvalue is dominant, so that the relaxation becomes exponential. This is in
agreement with the Arrhenius Law [72]
 
T0
τ = τ0 exp
,
(5.15)
T
where τ0 is the relevant eigenvalue and T the temperature of the system respective
environment T0 . This consideration can now be expanded to even more complicated
systems, see for example Ref. [93, 123]. Additionally the linearized form of the Bloch
equation (3.29) leads to this behavior as well. The relaxation behavior of paramagnetic
material can be well described in this model, as measurements in paramagnetic resonance
have demonstrated. One problem, that remains, is the calculation of γkm , which depends
on the interaction leading to the relaxation.
If this approach is generalized to more complex situations, one assumes that one has a
small system coupled to a reservoir. Therefore, following assumptions have to be made
[93, 124],
1. The reservoir has so many degrees of freedom that any amount of energy and
angular momentum can be absorbed completely.
2. The reservoir stays in equilibrium.
In systems such as magnetic clusters these assumptions are not fully applicable for the
magnetic system, because the cluster can change its temperature significantly during
magnetization dynamics in this situation. For excitation of the lattice system they
cannot be upheld, due to the large heat capacity of the phononic system. Furthermore,
the system has to be close to equilibrium, so that the chosen basis states |m0 i still offer
a suitable description for the system.
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5.2 Simulation results for thermal demagnetization
In this section the theoretical predictions for the thermal relaxation behavior of a magnetic cluster are compared to the simulation results for the molecular dynamics - spin dynamics (MD-SD) approach. In addition pure spin-dynamics simulations are performed
by the Landau-Lifshitz-Gilbert equation (LLG), which represents the established approach for simulating magnetization dynamics at atomic length scales and at elevated
temperatures. This procedure reveals the differences in the performed dynamics and
possible shortcomings in the framework of pure spin dynamics.
A special focus lies on situations, where the lattice is excited and has to transfer energy
into the magnetic system. This scenario either arises when the phonons are pumped
by laser radiation with the resonance frequency [25] or mechanically stimulated by vibrational modes in nanoresonators [116]. Furthermore, this scenario is important in the
field of Spincaloritronics, where temperature gradients over the sample induce a flow of
energy from the lattice into the magnetic system.
To model such thermodynamic cases, the energy of the total system is initially only
deposed in the lattice by a random displacement of the nuclei from their equilibrium
positions. The magnetization on the other side is homogeneously aligned in one direction,
which is the ground-state configuration for the magnetic part of the system. So no
magnons or other spin excitations are available at the start of the simulation. The
lattice movement then induces magnetic excitations as the energy is distributed between
both systems. After the relaxation process the resulting saturation magnetization is
determined. This approach is similar to the way Ref. [125] measures the spin-lattice
relaxation time in an experimental setup.
In that experiment the lattice is strongly pumped by optical light and therefore out of
its equilibrium state. The magnetic response is then evaluated by the spin-polarisation
of the emitted electrons. The experiment indicates that the relaxation times stretch over
a large temporal regime. Although the variance of timescales made it experimentally
difficult to get precise values, for the rare-earth metal Gadolium, the measurements led
to a regime of a hundred picoseconds for the spin-lattice relaxation time. For the element
iron an upper boundary of 20 ns was found.
The simulations for the lattice relaxation are performed mainly with a sample consisting
of 63 unit cells, which are 666 atoms. The parameters for cobalt in a face-centered cubic
lattice structure were used, if not mentioned otherwise. In the beginning to vary the
initially deposed energy in the lattice system, the radius of the random displacement
for the atoms is adjusted (see section 3.8) between 0 − 10% of the lattice constant. The
highest values of the displacement lead to lattice temperatures close to the melting point
of the materials. However, the simulations cannot show such behavior, because only a
harmonic potential is used, that cannot handle structural changes in the material.
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Figure 5.2: Thermal demagnetization of a cobalt cluster. The absolute value of the
magnetization against temperature is shown. The Curie temperature of
1390 K cannot perfectly be reproduced, although finite size effects might
enhance the non-vanishing magnetization after the Curie point. In the low
temperature regime the demagnetization does not fully obey the Bloch T 3/2
law as the simulations are performed classically.
After the equilibration of the lattice with the magnetic system the temperature of the
total system is determined with equation (3.34). The result for the magnetization versus
temperature is shown in Figure 5.2. The agreement between the MD-SD simulations and
the LLG equation in the low temperature regime is quite good. For these temperatures
neither the MD-SD approach nor the approach with the LLG equation strictly obey
the Bloch T 3/2 law (see eq. (2.6)) as both are based on a classical Hamiltonian, which
allows spin-wave excitations with infinitesimal energy. This behavior leads to a more
linear decay of the magnetization in the low temperature regime.
In the high temperature regime, around the Curie-temperature, the decay becomes faster
due to increasing fluctuations near the phase transition. The experimental value for the
Curie temperature in cobalt is around 1390 K and this finding can be approximately
reproduced in the simulations. The extrapolation function, which serves furthermore
as a guide to the eye in Figure 5.3, follows in the high-temperature regime the critical
behavior with the critical exponent β = 0.365 [45] for this phase transition. For the
extrapolation function between the low and high temperature regimes, the following
expression is chosen
"
"
 3/2 #
 0.365 #
T
T
Mguide MD−SD = 0.05 1 −
+ 0.95 1 −
.
(5.16)
TC
TC
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Figure 5.3: Comparison of the temporal dynamics a) of the MD-SD simulations and
b) the LLG equation with a stochastic thermostat [107]. The LLG shows a
nearly exponential decay of the magnetization, while the demagnetization
curve in the MD-SD simulation is sigmoidal.
For the temperature regime above the Curie-temperature the finite size effects are
stronger in the MD-SD simulations. To omit rotation of the sample, the atoms in
the bottom layer in z-direction are not integrated in time. That leads to a residual
magnetization of µres = 0.08, which is corrected for the high temperature regime in the
Figure 5.2. In the low temperature regime that choice of boundary conditions has no
effect on the magnetization.
In Figure 5.3 a) one can see the dynamics of the thermal demagnetization process in
the MD-SD simulations. Surprisingly, the magnetization does not decay exponentially,
but follows a sigmoidal shape. This behavior will be discussed in more detail in the rest
of this section. Nevertheless, the resulting timescale for demagnetization lies within the
expected regime of several 100 ps up to nanoseconds in the low temperature regime and
are therefore in agreement with the experimental findings [125].
In Figure 5.3 b) the same situation is shown, but the magnetization dynamics is described
by the Landau-Lifshitz-Gilbert equation (3.26) with a stochastic thermostat [107] and
a damping constant α = 0.005. These simulations allow a comparison of the different
magnetization dynamics within the framework of MD-SD and the LLG and Langevin
dynamics. If the temperature is not close to the Curie-temperature, the decay of the
magnetization is almost exponential, as described in section 5.1. Close to the critical
temperature the strong fluctuations lead to deviations from that behavior, which can
be explained by the diverging correlation length of the spins near the critical point and
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this in turn results in more disturbed dynamics. This phenomenon is known as “critical
slowing down” [126], but the behavior is not very prominent in the MD-SD simulations.
Comparing the relaxation dynamics of the LLG and the MD-SD approach, one can see
that the MD-SD approach does not relax exponentially in the beginning, but shows over
time a more complex behavior. In the plot 5.3 a) the decay of the magnetization begins
slowly and gains speed until the magnetic system cannot absorb any further energy,
as depicted in Figure 5.4. With increasing initial energy of the lattice the relaxation
dynamics become faster, because the lattice distortions are becoming stronger and these
leads to stronger anisotropic coupling.
As a relaxation from the lattice into the magnetic system cannot be treated in the
lowest approximation described in section 5.1, one has to take into account the limited
capacity of the magnetic system for energy and angular momentum. Furthermore, the
magnetic system responds to the energy flow from the lattice and does not remain in
equilibrium. Therefore, the magnetic system cannot be treated as a heat bath, since, at
elevated temperatures, it has a smaller heat capacity than the lattice. For that reasons
this thesis follows a series approach for the relaxation dynamics of the internal energies
of the subsystems, where one has to take higher order terms for the internal energies of
each system into account.
To do so, one can follow a logistic ansatz for the internal energy of the lattice and the
magnetic system as
dUlat
= ηUlat (t) [∆U0 − Ulat (t)]
dt
dUmag
= −ηUmag (t) [∆U0 − Umag (t)]
dt

(5.17)
(5.18)

with their solutions
∆U0
1 + exp [−η∆U0 t − Θ]
∆U0
= U0mag +
1 + exp [−η∆U0 t − Θ]

Ulat = U0lat −
Umag

(5.19)
where ∆U0 is the initial energy difference between the two subsystems and Θ depending
on the initial magnetization.
The logistic ansatz is well suited in this case, as it describes limited population growth
in general terms. In the considered scenario the energetically excited lattice first has to
increase the magnon population, as the sample is initially homogeneously magnetized
and therefore no magnons are available for interaction with the lattice excitations. Due
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Figure 5.4: Energy relaxation behavior after lattice excitation of a cobalt cluster. The
gray lines represent the sum of potential and kinetic energy of the lattice,
while the orange lines are the exchange energy for different temperatures.
The logistic fits are in red respective black. Below the Curie-temperature
of 1390 K the behavior can be well approximated.
to anisotropic spin-lattice coupling the lattice movement induces torques on the magnetic
system, generating magnons, which then can interact even more with the lattice.
At this point the relaxation dynamics become faster and the dynamics starts to follow
a more exponential behavior, until both systems reach the state of thermodynamic
equilibrium. In the case of strong lattice excitation the amount of energy, the lattice
can distribute to the magnetic system, is limited. Hence the magnon population cannot
easily grow further, the relaxation dynamics cannot grow indefinitely. After complete
demagnetization only high frequency magnon modes are able to absorb further energy,
but these processes become less likely with increasing energy flow.
The key quantity of the logistic model is the relaxation rate η, since it describes the
energy flow between both thermodynamic systems and determines the damping behavior
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of the excitation. The damping behavior of the magnetic system can then be compared
to experimental data for the magnetic relaxation as well as theoretical predictions. To
obtain the relaxation rate, the logistic solutions (5.19) are fitted to the inner energies
of the lattice and the magnetization for different initial lattice energies. For the fitting
procedure the η and Θ are considered as free quantities.
The result for the energy relaxation dynamics of the magnetic and lattice system and the
resulting fitted curves for the logistic model are shown in Figure 5.4. The agreement of
the logistic approach with the simulation data is excellent up to the Curie temperature,
where the deviation between the simulated data and the logistic curves increases. Since
one is in a temperature regime near the melting point of the material, the logistic model
is not applicable.
Remarkable is that the sigmoid decay of the magnetization does not even change in the
low temperature regime, where both thermodynamic systems are energetically close to
each other. As the conditions, described in section 5.1, are nearly fulfilled, one could
expect an almost exponential decay of the magnetization. Nevertheless, the complete
lack of any magnons in the beginning plays a crucial role, as it forces the lattice to create
magnons for further interaction and therefore slows down the dynamics tremendously.
In scenarios where this limitation can be relaxed, for example if the magnetic system
is at elevated temperatures, one can see an almost exponential behavior, when both
systems are energetically close to each other (see Figure 5.11).
To examine the relaxation dynamics in more detail, Figure 5.5 b) shows the temporal
evolution of the lattice velocity distribution in the case of high initial energy deposed in
the lattice. One can see that the classical Maxwell-Boltzmann distribution [127]

W(v)dv = 4π

m
2πKB T

3/2

2

v exp



−mv 2
2KB T


dv

(5.20)

is established almost immediately as the potential and kinetic energy of the lattice are
nearly instantaneously on the same level, as depicted in Figure 5.5 a). This confirms that
the lattice dynamics are on a timescale below one picosecond and therefore much faster
than the magnetic relaxation. For higher velocity values a slight mismatch between the
the assumed distribution and the simulation data occurs, because the total system is
not in equilibrium. As the starting temperature of the lattice is far above the Debye
temperature, it is justified to assume a classical momentum distribution for the phonon
gas, since all branches of the lattice modes are activated.
When the magnetic system equilibrates with the lattice, it cools down the lattice and the
velocity distribution is shifted to a lower temperature. The deviation from the theoretical
behavior is reduced, as the system has reached its thermodynamic stable state. In Figure
5.5 c) the deviation of the simulated data with the expected distribution for varying times
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Figure 5.5: Temporal evolution of lattice velocity distribution during equilibration. In
subplot a) the energy of the subsystems are shown. After 1.2 ns the total system is fully relaxed. In subplot b) the velocity distribution is at
all times close to the Maxwell-Boltzmann distribution without significant
deviations. The distribution shifts to a lower temperature as the magnetic
system cools down the lattice. In subplot c) the deviation of the simulated
data from the theoretical distribution eq. (5.20). For the lower velocities
the fixed boundary site at the bottom of the sample leads to constant mismatch between simulation data and theoretical distribution. Before the
equilibration of the magnetic system the higher parts of velocity distribution also show a deviation, which vanishes after reaching full equilibrium.
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is shown. One can see that due to the cold boundary condition used in the simulations,
the lower parts of the velocity distribution shows a constant mismatch to the expected
behavior. For the higher velocities the difference vanishes over time, as the phonons
with a higher momentum interact more strongly with the magnetization and transfer
energy into the magnetic system.
This behavior suits the population approach well as it is more likely for the high energetic
phonons to create magnons, which then decay into low energetic states and establish
equilibrium distribution in the magnetic system. This behavior explains, why the dynamics are not exponentially in the beginning, because one needs higher order scattering
processes to create a magnon population. Apart from that fact no sharp dips in the velocity spectrum occur. A significant deviation in parts of the velocity distribution would
indicate that both subsystems could only interact in a narrow momentum regime. This
behavior is assumed in the treatment within the continuous approach like mentioned
in section 2.5. The simulations however show that for a thermal lattice excitation the
whole range of high energy phonons is involved in the in the relaxation process.
For a better comparison of the obtained results to the established damping constants for
the magnetic relaxation, the parameters of the logistic solution are slightly reformulated
as
∆U0
.
(5.21)
Ux = U0x −
1 + exp [−Γ(t − τsl )]
In this formulation, Γ is the relaxation frequency and τsl the spin-lattice relaxation time.
Both quantities can be measured in experiments, although in ferromagnetic materials
τsl is especially hard to determine, because the quantity lies in a time regime of hundred
picoseconds up to several nanoseconds [125], as mentioned earlier. The relaxation in
magnetic resonance setups consider just a reorientation along another direction, while
the length of the magnetization stays almost constant. For elevated temperatures this
assumption is not necessarily valid, because the thermal fluctuations always lead to
length changes of the magnetization. Since in the simulation only the lattice is able
to allow changes for the direction of the magnetization and the angular momentum in
the magnetic system, which has to be compensated through the lattice, a qualitatively
comparison between the MD-SD simulations and the results of ferromagnetic resonance
experiments should be possible.
In Figure 5.6 the dependence of the relaxation frequency Γ on the initial energy difference
between the lattice and the magnetic system is depicted. The linear dependence with
the slope η is satisfied over the whole temperature regime. In this graph one can also see
the complete lack of the ”critical slowing down” phenomenon, as no significant reduction
of the relaxation frequency around the Curie temperature of 1390 K can be seen.
The simulated relaxation frequencies allow a comparison to experimental obtained relaxation rates and their temperature behavior. In Figure 5.7 the measurements of the
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Figure 5.6: Temperature dependence for the relaxation frequency. A linear behavior
can be observed up to the Curie temperature, which agrees with theoretical prediction as well as experimental data (see Ref. [128]) for the high
temperature regime. The linear increase holds for temperatures even over
the Curie temperature.
relaxation frequency over temperature for the metals iron, cobalt, nickel and some alloys are shown. As one can see, the relaxation rate starts with high values for very
low temperatures and then drops around 100 K. For higher temperatures the relaxation frequency increases again, but the values are smaller than in the low temperature
regime. As the investigated materials in Ref. [128] are all metals, one has to consider
the electronic contribution to the damping mechanisms as well.
In Figure 5.8 the electronic damping is calculated by ab-initio methods (see Ref. [11]
for further details) and compared to the results from from the ferromagnetic resonance
experiments. Due to the strong electronic scattering in the low temperature regime,
which vanishes with increasing temperatures, the drop in the relaxation frequencies can
be explained with electronic dissipation effects. But the electronic models hardly explain
the linear increase for higher temperatures in the experiments, as one can see in Figure
5.7 for cobalt and iron.
In this temperature regime the lattice dynamics can offer an explanation as they lead to
such a linear increase. Although the resulting dissipation from the lattice dynamics is
smaller than the electronic damping effects, it gains importance at higher temperatures.
Another indication for the validity of the argument is that all considered materials
in [11] demonstrate such behavior and have a smaller electronic damping in the high
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temperature regime than measured experimentally, as the the calculated green points
are below the measured red lines in Figure 5.8.

Figure 5.7: Experimental relaxation rates from FMR experiments. One can see a linear
increase for higher temperatures. Figure is taken from Ref. [128]. For
further information see references within.
In the theoretical description within the Landau-Lifshitz-Bloch equation (see eq. (3.30)),
the parallel damping, which is related to processes altering the magnetization length,
shows a similar linear behavior for increasing temperatures. For these relaxation processes one assumes that the angular momentum from the change of the magnetization
length ultimately flows into the lattice system. Using a simple spin-lattice coupling [103]
one computes for the relaxation frequency of the spin-lattice damping term in equation
(3.31) as
T
(5.22)
L1 = 2γα .
J0
So the simulations are able confirm this linear increase of the spin-lattice relaxation for
higher temperatures of the total system.
A comparison of the absolute values for the relaxation rates in Figure 5.6 and Figure
5.7 shows that the simulated relaxation rates are higher than the experimental ones,
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Figure 5.8: Experimental and theoretical damping values over temperature for the metals Fe, Co and Ni. In the high temperature regime a systematic deviation
from the experimental data can be seen, as pure electronic models cannot
handle dynamic lattice distortions. Figure is taken from [11].
especially in the high temperature regime. This can be explained by the fact that it
is impossible to create strong non-equilibrium situations in an FMR setup. Since only
a change of the magnetization direction due to an external magnetic field is measured,
the magnetic system is almost at the same temperature as the lattice. In the case of
strong laser radiation where both the lattice and the magnetic system are highly excited
and at different temperatures, the lattice damping reaches a regime, where it cannot be
neglected anymore.
In Figure 5.9 the behavior of the spin-lattice relaxation time τ against temperature is
depicted, where a reciprocal dependency in the low temperature regime can be seen.
In the high temperature regime the value for τ saturates, as the generation rate of
magnons is limited and the relaxation dynamics cannot become infinitely fast. For the
simulated cobalt sample one can estimate the time τsl ≈ 500 ps, which is in a reasonable
regime. Further, the plot shows, that this limit is not overcome at stronger excitations.
This behavior indicates that in an equilibrium situation, the spin-lattice interaction sets
a boundary for the magnetization dynamics. Since, it is very hard to determine this
quantity for ferromagnetic materials experimentally, values for comparison are hard to
obtain, especially in the high-temperature regime. The resulting time multiplied with
the energy difference leads to Θ, which is a more generalized quantity. Nevertheless,
this behavior may offer an explanation for the large variations of experimental values for
the spin-lattice relaxation time, as this quantity varies strongly with the temperature
difference between the two subsystems. Without strong and precise pumping of the
lattice, it is hard to reach the lower boundary for the spin-lattice relaxation time.
In the considerations so far, only the lattice system was excited, while the magnetic
system was initialized in its ground state. To investigate the differences between relax-
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Figure 5.9: Temperature dependence of the spin-lattice relaxation time τ . A reciprocal behavior for the lower temperature differences can be observed. For
the high-temperature regime τ saturates at approximately 500 ps, as the
generation of magnons is limited.
ation of excitations in the magnetic system and its equilibration into the lattice system,
the magnetic system is now initialized at an elevated temperature. In Figure 5.10 two
scenarios for the total system were simulated. First, the lattice is excited and has to
relax into the magnetic system, which is similar to the previous cases. Secondly, the
spin system is completely demagnetized and has therefore a higher inner energy than
the lattice. In the first case the relaxation of the lattice follows again the sigmoid shape,
while the remagnetization of the spin system in the second scenario follows approximately an exponential behavior. In both cases the inner energies of the two subsystems
are equal after equilibration, since the equilibrium state for both scenarios is identical.
Furthermore, one can see in subplot 5.10 a) that the slope of the remagnetization curve
is steeper than in the demagnetization case, indicating faster magnetization dynamics.
For comparison both situations are simulated with the LLG equation and a damping
constant of α = 0.005. The results are shown in subplot 5.10 c) and d). In these cases
the dynamics do not change if the lattice or spin system is excited, since both cases lead
to an exponential relaxation of the magnetization and inner energy of the spin system.
One can also see that dynamics of the pure lattice damping is at least one magnitude
smaller than in simulations with the LLG approach where all dissipative effects are taken
into account. The temporal behavior of the magnetization and the inner energy, plotted
in Figure 5.10 c) and d), shows that in the case of the LLG equation it does not matter
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Figure 5.10: Here two scenarios are considered. First 1), where the spin-system is in
complete disorder and its energy is above the lattice kinetic energy. A
exponential behavior can be seen. Then 2), where the lattice kinetic energy is above the spin system the logistic approach fits well. The result of
MD-SD are shown in the subplot a) and b). The LLG equation, depicted
in c) and d) leads only to exponential behavior. The damping α = 0.005
for cobalt is chosen. The electronic effects are dominant and leads to a
decay which is at least a magnitude faster.
whether the initial spin-system energy is above or below the heat bath. The relaxation
dynamics is always nearly exponential. In the MD-SD approach this behavior can only
be observed for excitations of the spin- system, which decay exponentially over time.
Since the lattice has a much higher heat capacity at higher temperatures than the spin
system, the energy flow from the magnetic system into the lattice can be considered as
a flow into a heat bath.
Additionally the relaxation dynamics dependency on the initial temperature of the
magnetic system is investigated. To achieve this, the distribution of initially available
magnons is varied as a last scenario throughout the simulations. The temporal behavior
of the magnetization in these simulations is shown in Figure 5.11. The plot demonstrates
that the relaxation behavior becomes more exponential when the initial magnetization
decreases and, therefore, the initial temperature of the magnetic system increases. Furthermore, the dynamics of the magnetic relaxation dynamics become faster. In cases
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Figure 5.11: Variation of initial magnetization. The relaxation behavior for the magnetization, shown in subplot a), and the magnetic inner energy, shown in
subplot b), become more exponential as the starting magnetization gets
closer to the equilibrium value of µ = 0.5. For initially nearly saturated
magnetic states the relaxation behavior is sigmoid.
where the initial magnetization starts below the equilibrium value, the relaxation process becomes completely exponential, which again is not surprising, as most conditions
of section 5.1 are met.
In Figure 5.12 the dependence between the relaxation rate η and the initial amount of
magnons is shown. First one can see a strong decline, but then the relaxation saturates and is nearly constant. For the available magnons in the beginning, the following
approximation
µ(0) − µ(T )
hni ≈
(5.23)
µ(0)
is used, which comes from low temperature magnon theory [48]. The behavior is only
discussed qualitatively, since it is very difficult to determine the exact magnonic spectrum
for such small systems at elevated temperatures. The function, serving as a fit, is chosen
as
A
η(hni) =
− C.
(5.24)
exp(bhni) − 1
Finally, the relaxation behavior of the different materials Fe, Co and Ni are compared.
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Figure 5.12: Dependence of the relaxation rate on the available magnon distribution.
The damping effects increase when more magnons are available. With
full magnon population available in the beginning, the relaxation rate
saturates.
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Figure 5.13: Comparison between the different material parameters for Fe, Co and Ni
at a final lattice temperature of 1.2 TC . Co exhibits the fastest dynamics,
although it has not the strongest coupling and iron exhibits the slowest
dynamic as it has the weakest coupling.
For a final temperature of 1.2 TC the demagnetization curves for iron, cobalt and nickel
are shown in Figure 5.13. Iron exhibits the slowest dynamics, as the magneto-elastic
coupling is the weakest in the material. As in Ni, the energies of the magnetic system
are smaller with respect to the lattice system, than in iron and cobalt. Therefore the
dynamics are not the fastest, despite the coupling being the strongest.
In Figure 5.14 the temporal behavior of the ratio between exchange and coupling term for
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Figure 5.14: Temporal behavior of the ration between isotropic and anisotropic exchange during the demagnization process. All materials show the same
behavior, as the ratio gets smaller after complete demagnetization.
all materials is shown. As in the switching process in the simulations of the Einstein-de
Haas effect, the ratio is nearly constant. Only after the demagnetization of the sample,
the ratio gets smaller. The materials all exhibit the same qualitative behavior, because
the main difference between the different material parameterization is, that the energy
scale for the anisotropic spin-lattice coupling is adopted.

29

η (1 × 10 /Js)
αlat (×10−5 )
αtot

Fe (bcc)
2.6 - 18
3 - 21
0.001

Co (fcc)
3.5 - 46
3 - 42
0.005

Ni (fcc)
6.4 - 65
2 - 21
0.01

Table 5.1: Resulting relaxation rates for lattice excitations. The values for αtot are
taken from ref. [11]. The first value for α is in low temperature regime, while
the second is in the high temperature regime. The damping arising from the
spin-lattice interaction is nearly two magnitudes smaller at low temperatures
than the electronic dissipation effects but the spin-lattice damping increases
with higher temperature.
The results for the relaxation rate η are summarized in Table 5.1. As one can see, the
electronic dissipation effects dominate, especially in the low temperature regime. The
gap closes in the high temperature regime, but the lattice effects are still smaller. For
the comparison with the relaxation parameter in the LLG, we calculate
αlat = η

µs
γ

(5.25)
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as the damping indicates how much energy is lost per precession cycle in the magnetic
system. For the latter values the relaxation rate was determined in a situation, where
the magnon population was non-zero as being the case for a magnetic system at an
elevated temperature.

5.3 Simulation results for ferromagnetic resonance
Another way to determine the dissipative effects resulting from spin-lattice coupling is
the investigation of the relaxation behavior in a magnetic field. A typical realization of
this scenario is the method of ferromagnetic resonance, in which the magnetization is
homogeneous and tilted along the external magnetic field. The magnetization will then
reorder in the field’s direction. The homogeneous magnetization in the beginning defines
a precise magnon spectrum, namely one that only has a linear momentum k = 0 mode.
This mode is formed only by a precession of the magnetic moments around the external
field. The process is a reorientation of the magnetization in an external magnetic field
without a change in the absolute value of the magnetization. The resulting damping
constant in the magnetic equation of motion, like the Landau-Lifshitz-Gilbert equation,
corresponds then to the width of the resonance peaks.
To reduce the numerical effort in the simulations, in this section a simpler setup is
calculated. In most cases the angle between the external field and magnetization is
considered to be small and therefore the phenomenological equations of motion like the
LLG-equation (see eq. (3.26)) or the Bloch-equations (3.29) can be linearized. That
approach leads to a relaxation behavior [93], that can be described by an exponential
decay of the excited state, as mentioned in section 5.1.
This section briefly discusses the resulting damping effects due to the anisotropic spinlattice coupling in a scenario of ferromagnetic resonance. Therefore, the relaxation of
the magnetization driven by an external field in the linear regime is investigated. In the
considered case the magnetization is tilted about 30◦ with respect to the external field
pointing in z- direction and lets the system relax. The time it takes for this to occur, is
directly the spin-lattice relaxation time. The behavior for a cobalt cluster is shown in
figure 5.15. To determine the spin-lattice relaxation time, the magnetization is fitted to
the function
µz (t) = µ0 − ∆µ exp(−αγBex t).
(5.26)
That way one can obtain the Gilbert damping parameter directly from the simulations.
Due to the small system size and the resulting stronger fluctuations from surface effects,
a very strong external field of 500 T is used.
Figure 5.15 shows that the nearly homogeneous mode with k = 0 interacts only weakly
with the lattice. Thus some small time is needed before the exponential relaxation

92

5.3 Simulation results for ferromagnetic resonance

1

magnetization hµ/µs i

0.8
0.6
0.4
0.2
0

−0.2

|µ|
µz
Fit
µx
µy

−0.4
−0.6
−0.8

0

0.5

1
time t (ns)

1.5

2

Figure 5.15: Relaxation in a strong magnetic field with a cobalt cluster. The magnetization is almost homogeneously aligned so that the magnetic system is
close to the k = 0 mode. Furthermore, the magnetization is tilted about
45◦ respective to an strong external magnetic field. The reorientation
into field direction follows an exponential behavior. Since the absolute
value of the magnetization |µ| is almost constant during the relaxation,
the scenario describes the situation of ferromagnetic resonance.
begins. To minimize the mismatch between the energy levels of the lattice and the
magnetic system, the lattice is also initialized slightly out of equilibrium by a random
distortion from the equilibrium position. As one can see, the absolute value of the
magnetization does not change much during the equilibration process, therefore one can
consider the relaxation of the magnetic system almost homogenous. So the magnetic
moments reorientates into the direction of the external field without significant changes
in the magnon distribution.
The strength of the coupling term is now varied to see how the dynamics will change.
The lattice temperature is again chosen that way, to minimize the energetic mismatch.
Without any coupling the magnetic angular momentum cannot change. Therefore, the
system is not able to relax and the resulting damping is zero. Then one has a regime
where the damping increases and ultimately it saturates. In Figure 5.16 the temporal
behavior for increasing coupling strength is shown. Here the coupling is varied from
0.5 til 4.0 λ0 , where λ0 is the value from the bulk magneto-elastic constants. These
changes in the coupling strength can be induced by special geometries like thin films or
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Figure 5.16: Relaxation behavior for different spin-lattice coupling constants in a
cobalt cluster. The relaxation rate saturates for higher values of the coupling. The magnetization is initialized in an almost homogeneous state.
For the smallest value of 0.5λ0 the relaxation behavior is nearly exponential.
by impurities in the sample. There is no clear understanding how that circumstances
effect the coupling strength.
In Figure 5.17 the resulting damping constants for different coupling strengths of the
anisotropic exchange are shown. As mentioned before, the damping vanishes without an
anisotropic coupling as no angular momentum can be transferred between both systems.
For the low values of the anisotropic coupling the relaxation behavior is described better
with the exponential behavior than for the higher values. As a small coupling is assumed
for the derivation of the exponential relaxation behavior, that is in agreemenent with that
considerations. The resulting damping increases linearly with the anisotropic coupling
term and saturates for the very strong values of the coupling.
Vittoria et al. [17] predicted from considerations of heating due to magnetoelastic strains
a quadratic dependence


36ργ λ2100 λ2111
+ 2 ,
(5.27)
αmag−ela =
Mτ
qL2
qT
which cannot be confirmed even for small coupling constants, as depicted in Figure
5.17. In the calculations of Vittoria et al. the induced strains and stresses by the
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Figure 5.17: The resulting damping increases with higher spin-lattice coupling in the
beginning and then saturates. Around the bulk values for the coupling
strength be resulting damping is almost linear, but for small values the
behavior deviates and can be approximately described by a harmonic fit.
magnetoelatic coupling are heating the lattice system and by that the energy from the
magnetic system is dissipated. In the formula the density ρ of the material, the sound
velocity of the longitudinal and transversal phonon branches, qL and qT play a role. A
possible explanation for the mismatch to the results found in the simulations, could be
that in the considerations of Vittoria et al. only the energy transfer was taken into
account and not the flow of angular momenetum and therefore the relaxation into the
lattice is overestimated.
For higher values a significant deviation can be seen, as the damping becomes almost
constant. The interesting result is that damping saturates for higher values than the
bulk ones. That means that the transfer of angular momentum from the magnetic
system is limited for equilibrium situations by the amount of angular momentum that
can transferred from the magnetic system. The result is in agreement with the lower
boundary for the spin-lattice relaxation time τsl in the thermal demagnetization process,
since the process cannot become unlimited fast.
In Figure 5.18 the behavior for iron and nickel of the k = 0 mode and a randomized initial
magnetization is depicted. The results are similar to cobalt, but due to the smaller spinlattice coupling in Fe the damping effects are weaker and the relaxation takes longer. So
the FMR scenario leads to a comparable damping constant α as in the low temperature
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thermal relaxation simulations. For the case of nickel the stronger anisotropic coupling
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Figure 5.18: Relaxation behavior for Fe and Ni in FMR setup. The behavior is shown
for a k = 0 mode and an initially completely random magnetization. In
subplot a) the behavior for Fe is shown, and in b) the relaxation for Ni.
The relaxation in Ni is much faster the Fe.

leads to a faster relaxation than in the other two materials.
The resulting damping constants for the FMR scenario are summarized in Table 5.2. The
results are comparable to the values obtained from the thermal relaxation. In this setup
one can nearly observe the exponential relaxation behavior, as the magnetic system is
can exchange energy and angular momentum with the lattice without restrictions.
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αlat

Fe (bcc)
2.0 × 10−5

Co (fcc)
4.3 × 10−5

Ni (fcc)
12.5 × 10−5

Table 5.2: Resulting damping constants for the FMR setup. The resulting dissipative
effect is smaller than for the high temperature lattice induced demagnetization, but in good agreemenent with the low temperature regime.

5.4 Summary
The chapter examined the relaxation behavior in a spin-lattice system for each subsystem in situations close to the thermal equilibrium. In a first scenario the relaxation
behavior of an excited lattice was investigated, while the magnetic system is close to
its ground state. Here the transfer of angular momentum and energy into the magnetic systems sets the limits of the relaxation rates and the time in which a equilibrium
situation of both subsystems is established. The key observation is that the magnetic
response to an excited lattice cannot be described by a exponential decay with only one
relaxation eigenvalue. To analysize the simulation results a logistic model for the time
evolvement of the energy for the subsystem is applied. The resulting damping arising
from the spin-lattice coupling is quantified and compared to dissipative effects caused by
the interactions with the electronic system. In the low temperature regime the lattice
damping is several magnitudes smaller than the electronic effects in the metals Iron,
Cobalt and Nickel.
For the high temperature regime the dissipative effects of the lattice become similar
to the dissipation of the electronic system. The lattice relaxation frequency increases
linearly with the lattice temperature. A result, which is in agreement with the experimental findings. Furthermore the relaxation of the magnetic system is dependent on
the initially available magnons. If both systems are at elevated temperatures and only
weakly excited, the dynamics become almost exponential. That behavior is expected as
the general considerations predict those dynamics. The strength of the methods used in
this thesis lies within the ability to handle strong non-equilibrium situations.
For the case of an excited lattice with a nearly fully magnetized sample deviations from
the exponential relaxation behavior can be observed. In this case a logistic model for the
decay of the magnetization was successfully applied from which the relaxation rate can
be determined. It was shown that the resulting relaxation frequency increases linearly
with the initial energy difference of the lattice and the magnetic system.
Additionally to the relaxation scenario of an excited lattice, the magnetic relaxation in
a strong magnetic field with an lattice configuration was examined, which lies energetically lower than the state of the magnetic system. Here, the exponential relaxation of
the magnetization was shown for an intial configuration, which carry nearly no linear
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momentum, a k = 0 mode. The resulting damping constants are in both scenarios comparable and in agreement with the experimental findings. Finally, it could be said that
the Molecular-Spin-Dynamics approach is able to give a deeper insight into the interplay
of the magnetic system with the lattice and therefore is suitable for the simulation of
magnetic insulators. Especially as it handles the angular momentum flow between the
magnetic system and lattice, which is neglected in most other approaches.
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The previous chapter dealt with situations where either the lattice or the magnetic
system was excited. The lattice was initialed out of equilibrium by randomly distributed
lattice strains and the magnetic system by disorder in the spin configuration. Thereafter
the relaxation behavior into equilibrium of both systems was examined, which takes
time over several hundred picoseconds. Within this procedure one assumes that physical
properties like the magnetic exchange or the elastic constants do not change significantly
during the equilibration process.
As pointed out in section 2.1.1 that premise somehow holds in a temperature regime
going above the Curie temperature and the melting point of almost every material, as the
intra-atomic forces responsible for the electronic structure are much stronger than the
bonding between the atoms. Nevertheless, the availability of generating ultrashort laser
pulses with a temporal width of only ten femtoseconds opened the door for changing
the magnetization on the femtosecond time scale [18]. In this context the interaction
of the magnetic system with the lattice reaches in a strong non-equilibrium regime
for which these assumptions are hard to uphold. Through the short but very intense
interaction with the laser light the electronic system can be brought into states which
would correspond to electronic temperatures of several thousands Kelvin in equilibrium
situations. Such high electron energies can alter the Fermi-distribution notably and
therefore the properties of the material [129, 130, 131, 132]. In most cases the hot
electron system heats up the lattice system leading to equilibration via electron-phonon
scattering. Since the lattice has a much larger heat capacity, the lattice temperature
does not exceed the melting point of the sample.
As discussed in section 4.2, the effect of the magnetization via magnetostrictive forces
on the lattice dimensions is quite small in equilibrium situations. Only slow alterations
of the magnetic direction, resulting in small volume changes during the change of magnetization, are observed. In extreme non-equilibrium situations, i.e. after a high-power
laser excitation, the circumstances might be very different as the disturbance of the
material’s properties is bigger and the resulting effects could be more profound. Recent
experiments performed in an iron-platinum (FePt) compound [133, 23] and in elementary nickel [134] indicate that in non-equilibrium situations the lattice response differs
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strongly from that in the equilibrium scenario. These experiments measure lattice strains
and stresses which exceed the expected order of magnitude from cases in equilibrium
significantly.
In the framework of molecular-spin dynamics the present work offers the possibility to
study these effects first hand, since magnetic and lattice system can interact directly
with each other and with full conservation of angular momentum. Therefore the resulting lattice movement can be directly simulated and the influence of the magnetization
investigated.
Most established explanation schemes for ultrafast magnetization dynamics rely on a
thermal modeling [135, 136, 137] for the demagnetization effect. In those frameworks the
strong thermal fluctuations induced by the hot electron system force the magnetization to
decrease. To obtain good agreement with the experimental data the magnetic damping
constant and the heat transfer coefficients to the electronic system as well as the lattice
are often phenomenologically adjusted, as they exceed the equilibrium values by far [10,
138, 139].
Furthermore, the conservation laws for energy and angular momentum are often not
strictly satisfied in the usual thermal approaches, as phenomenological dissipation terms
play a crucial role in the dynamics. For that reason these models do not allow the
investigation of angular momentum transfer during the demagnetization process. By
simulating the spin dynamics as well as the lattice dynamics one can follow the flow of
angular momentum in such an isolated system. Other explanations for the demagnetization [140, 21, 141, 142] modify the material properties during the process.
This chapter discuses the influence of ultrafast magnetization quenching in the perspective of the atomistic model presented in section 2.6 (see eq. 2.70), which includes
an isotropic continuous spin-spin exchange function as well as an anisotropic exchange
term. The anisotropic part allows angular momentum transfer to the lattice described
by a simple harmonic pair potential. To model the necessary ultrafast magnetization
dynamics in the absence of thermal noise the isotropic exchange is made time dependent,
in particular it needs to be reduced after the laser excitation as recently discussed by
various authors [141, 143, 142].
To clarify the role of the angular momentum for the elastic strains during the ultrafast
demagnetization two approaches for the demagnetization are compared. Namely the
first one where the magnetization is artificially reduced by a strong random magnetic
field. That way, however, the demagnetization process violates the conservation laws.
The second method is by the aforementioned time dependent reduction of the isotropic
exchange interaction, whereas the anisotropic part of the exchange remains unaffected.
With the second method one has the potential to quench the magnetization in a time
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regime of several femtoseconds while obeying the conservation of total angular momentum.

6.1 Modeling of iron-platinum
A promising material for future applications in magnetic recording technology is the
alloy iron-platinum (FePt), because it has a strong magnetocrystalline anisotropy due
to the enhanced spin-orbit coupling induced by the platinum atoms. The high anisotropy

Figure 6.1: Sketch of FePt in L10 -Phase. The structure is similar to a face-centered
tetragonal lattice, but in the middle layer a different element is positioned.
In the graphics the iron atoms are blue and the platinum atoms red. The
c-axis is smaller than the a-axis.
leads to single magnetic domain structures in the granular medium and therefore provide
a very high storage capacity in hard disk drives. On the downside the magnetic fields
needed for switching the magnetization become too large for current writing heads. A
potential technique to overcome this difficulty is to thermally assist the switching process,
as the anisotropy decreases with higher temperatures. Another possibility would be the
use of the so called helicity dependent all-optical switching (HD-AOS) [144, 145] for
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writing the data to storage media. For those reasons an understanding of the influence
of ultrafast demagnetization processes on the material properties, especially the lattice,
is of great interest, since angular momentum transfer from the spins to the phonons
ultimately limits ultrafast demagnetization and hence magnetic writing procedures.
In Figure 6.1 the lattice structure of FePt is shown schematically. It is similar to a face
centered cubic lattice, but the layers in (001)-direction are alternatingly occupied by
platinum atoms (red) and iron atoms (blue). This leads to a layered lattice structure
which is called L10 -Phase. The ratio between the lattice axes is a/c = 0.955 [146], so
the c-axis is shorter than the a-axis.
One of the most important properties for this work is the spatial variation of the Heisenberg exchange. To simplify the material structure one can match the system to a
stretched simple cubic system [147, 148], where for the crystalline axes the relations
a = b = a0
c = 1.2 a0
with the lattice constant a0 are assumed. The reason behind this simplification is that
the platinum atoms only carry a very small induced magnetic moment, so that the
magnetic properties such as the total magnetic moment and the critical temperature are
almost completely determined by the interaction of the iron spins. For this reason the
c-axis becomes the larger axis, as the iron atoms are further away, normally located in
the next iron-layer.
In this configuration the assumed magnetic exchange function is constructed in such a
way that the in-plane coupling is much stronger than the out-of-plane exchange. This
difference can be explained by the fact that the atoms in-plane interact via direct Heisenberg exchange, whereas the interaction between the iron layers is only indirect via the
platinum atoms. The magnetocrystalline anisotropy is mimicked by the anisotropic part
of the exchange, which leads to an easy-axis along the stretched lattice axis, in agreement with the experimental findings, where a strong uniaxial anisotropy along the c-axis
is found.
Aas et al. [57] have derived the exchange function for the iron atoms in an FePt system by
ab-initio methods in a slab geometry. Their model assumes that the iron-platinum alloy
is surrounded by pure iron. In their work the isotropic exchange for the iron atoms is also
discriminated in inter-layer exchange and extra-layer interaction as depicted in Figure
6.2. The platinum plays no direct role for the magnetic properties in that particular
model.
In Ref.[57] two cases were considered, one in which the lattice is geometrically in perfect
order and a scenario in which the lattice was relaxed due to the electronic system, so
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Figure 6.2: Exchange of FePt as a function of the interatomic distance. The exchange
is separated in inter-layer (black) and extra-layer interactions (red) for the
iron atoms. The exchange integrals were calculated for a lattice, where
the atoms where placed at the perfect geometrical places and after some
relaxation phase. Minor differences can be observed for the nearest pairinteractions. For more details see Ref. [57]. Taken from [57].
that the Coulomb forces between the atoms are minimized. This relaxation changes
the distance of the atoms by about 3% and also leads to small changes in the exchange
function, especially for nearest neighbor shells. One can observe in Figure 6.2 that
in both cases the exchange varies strongly over the spatial distance and the exchange
between the layers is largely reduced, as the first extra-layer shell (red) in Figure 6.2 lies
energetically much lower compared to the dominant inter-layer shell.
Since the model applied in this thesis needs a continuous exchange function J(rij ) in the
atomic displacement, one can construct a suitable phenomenological exchange function,
which reproduces the important aspects of the ab-initio exchange values on a simple
cubic lattice, within the Hamiltonian (2.70).
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The implemented continuous exchange function J(rij ) (see section 2.2.4 for more details)
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Figure 6.3: Model exchange function for FePt. The exchange decrease strongly for
neighbors outside a layer, as the exchange decreases strongly for the atoms
with the distance r = 1.2 a0 . The next intra-layer neighbors are located at
r = 1.44 a0 . The function reproduces the behavior of the first two black
points as well as the first red point in Figure 6.2.
has again the form of

J(rij ) = J0


C1 cos(ω(rij − d1 ))
2
+ C2 exp(−γ(rij − d2 ) )
1 + exp(ξ(rij − d1 ))

(6.2)

and is depicted in Figure 6.3 for the approximation of Fept. The associated parameters
for the exchange as well as the other material properties can be found in Table 6.1. The
mass in the simplified model is the sum of both components as both sort of atoms are
mapped on one lattice site.
Looking at the data presented in Figure 6.2, the next-nearest neighbors, located inplane at r = 1.44a0 , have nearly the same values as the pairs at r = 1.0a0 . Therefore
the exchange depicted in Figure 6.3 has values around unity at atomic distances of
rij = 1.0 a0 and rij = 1.44a0 . This means the iron atoms placed in-plane and interact
via direct exchange. However, the neighboring atoms with a distance of 1.2a0 are more
weakly coupled than the other nearest-neighbor pairs located at r = 1.0a0 , because they
are placed on a different layer and interact indirectly via the platinum atoms.
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FePt
exchange
d1 (a0 )
1.3
d2 (a0 )
1.220
ω (1/a0 ) 4.49
ξ (1/a0 ) 7.0
γ (1/a20 ) 120.0
C1 (J0 )
4.2
C2 (J0 )
2.25

(sc)
material
µs (µB ) 2.2
J0 (K) 250
λ (J0 )
0.08
a0 (Å)
3.85
m (u)
251
V0 (K) 1300
TC (K) 650

Table 6.1: Fitting parameters of the exchange function for FePt eq. (6.2) and material
parameters. The values are given in reduced units as used in the simulation.
The atomic mass for the model is the sum of the atomic masses of iron and
platinum.
This behavior gives rise to the strong spatial variation of the approximated exchange
function and creating strong gradients on the sites of the lattice. For further simplification the continuous exchange vanishes beyond a lattice distance of r = 2a0 .
The anisotropic part Hanis of the exchange is about 8% of the isotropic one and yields an
easy axis along the stretched c-axis. Furthermore, the arising anisotropy energy lies in
the experimentally found regime [148] and is consistent with previous theoretical models
[149, 150]. The energy difference for the magnetization orientated along the easy-axis
and perpendicular to that direction is about
∆Eanis = 1 × 10−22 J.

(6.3)

For the sake of simplicity no further anisotropic contributions are taken into account in
the proposed model.
To scale the exchange interaction to the correct value of J0 , the magnetization versus
temperature curve is computed with the Landau-Lifshitz-Gilbert equation, since the
convergence to the equilibrium magnetization value is much faster than in the MD-SD
approach. For the phenomenological damping a constant of α = 0.1 was used, so that
the spin configuration relaxes quickly to the equilibrium magnetization. The strong
gradients of the isotropic exchange function will not change the result much, because
the lattice deviations from the equilibrium values are not very distinct. The results are
shown in Figure 6.4, where the Curie temperature can be deduced as 650 K and the
general temperature dependence is in good agreement with previous simulations [150].
For further characterization of the simplified model used in the simulations, the resulting
magnetostrictive behavior is investigated for a small cluster of 103 atoms. The exact
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Figure 6.4: Magnetization as a function of temperature for the FePt parameters in Table 6.1. The experimental Curie temperature of 650 K is well reproduced
by the phenomenological exchange function. The curve was simulated using the Landau-Lifshitz-Gilbert equation within Langevin dynamics (see
section 3.6).
procedure is described more detail in section 4.2. Again the averaged length of the
sample dimensions for different alignments of the magnetization is considered. For the
lattice interactions a simple harmonic potential is assumed again, which take the same
atom pairs into account as in the Heisenberg exchange. As the Young modulus varies
for the amount of platinum in the compound, a simple approximation for the lattice
coupling constant V0 of 0.1 eV or 1300 K is chosen.
The result for the magnetoelastic response of the lattice is depicted in Figure 6.5 b),
where the temporal behavior of the lattice dimensions are plotted. To investigate the behavior for the equilibrium situation better the data for the lattice dimensions is averaged
in time over a period of 20 ps and depicted in Figure 6.5 c).
As mentioned in Table 2.11 the expected range of the magneto-elastic constants for
FePt are around λ100 ≈ 100 × 10−6 , which can be approximated when the system is
again in an energetic equilibrium. As the material could have different mixtures of iron
and platinum, the exact values of the magnetostriction constants depend on the precise
concentration of the individual components.
The important point in the magnetostrictive behavior is that the strong spatial gradients
in the exchange function do not influence the lattice response much, when the lattice
system is again energetically relaxed. In this regime the behavior is similar to the
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Figure 6.5: Magnetostriction for an FePt cluster. In plot a) the magnetic response to
the switch of the external field is depicted. The magnetization saturates
within 200 ps.The relative change parallel to the field of about 100 × 10−6
can be approximately reproduced after the system is again in equilibrium.
The length changes, depicted in plot b), during the field switches are much
stronger. The considered time averaged values, shown in plot c), are indicated by the orange and black line.

elements Fe, Co and Ni, which are discussed in detail in section 4.2. The parametrization
of the used model is capable of reproducing the expected equilibrium behavior of FePt as
the change in the lattice dimensions after reaching equilibrium are in the experimentally
determined range of some hundred parts per million. Nevertheless, the length changes
immediately after switching the direction of the magnetic field are much bigger than the
equilibrium values. This fact raises the question whether ultrafast dynamics stronger
deviations of the equilibrium lattice behavior can be possible.
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6.2 Magnetization dynamics for exchange quenching
after laser excitation
The aim of this section is to reproduce the magnetic behavior under strong laser excitations with strict conservation of angular momentum in the total system. To achieve this
goal the process of the ultrafast demagnetization is modeled as a nearly complete reduction of the isotropic exchange J(rij ), leading to a paramagnetic state for a short time. As
mentioned before, the high energy photons of ultrashort laser pulses are able to disturb
the Fermi-distribution of the electrons and for that reason the electronic band-structure
of the material significantly. Under these conditions the derived properties such as the
magnetic exchange interaction could be strongly modified. As the chapter focuses on
the lattice dynamics under ultrafast demagnetization it cannot cover all mechanisms and
discussions of the broad and active field of ultrafast magnetization dynamics. Further
information about the topic can be found in Ref [151].
Zhang et al. [142] calculated for 3d ferromagnetic materials that a reduction of the
magnetization within the ultrafast time regime is possible, even if only a few electrons are
strongly excited. The effect then spreads through the relaxation of the excited electrons
on the whole band structure of the material and lead to a notable demagnetization. A
similar behavior is predicted for a Mott-insulator [141], where the electronic structure is
easier to model in analytical calculations.
In the approach of this thesis the isotropic exchange function is reduced for the time
when the electronic system and the lattice are not fully in thermal equilibrium. Theories
based on multi-temperature models [152, 139] for the electrons and the phonons suggest
that this will be the case for approximately one picosecond after the optical excitation.
For the sake of simplicity the anisotropic coupling to the lattice remains constant during
the process. This term of the exchange allows the transfer of angular momentum from
the magnetic system to the lattice during the demagnetization process. This assumption
is hard to justify a priori, as a change in the electronic structure should modify higher
order terms as well. As the chosen form of the anisotropic exchange covers many different
mechanisms, it is hard to make a prediction for its behavior. Therefore, it is left in the
initially assumed regime of 0.08 J0 . Furthermore, the anisotropic spin-lattice coupling
leads to torques arising from the surface, which demagnetize the sample. The results
of the approach are in good agreement with the experimental findings, such that this
approach is validated a posteriori.
The assumed temporal response of the isotropic exchange function has a Gaussian form


J(rij , t) = J(rij ) 1 − Aq exp −ξ(t − tp )2 ,
(6.4)
where tp is the time, when the system is completely out of equilibrium and ξ the temporal
width of the quenching pulse, which controls how long the exchange is reduced. The
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amplitude Aq controls the reduction of the isotropic exchange and is chosen Aq = 1.0
for a complete reduction. The temporal behavior for the exchange pulse is plotted in
Figure 6.6.
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Figure 6.6: Temporal behavior of the isotropic exchange under quenching.
isotropic exchange follows a gaussian profile.

The

The adaption of the whole process is shown in Figure 6.7 a), where the temporal behavior
of the magnetization and the angular momentum components are depicted. Additionally
the evolution of the energy of the subsystems is plotted in Figure 6.7 b).
The quenching of the exchange starts at 4.5 ps, that corresponds to the time in an
experimental setup, when the laser pulse impinges on the sample. The electronic system
is then strongly excited and reaches the point of maximum disturbance at 5 ps. At
this time the isotropic exchange is completely quenched. Then the exchange interaction
builds up again over the next 500 fs and at 5.5 ps the system reaches a thermodynamic
state, which relaxes further.
Shortly after tp when the exchange completely vanishes, the demagnetization of the
sample starts and it takes only 100 fs for reaching the minimal value, which is in good
agreement with experimental findings. Interestingly the demagnetization does not start
at the point of the lowest exchange interaction but slightly after. As the angular momentum is transferred to the lattice and since the atomic nuclei have finite inertia due
to their mass, it needs a short time for the lattice to react to the change in the magnetic
system.
One can also see the total conservation of angular momentum as the lattice compensates any change in the magnetization completely, hence the dynamics of both systems
strictly obey the conservation law. In the beginning of the demagnetization only the
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Figure 6.7: Exchange quenching under laser irradiation. In subplot a ) the magnetization drops after the isotropic exchange was reduced. The lattice angular
momentum acts exactly opposite to the magnetization, therefore the total
angular momentum of the system is strictly conserved in the process. In
subplot b) the energy is shown, where one can see the reduction of the
isotropic exchange function within a gaussian profile. Before and after the
pulse the total energy is strictly conserved.
z-component varies, even after the system has reached its minimum absolute value of
the total magnetization. A contribution from the other components can be seen after
nearly a picosecond. When the precession around the uniaxial anisotropy field starts
and the magnetization is recovering again.
For a better understanding of the overall dynamics snapshots of the temporal evolution
for the magnetization are shown in Figure 6.8. Here one can see the influence of the
surface torques, as the magnetization has strongly changed at the edges of the cube,
whereas the central layers are less effected. As the torques act counterclockwise on the
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Figure 6.8: Temporal evolution of the magnetization. The quenching of the magnetization takes around 100 fs. The surface torques induce the demagnetization,
starting from the edges, which can be well observed in the snapshot at
5.1 ps. Here the margin spins are already turning, whereas the inner spins
are still unaffected.
different surfaces, the change is foremost only in the z-direction, while in the surface
layers the spins turn in the opposite direction, canceling each other out. After the pulse
reached its minimum at tp , the magnetic disorder spreads over the whole system, due to
the recovering isotropic exchange interaction. Finally after the quench pulse is over, the
magnetization builds up again due the uniaxial anisotropy in the z-direction. Meanwhile
the lattice rotates slightly around the z-axis due to the transmitted angular momentum,
but the effect is hard to see in the snapshots.
In Figure 6.9 a) the dependence of the demagnetization on the amount of exchange
quenching is plotted. One can see that it is necessary to quench the exchange nearly
completely, as the magnetization is rarely influenced by an exchange reduction of less
than 85%. Above that value the reduction of the magnetic order increases rapidly with
further reduction of the isotropic exchange. That behavior seems reasonable as the
demagnetization in experiments is also dependent on the power of the laser pulse [153].
These measurements show for higher laser fluences an increase of the magnetization
quenching. In the physical picture assumed in this work, the higher fluency leads to
a greater disturbance of the electronic system and the band structure. Therefore the
quenching of the magnetic exchange interaction is more profound. Another interesting
point is that the reduction of 95% respective to the initial value has almost the same
effect as the complete quenching of the exchange field. That means that the process does
not rely on a perfectly paramagnetic state, disregarding the length of time for which it
occurs.
The rate of the demagnetization is constant over all scenarios, as no faster demagne-
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Figure 6.9: Dependence of the demagnetization on the exchange quenching. For a significant demagnetization of the sample, shown in subplot a), one needs a
nearly complete vanishing of the isotropic exchange interaction. For all
cases a significant dip in the magnetization after the exchange reached its
minimum value can be seen. The exchange energy after the quench pulse,
subplot b), depends on the demagnetization, but otherwise the energy follows the profile without a notable deviation.
tization can be seen for increased exchange quenching. In Figure 6.9 b) the temporal
evolution of the isotropic exchange is depicted. The energy follows the profile of the
quenching pulse without any significant deviations, even in the case when the magnetization nearly vanishes as a whole and the spin configuration changes drastically, which
can be achieved by a complete reduction of the exchange.
In Figure 6.10 a) the influence of the spin-lattice coupling strength on the demagnetization is depicted. This variation in the coupling is possibly induced by strains in the
experimental sample as the material does not perfectly match the lattice structure of
the substrate or general modifications of the structure caused by impurities and defects.
The rate of demagnetization grows with a stronger anisotropic spin-lattice coupling as
the torques on the magnetization become stronger. Additionally a stronger coupling between lattice and magnetic system leads to an increase of demagnetization in the sample.
That behavior is expected as the surface torques induced by the anisotropic coupling
are growing stronger and therefore their influence on the magnetization increases.
Furthermore, the cusp that occurs when the isotropic exchange reached its minimal
value and the oscillations of the magnetization, become more pronounced with increasing
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Figure 6.10: The dependence of the demagnetization on the strength of the spin-lattice
coupling λ. In subplot a) one can see that a stronger coupling leads to
a more profound and faster demagnetization. For strong couplings the
magnetization is nearly reversed. In subplot b) the temporal evolution
of anisotropic exchange energy is shown. As the isotropic exchange it
depends on the spin configuration and is reduced by the demagnetization.
anisotropic coupling. For higher values of the anisotropic exchange, the system could
also end up in a state of reversed magnetization, as the magnetization builds up in the
opposite direction of its initialization.
In Figure 6.11 the dependence of the resulting demagnetization under exchange quenching of the sample dimensions are shown. For increasing sample size the effect diminishes,
because the ratio of the surface atoms to bulk ones gets smaller and therefore the torques
acting on the margin of the sample have less influence on the total magnetization. This
size dependency can be found in experiments [154], where it is also found that the demagnetization is weakened by increasing the film thickness of the material. In Ref. [154]
experiments were performed in FePt.
This section has shown that, assuming a time dependent isotropic Heisenberg exchange,
the Hamiltonian of this thesis can reproduce essential experimental findings in ultrafast
magnetization dynamics. Therefore, the method represents a novel way of investigating
ultrafast magnetization processes. With the suggested exchange quenching it is now
possible to characterize the role of angular momentum flow with respect to the lattice
dynamics. The outstanding advantage of the method is the strict conservation of total angular momentum, an aspect, which is often neglected in other approaches, but
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Figure 6.11: Demagnetization under exchange quenching for different system sizes.
The effect weakens as the systems get larger as the surface torques have
minor influence. For the largest system consisting of 323 atoms the magnetization stays nearly constant while the isotropic exchange is quenched.
imperative for the understanding of ultrafast demagnetization processes.

6.3 Lattice strain dependence of magnetic exchange
gradients
Another problem this chapter addresses is that ab-initio calculations of the exchange
integrals do not provide information about the spatial behavior of the isotropic exchange
interaction around resting lattice positions. Therefore, approximations for the energy
variation around these equilibrium points are necessary to determine the influence on
the lattice movement further. For the neighbor shells with the closest distance, one
would assume that the resulting exchange energy value is an extrema in the energy
landscape, because it is mostly dominated by the overlap of the atomic orbitals. The
overlap should be extremal if the lattice is in its equilibrium configuration. But as Figure
6.2 suggests, even small variations in the lattice can have an influence on the magnetic
energy landscape leading to the assumption, that the gradients at these positions must
be more profound.
For a discussion of the non-equilibrium lattice response under ultrafast demagnetization
process, described in section 6.2, is investigated. This thesis focuses on one aspect in
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particular being the variation of the isotropic exchange for extra-layer coupling. This
quantity is responsible for the strong gradients in the overall magnetic exchange as the
platinum prohibits the direct exchange between the different layers. The impact on
changing this value is expected to have the greatest influence on the lattice dynamics.
To investigate the described situation in detail, the spatial gradients of the exchange are
slightly varied by changing the magnetic exchange around the neighbors with a distance
of r = 1.2 a0 . To achieve this, a set of isotropic exchange function is considered, which
is depicted in Figure 6.12 a). The varied parameter throughout the set is the position
of the exchange correction d2 , which modifies the local minimum around the placement
of the extra-layer neighbors. As one can see, the change in the parameter influences
only the extra-layer behavior since the curves converge at the other lattice sites, which
represent the neighbors in-plane and where the magnetic exchange are dominated by
the direct iron-iron exchange interaction.
The variation of the magnetic exchange varies the sign of the gradient at the point
r = 1.2 a0 , such that the resulting forces on the lattice act in different directions for
the different isotropic exchange functions. The absolute value of the exchange energy
for this distance is very similar within the set of the exchange functions, except for the
largest value d2 = 1.250 which leads to a slightly stronger coupling.
Figure 6.12 b) shows the resultant compression and extension of the lattice under ultrafast magnetization quenching for the different isotropic exchange functions. The
corresponding time evolution of the magnetic z-component is depicted in Figure 6.13
and will be discussed later on. For a further analysis of the lattice dynamics the relative
length changes in the dimensions of the total sample are calculated, the same way it was
done for the determination of the equilibrium magnetostriction in section 4.2 and 6.1.
One can see that the different gradients in the exchange functions cause a periodically
expanding or shrinking of the z-dimension. The other components react in the opposite
direction, for conservation of volume, like in the case of the equilibrium magnetostriction.
A further observation is that the different gradients otherwise modify the amplitude
of the induced lattice oscillation, whereas the frequency approximately the same in all
cases. This observation can be understood by the fact that the coupling energies of the
Heisenberg exchange functions are all very close to each other, resulting in the same
frequencies.
Another observation is that the influence of the quenched magnetization become weaker
for the cases with a larger amplitude of the lattice oscillation. The exchange energy
landscape leads in these cases to strong forces on the lattice, even without the temporal
reduction of the isotropic exchange. Thus the brief time during the diminishing of the
isotropic exchange has almost no impact on the lattice dynamics.
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Figure 6.12: Variation of exchange gradients for extra-layer coupling and the resulting
dynamical lattice response. In subplot a) the gradient for the neighboring
layers varies due the shift d2 of the exchange correction, whereas the
inter-layer exchange is unaffected. Subplot b) shows the behavior of the
averaged z-component of the lattice dimensions. Depending on the sign
of the gradient the lattice expands or shrinks periodically after the quench
of the magnetization.
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Figure 6.13: Demagnetization for slightly different exchange functions (see Figure
6.12). The gradients for the extra-layer exchange is varied. For the rate
of the demagnetization the gradients of the exchange function does not
play a role, as the demagnetization is for all cases nearly identical.
These cases make clear how sensitively the lattice movement reacts to the exchange
gradients. As mentioned earlier the experimental situation is unclear as the preparation
of the sample plays an essential role and ab-initio data provides no information about
the variation around the equilibrium lattice positions, so one has to make an educated
guess for the deviations. The gradients and therefore the force on the lattice would be
very difficult to determine by the ab-initio methods, as the exchange integrals would
have to be calculated for a vast variety of lattice configuration. This task is beyond
the actual available computational power at this point in time, as the numerical effort
increases tremendously.
In the following part of this chapter it is therefore assumed that the strains in equilibrium
are minimized, as the system has had enough time to equilibrate and the lattice will have
arranged in a way, such that only minimal forces act on the atoms. In the considered case,
the scenario is best described by the parameter d2 = 1.22 a0 , which is indicated in Figure
6.12 drawn with black lines. That parameter is used for the further investigations, as the
lattice dimensions show only minimal deviations before the ultrafast demagnetization,
indicating that the total system is closest to an equilibrium configuration.
The magnetization response upon the exchange quenching as shown in Figure 6.13 is
unaffected by the variation of the isotropic exchange, even for the case where there
are no lattice dynamics in the beginning. This can be explained by the fact that the
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demagnetization is triggered by the surface torques created by the anisotropic exchange
part. The variation of the absolute value for the intra-layer exchange is small, so that
the relation between the isotropic and the anisotropic parts of the exchange is almost
constant. Therefore, the demagnetization behavior for the complete set of exchange
functions is almost identical. The behavior is therefore not surprising and indicates that
the lattice movement has only minor influence on the magnetization dynamics.

6.3.1 Enhanced magnetostriction under ultrafast demagnetization
In this part the findings of the previous section 6.3 are compared to recently performed
experiments, which were able to determine the dynamical lattice response under the
ultrafast demagnetization [23]. The outcome of the measurements are shown in Figure
6.14, where the behavior of the magnetization as well as the lattice spacing are plotted
against time.
In this setup single-crystalline FePt-nanoparticles embedded in a carbon matrix [23] are
used and the magnetic signal shows the typical demagnetization behavior under various
pulse strengths in plot a). In subplot 6.14 b) the normalized dimensions of the unit
cell are depicted. This plot indicates that the lattice axes behave differently and one
axis becomes smaller while the other grows. This difference is well approximated by the
fitted harmonic oscillations, which vanish after about two cycles.
Another aspect worth mentioning is that the dynamics do not return to the initial values
of the spacing as there remains a difference in the dimensions of 0.3% after the measuring
time of 20 ps. This gap indicates that a further modification in the lattice potentials has
taken place. The experimental techniques consists of X-Ray spectroscopy and electron
diffraction, which allow to track the lattice movement on the relevant timescales and
the magnetization dynamics simultaneously. The experiments were carried out at the
Stanford Linear Accelerator Center, which is able to reach the necessary timescales and
intensity in the spectral regime of soft x-rays.
As mentioned in section 4.2, the effect of the magnetostriction due to the spin-lattice
coupling is normally in the range of parts per million. For the metals Fe, Co and Ni the
resulting length changes lay in the regime of 100 parts per million. For the FePt model
used in this work the behavior is shown in Figure 6.5, where the effect is in the expected
range of other ferromagnetic materials, although the exact values are dependent on the
precise composition of the alloy. As these values are determined in scenarios close to
equilibrium, the recent experiments indicate that under ultrafast laser excitation these
values change tremendously.
In the simulation the behavior of the lattice dimensions is comparable to the experimental dynamics as shown in Figure 6.15. In subplot 6.15 b) the effect of the demagnetization
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Figure 6.14: Experimental data for ultrafast strains in FePt. The samples show the
expected ultrafast demagnetization behavior as shown in subplot a) The
dimensions of the unit cell are depicted in subplot b) The response is
nearly harmonic oscillations which vanishes after a few cycles. After 20 ps
a gap of 0.3% between the lattice axis remains. Picture taken from [23].
on the sample dimensions is depicted. Here the lattice oscillations have an amplitude of
nearly 0.3%, which is almost two orders of magnitude larger than the equilibrium length
changes and very close to the values found experimentally.
As one can see, the lattice starts to oscillate with an increased amplitude after the
magnetization has reached its minimum. The oscillations also show a slight deviation
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Figure 6.15: Lattice response after ultrafast magnetization quenching. In subplot
a) the temporal evolution of the magnetic components are show. The
quenching pulse is centered around 5 ps, leading to the ultrafast demagnetization. In subplot b) the lattice response is depicted. With the reduction of the magnetization the lattice movement get stronger.

from a harmonic oscillation with just one frequency as the oscillations do not have a
perfect sinusoidal shape. Furthermore the z-dimension representing the lattice c-axis
behaves in a opposite manner to the x− and y−dimension, which are the lattice a-axes
and show nearly identical dynamics.
However, the oscillations are more strongly damped in the experiment than in the simulations as the coupling to the environment cannot be neglected in the experimental case.
Otherwise the behavior can be well reproduced, as the oscillations in the experimental
case are also close to being harmonic. A feature, that cannot be reproduced, is the different lengths of the axes after the oscillations had vanished. There is the possibility that
FePt undergoes a structural phase-transition in certain configurations , which enhances
the magnetostriction significantly [155, 156]. As the harmonic lattice potential cannot
reproduce structural changes in the lattice, this behavior has to be investigated with a
more suitable lattice potential.
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6.3.2 Demagnetization with random field pulse
To ensure that the observed behavior in the previous section is due to the reduction of
the isotropic exchange and the forces acting upon the lattice due the varying exchange
gradients, a different approach is also pursued in the following scenario. In this scenario
the magnetization is quenched by an artificial randomization of the spin configuration.
This way one generates a magnetic configuration in the sample identical to the configuration after the ultrafast demagnetization. The difference to the prior procedure is that
no angular momentum is transferred from the magnetic system into the lattice.

Figure 6.16: Atomic trajectory in highly symmetric environment. The setup, shown in
subplot a), consists of a center atom surrounded by fixed neighbors. The
trajectory in subplot b) follows a double cone, while the other atoms are
resting. A similar collective behavior in the lattice could explain effects
occurring under ultrafast demagnetization [23].
This scenario helps to clarify the role of spin angular momentum transferred into the
lattice for the lattice movement of the atomic nuclei. One can think of the possibility
that the transfer of angular momentum from the spins to the lattice induces a collective
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circular movement of the lattice atoms, which alters the lattice dimensions in a similar
way to the findings in the section above.
A possible realization for such dynamics is depicted in Figure 6.16, where a spin is surrounded by fixed neighbors whose magnetization points in the z-direction. The center
spin has a tilted magnetization of 45◦ to the environment and is given an initial momentum p in the z-direction as well. The trajectory of the center spin then lies on a
double cone. Assuming all atoms behave coherently, but with phase differences along
the sample, this could also cause an alteration of the lattice dimensions, similar to the
behavior found in experiment [23]. An expansion of the z-dimension could be achieved
by the top layer of the system going up, while the bottom layer goes down.
That collective movement would increase one dimension by shrinking the other two and
therefore lead to an behavior found in the experiment. Further simulations show that
the trajectory depends very much on the initial momentum. This circumstance make
a synchronous movement highly unlikely without any particular mechanisms to trigger
it, as the lattice momenta are thermally distributed in the experimental case and the
interaction of the moving neighbor atoms will disturb the trajectory further.
In the case of an arbitrary randomization of the spin system, no angular momentum and
energy is transferred to the lattice during the reduction of the magnetization. Therefore
possible changes in the sample dimension are due the changing energy landscape of the
potential formed by the isotropic exchange, which is proportional to the expectation
value hSi Sj i and hence the potential changes with the altered spin configuration of the
sample.
The full process is now depicted in Figure 6.17, where once again the magnetization
components as well as the components of the lattice angular momentum over time are
shown. One can see in Figure 6.17 a) that the magnetization dynamics differs a little
bit from the isotropic exchange quenching, as the magnetization fluctuates more after
the random reduction and needs more time to build up again. The reason for this
behavior is, as discussed in section 5.2, that the lattice coupling provides only little
damping effects in situations close to equilibrium. As Figure 6.17 b) shows, the energy
relaxes after the randomization of the magnetization more like in the case of the regime
close to equilibrium (see section 5.2). Nevertheless, the vanishing magnetization has the
effect that the contribution of the isotropic magnetic exchange in the lattice potential
is reduced, such that the strains induced by the procedure are equal just like in section
6.3.
The response of the lattice is shown in Figure 6.18 c) and for a better comparison the
behavior under exchange quenching is also plotted in the figure. One can see that the
response is very similar in the direction of the length change as well as the amplitude
and the oscillation frequency of the harmonical response. Due to the different magnetic
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Figure 6.17: The magnetization is reduced by a randomization of the spin configuration. No angular momentum is transferred into the lattice during the
demagnetization in subplot a). After the reduction the total angular momentum is conserved again. The relaxation dynamics differs from the case
of exchange reduction and matches less the experimental data. Subplot
b) shows the time evolution of the different energies of the total system.
The relaxation is slower compared to the case of the isotropic exchange
quench.

configuration in the random pulse, some deviations occur in the further temporal evolution. In Figure 6.18 b) the lattice angular momentum in both scenarios is shown. The
difference in the transferred angular momentum is nearly an order of magnitude smaller
due to the relaxation dynamics after the pulse. The lattice angular moment in case of the
randomized ensemble has an opposite sign in the end, as the lattice angular momentum
is negative in that case. This always has to be the case, since the lattice compensates
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Figure 6.18: Comparison of lattice response for randomization of magnetization and
exchange quenching. Similar behavior as in the case of exchange quenching is found. That lead to the conclusion that the transfer of angular
momentum does not play a decisive role in the lattice behavior.
the flow of angular momentum for the recovery of the magnetization depicted in Figure
6.18 a).
The conclusion from this part is that the angular momentum transferred into the lattice
does not play a crucial role in the lattice movement. The main mechanism for the
generated lattice strains is the change of the exchange energy, no matter how it is
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induced. As the isotropic exchange has the largest energy contribution in the magnetic
system, it is not surprising that it has the largest impact on the overall dynamics of
both systems.

6.4 Summary
In this chapter the possibility of modeling ultrafast demagnetization processes within the
framework of the MD-SD approach was discussed. It was shown that the quenching of the
isotropic exchange function, while the anisotropic part of the exchange is still around its
equilibrium strength, can lead to ultrafast demagnetization processes and strong lattice
strains after the magnetization has vanished. The advantage of this approach is that
the angular momentum can be strictly conserved during the demagnetization and is
transferred to the lattice, although the transfer of angular momentum plays a minor role
in the lattice response.
The procedure of exchange quenching was then applied to a model system with a set
of parameters, which were designed to approximate the commonly used material FePt.
The main focus lies upon the strong exchange variation between the atoms which are
placed in the same layer and its neighboring layers. Furthermore, the material allows a
comparison to recent experimental measurements.
To prove that the exchange quenching leads to a reasonable degree of demagnetization,
the dependence on the amplitude of the total amount of isotropic exchange quenching
dynamics and the strength of anisotropic coupling with respect to the lattice was investigated. The most relevant result is that the isotropic part has to almost completely
quenched in order to have a significant effect on the magnetization. An increase of the
anisotropic exchange part also leads to a more pronounced and faster demagnetization.
The main driving force for the demagnetization in the physical model assumed in this
work are surface torques induced by the anisotropic part of the exchange, which are able
to demagnetizes the sample in some hundred femtoseconds. The angular momentum is
transferred into the lattice during that process.
Furthermore the size dependence of the effect was investigated. In agreement with the
experimental findings it was found that the demagnetization gets more profound with
increasing anisotropic coupling and is weakened for bigger system sizes. That can be
explained by the fact, that the surface toques have less impact on the total magnetization
in larger systems.
The exchange gradients are decisive for the behavior of the ultrafast elastic strains.
They determine whether the lattice dimensions shrink or expand and the amplitude of
the lattice oscillations. The different lattice response for the a− and c−axes, found in
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experimentally, can be reproduced to an acceptable degree, as one sample dimension
shrinks while the others grow.
With a reduction of the magnetization with a random field pulse it was shown that
the transmission of angular momentum from the magnetic system into the lattice plays
almost no role in the lattice response. The behavior in the case where no angular momentum was transferred is almost the same as in the case where the angular momentum
is transferred from the magnetic system into the lattice.
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magnetic domain wall movement
For further advances in magnetic recording technology it is highly desirable to gain
a better understanding of the possible ways of manipulating magnetic structures like
domains or skyrmions [157]. Their properties set the limits for the storage capacity of
information as well as the accessible writing and reading performance of the device. As
the control of magnetic domains becomes a topic of high interest due to its potential
applications in storage devices [158, 159], the interaction between phonons, electrons
and magnons have to be studied in detail to identify the key mechanisms for steering
the dynamics of the magnetic structures.
A promising application where the dynamics of domain walls will play a decisive role is
the magnetic racetrack memory [158], which is depicted in Figure 7.1. Like in an ordinary hard disk drive the information is stored in the polarization of a magnetic domain.
However, the domains are moved over the read or write head not by mechanical rotation
of the magnetic disks but by moving the domains itself via spin-polarized electrical currents. A further advantage is that single racetracks could be used in a three dimensional
array, which increases the possible storage density tremendously.
While the influence of electric currents on domain wall structures is found experimentally
[160, 161] and can be theoretically modeled [162, 163, 150] very well, the impact of
thermal gradients [164, 150, 28] in the sample and of phononic currents is less well
understood. An example for the possible influence of the lattice is the discussed phononmagnon drag [165, 33], where a non-equilibrium phonon distribution leads to a magnonic
current.
Theoretical thermodynamic considerations [28] suggest a general movement into the
warmer areas in temperature gradients, because the free energy of the domain wall is
minimized that way. Another argument based on angular momentum conservation leads
to the same result if magnonic waves travel through the domain wall [166]. As these
thermal gradients, which are considered in the total system, lead to a flow of magnons
as well as phonons, an understanding of the lattice influence on the magnetic system
would be extremely useful. Especially a discrimination between the different sources
is tremendously difficult in an experimental setup. Computer simulations enable the
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Figure 7.1: Sketch of the racetrack memory. The domains are moved by electrical
currents, which makes a permanent magnetic memory possible without
moving mechanical parts. In subfigure E) a possible three-dimensional
array is shown. Figure taken from [158].
study of the involved dynamics in detail and separate the different influences or identify
possible constraints.
This chapter will now elaborate on the effect of lattice excitations on magnetic domain
wall motion. An outline of used material parameters, which are orientated at YttriumIron-Garnet, is given and then the different types of excitations are explained. All
excitations are used to drive a magnetic domain wall in a slab geometry. The behavior of
a domain wall under elastic bending modes and torsional modes in a simple slab geometry
is investigated. The bending modes are of interest as this situation can nowadays be
precisely studied in free standing magnetic nanostructures [167, 116]. For comparison
the influence of monochromatic magnonic modes are investigated as well.
The torsional lattice modes are similar to magnonic excitations as they also carry angular momentum and are therefore very similar to magnonic currents. In that sense
a comparison between the two excitations can clarify the role of angular momentum
transfer in domain wall movement. Finally, the behavior of the magnetic structure under phonons created by thermal movement of the atoms, is discussed. This scenario
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is closer to the experimental setups for thermal gradients as a broad distribution of
phonons is generated by for example an optical laser excitation used for the generation
of the temperature difference.

7.1 Magnetic domain wall structures and dynamics
This section briefly presents the fundamental principles for the creation of magnetic
domains and the transition region between this regions, the magnetic domain walls.
Furthermore, the most common ways for induced domain wall dynamics are discussed.

7.1.1 Domain wall structures
As many different interactions are involved in the creation of magnetic order, which
often compete with each other, the ground states of magnetic materials are often very
complicated. As outlined in section 2.3.4, the magnetic dipole-dipole interaction leads
to an antiferromagnetic order on longer distances as such configuration is energetically
preferable due to its minimized stray field. Competition with the Heisenberg exchange
(see section 2.2.1) leads parallels magnetic order not for the whole sample, but in smaller
areas only. The whole sample is then divided into subareas with parallel magnetization,
while one area to another is not orientated parallel. These areas are called magnetic
domains.
Depending on the geometry of the sample the majority of domain walls can be described
in two ways. The one, called Bloch-type [49], describes a configuration where the magnetization turns out-of-plane for the change of orientation between the different domains
and the Néel-type [49], where the magnetization varies in-plane as depicted in Figure
7.2.
While Bloch walls mostly occur in bulk configurations [168], Néel walls occur in thin-film
geometry, as it is energetically unfavorable for the magnetization to point out of the film
due the the large induced stray field of the magnetic moments.
Another competing energy contribution to the isotropic exchange is the magnetocrystalline anisotropy, which favors sharp transitions between the areas of different magnetic
orientation, while the isotropic exchange would favor only small variations of the magnetization and therefore very broad domain walls. In an exclusively Heisenberg exchange
system with uniaxial anistropy the width of a domain wall is given by [150]
r
A
,
(7.1)
δdw =
K
where A is the micromagnetic exchange stiffness and K the uniaxial anisotropy constant.
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Bloch domain-wall:

Néel domain-wall:

Figure 7.2: Comparison between Bloch and Néel domain wall. In the Bloch wall the
magnetization changes out-of-plane, while in the Néel wall the magnetization turns in-plane.
Complex magnetic materials can also show an extended range of complicated magnetic
structures like magnetic bubbles or skyrmions, where the magnetization changes on even
smaller length scales than in the domain walls.

7.1.2 Mechanisms of induced domain wall movement
Consider there are external magnetic fields and associated field gradients to move the
domain via the Zeeman coupling. This scenario requires strong fields for a quick movement of the domain, which makes applications difficult as a high field would saturate
the magnetization and let the domains vanish. Another mechanism which limits the
maximal velocity of the domain wall is the Walker-breakdown [37, 169], where the domain starts to rotate and does not move linearly in one direction. To overcome these
obstacles intrinsic ways of moving the magnetic structure are highly preferred.
As electrons carry angular momentum due to their spin, it is possible to move magnetic
domain walls via a spin-polarized electric current, which changes its polarization as it
passes the domain wall and therefore moves the magnetic structure [99]. Technically
the mechanism is limited by the maximal current one can apply without destroying the
sample due to Joule heating and reduction of the magnetization due to rising temperature
before the melting.
The process is schematically shown in Figure 7.3, where a current is applied to the right
hand site and flows to the left. As the electron changes its polarization, following the
domain wall profile, the transferred angular momentum from the spin change pushes
the domain wall to the right. The mechanism is quite general as it only relies on the
conservation of angular momentum. For the possible domain wall velocity one can
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jc

Figure 7.3: Domain wall motion due to spin-polarized electron currents. The polarized electrons jc pass the domain wall and change their polarization. The
angular momentum from the spin-flip pulls the domain wall to the current
source to compensate the angular momentum flow from the electron current. The mechanism describes the domain wall dynamics in ferromagnetic
materials.
calculate [99]
vdw

βme me δdw γ
=
±
α⊥
4χ⊥

s

ux
uw

2
− 1,

(7.2)

where ux is the electrical current in x-direction and uw the critical current at which the
Walker-breakdown occurs
γme
α⊥
uw =
δdw
.
(7.3)
χ⊥
|α⊥ − βme |
Typical attainable velocities in ferromagnetic materials are of the order of 100 m s−1 .
The use of specially designed antiferromagnetic materials can increase the speed of the
domain wall drastically [170, 159].
Magnonic currents are another possibility to move domain walls along a sample. Because they carry, as quasiparticles describing a spin wave (see section 2.1.2), angular
momentum of at least h̄. Therefore magnons are able to induce domain wall motion the
same way as spin-polarized electronic currents could.
Other properties, like the dispersion relation and the interaction with the domain wall,
differ from electronic currents naturally. Thus magnons have the possibility to be reflected at a domain wall, which is improbable for electrons. In that case the domain
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wall would be pushed away from the source of the magnonic waves [171], because the
angular momentum accumulates on the side of the excitation.
Recent studies [163] show that a thermal gradient, which can be induced by laser sources
on ultrafast time scales, is also able to induce domain wall motion by creating thermally
distributed magnonic excitations in a sample. As a laser can be focused on a precise
spot on the sample, the position of the magnon source can be varied. This optical
application could offer new possibilities in the control of domain wall dynamics [172]
and their application in magnetic storage technology.

ez
δdw

θ

φ

ey

ex
Figure 7.4: Angle definition in a magnetic domain wall. The domain wall width is
described by its length δ and the out-of-plane angle φ. For further characterization the in-plane rotation angle θ is needed. Figure created after
[150].
For the possible velocity a domain wall can reach in a temperature gradient one can
calculate [150]


2 ∂A α⊥ (1 − k) sin(2φ)
φ̇ = γ Hz −
−
(7.4)
Ms me δ ∂z
2ξ⊥



2
∂A
γ
α⊥
δme
δMs me Hz − 2
vdw =
1+ 2
−
φ̇.
(7.5)
α⊥ Ms
me
∂z
α⊥
The rotation angle φ and the domain wall width δdw are depicted in Figure 7.4. In
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comparison to the electrically driven domain wall motion in ferromagnets the use of a
thermal gradient could lead to higher domain wall velocities.
As the angular momentum transfer plays a crucial role, one can think of further ways to
manipulate the magnetic structures by the coupling to the phononic system. Especially
torsional lattice waves, which carry angular moment can interact with a magnetic domain
wall. For this case a similar situation as described above can be found, but again the
dispersion relation is different to other particles. Furthermore, the amount of angular
momentum can be much higher as a torsional lattice excitation carries much more mass
than the excitations of magnons or electrons. Especially in the experiments, where a
thermal gradient is created on the sample, the thermal energy creates magnonic as well
as phononic excitations that interact with the magnetic domains.

7.2 Model system for domain wall movement and
applied excitations
To study the influence of phonon flows induced by temperature differences along a sample, a simple slab geometry with suitable boundary conditions is considered. In many
experiments the material Yttrium-Iron-Garnet (YIG) [173] is used, which is ferrimagnetic but can be approximated as ferromagnetic with a magnetic moment of µs = 10.0 µB
and a lattice constant of 12.3 Å in a simple cubic lattice structure. The Néel temperature
is 559 K and the atomic mass for a total unit cell is 760 u. The magnetic damping in
ferromagetic resonance is low with values for α of about 10−5 [173]. Furthermore the
material has only a weak magnetic anisotropy and is elastically nearly isotropic (see
Table 2.7). The magneto-elastic coupling [174, 13] is also small with the constants (see
section 2.5 for further details)
B1 = 3.48 × 105 J m−3
B2 = 6.96 × 105 J m−3 .
To estimate the necessary strength of the spin-lattice coupling the formula
(B1 + B2 ) · a3o
λHanis
=
≈ 0.025
Hiso
KB TC

(7.6)

is applied. The order of magnitude for the magneto-elastic coupling lies in the same
region as for Fe, Co and Ni.
To model this material, a simple exchange function is chosen, which leads to ferromagnetic coupling. One can see that the main distributions are due to the nearest and
next-nearest neighbor interactions, as the exchange decays quickly with growing distance. This is a tremendous simplification of the material, but as the thesis focuses on
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the principal effects arising from the spin-lattice coupling it seems justified to consider
such a reduced model. The exchange function is shown in Figure 7.5 and the exact
parametrization is given in Table 7.1.
YIG (sc)
exchange
d1 (a0 ) 1.121
d2 (a0 )
1.80
ω (1/a0 )
3.5
ξ (1/a0 )
4.7
2
γ (1/a0 ) 20.0
C1 (J0 ) 1.718
C2 (J0 )
0.1

material
µs (µB ) 10.0
J0 (J) 5.3−21
λ/J0
0.021
a0 (Å)
12.3
m (u)
760
V0 (K)
1300
TC (K)
559

Table 7.1: The model material parameters for a simple cubic lattice. The system is
used for simulating domain wall movement in a ferromagnetic slab. The
magnetic properties describe the material YIG [173, 175].
The model is described by the total Hamiltonian
Htot = −

X
<i,j>

|
+

X (Si rij )(rij Sj )
X
−
µ
B
Si
S
ex
rij 6
<i,j>
i
{z
}
|
{z
} |

J(rij )Si Sj + λ
{z

Hiso

}

Hanis

X
X p2
i
+ V0
(|rij | − d)2 .
2m
| i {z } | <i,j> {z
}
Hkin

HZeeman

(7.7)

Hlat

The used continuous exchange function J(rij ) (see section 2.2.4 for more details) has
again the form of


C1 cos(ω(rij − d1 ))
2
+ C2 exp(−γ(rij − d2 ) ) .
(7.8)
J(rij ) = J0
1 + exp(ξ(rij − d1 ))
To study the influence of lattice movement on a magnetic domain with this model, a
Néel domain wall is initialized in the center of a slab in an head-to-head configuration.
Although the model does neither include long-range dipolar-dipolar interaction nor an
extra uniaxial magnetic anisotropy, the domain wall is stabilized by the boundary conditions, because the magnetizations on the margins of the slab point in opposite directions.
The anisotropy arising from the spin-lattice coupling stabilizes the configuration of the
domain wall furthermore. The spins in the margin layers are not time integrated and
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Figure 7.5: Exchange function with strong nearest-neighbor interaction. The exchange
leads to a strict ferromagnetic order, as no sign changes occur for any
neighbor shell. The small contributions of the exchange for neighbors in
larger distance than 2 a0 are not considered, as in the simulations only
neighbors within a distance of 2 a0 are taken into account.
hence forcing a stable domain wall profile. An example configuration can be seen in
Figure 7.6, in which the slab has a cross-sectional area of 8 × 8 atoms. The length of
the slab is varied between 64 and 256 atom layers, where a larger slab is preferable as
the domain wall is able to travel further from its initial position.
To initialize the domain wall a profile of a hyperbolic tangent in the z-direction with the
domain wall width w is chosen
mz (z) = tanh(wz),

(7.9)

while the the y-component follows
my (z) =

p
1 − m2z (z)

(7.10)

to ensure that the magnetization stays normalized. For the considered cases a domain
wall with w around 20 atomic layers is chosen. The spatial variation of the three magnetization components is shown in Figure 7.7. This configuration leads to a domain wall,
which is close to equilibrium since the changes in the profile stay in small regime without external exitations. Through the boundary conditions of fixed atomic spins at the
margins and the anisotropic spin-lattice coupling the domain wall keeps the initialized
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Figure 7.6: Domain wall profile, stabilized by boundary conditions. The system is in
a head-to-head configuration with a Néel wall in the middle of the slab.
profile during the simulated times. The described system can now be used for the determination of the displacement of the domain wall under different external excitations
originating from the left or right side of the slab.
For this work two kinds of excitations are considered in detail. The first is a monochromatic magnonic wave, where the spins at the margin are rotated with a constant frequency. For the dynamics of the margin spins an oscillation is applied, following [164]
S0x (t) = A cos(ωmag t)

(7.11)

S0y (t)

(7.12)

= A sin(ωmag t)
√
S0z (t) = 1 − A2 ,

(7.13)

with the amplitude A of the spin wave.
To simplify the analysis of the wave propagation the considered quantity in the rest of
the sample is the magnon angle θ, which is calculated by
 
my
θmag = arctan
.
(7.14)
mz
The angle θmag is consistent with the coordinate system depicted in Figure 7.4.
The magnetization dynamics in the rest of the system then follows approximately the
time evolution of a plane wave through the slab
S(r, t) = A0 exp [i (kr − ωmag t)] ,
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Figure 7.7: Profile of the domain wall. In a) the z-component changes from -1 to 1.
In the center of the wall the magnetization points in y-direction. In plot
b) the same situation is depicted for the angle θ, which shows the narrow
transition region in the middle layers of the system.
where the k vector is parallel to the z-direction of the slab and ωmag is the frequency of
the magnonic wave. In Figure 7.7 the angle θ is shown for the initial conditions of the
domain wall, where one can see the narrow transition in the domain wall by the sign
change of the z-component.
In the second scenario the influence of a torsional wave (see section 2.4.2 for further
details) in the lattice is examined. The form is very similar to the one of magnonic
waves, in analogy to the magnonic wave the lattice rotation angle ϕ, which is depicted
in Figure 7.9, is calculated by
 
ry
.
(7.16)
ϕ = arctan
rx
The time evolution of the total wave can again be considered in good approximation as
a plain wave along the z-direction. A major difference is that the lattice does not make a
full revolution around the z-axis. The reason for that is, that a homogeneous rotation of
the whole sample can be transformed to a constant magnetic external field, which is the
statement of the Barnett-effect [176]. For a sample rotating with the angular velocity Ω
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φ

Figure 7.8: Generation of a monochromatic spin wave by rotating the spin at the margin with a defined frequency ωmag . The frequency is chosen in a regime, in
which the exchange coupling leads to a further propagation of the wave.
one gets
B=

Ω
,
γ

(7.17)

where γ is the gyromagnetic ratio. As long as the revolution of the sample is not extremly
fast, the resulting magnetic fields are weak. Furthermore this scenario is difficult to
realize experimentally as the samples are seldom freely suspended, but deposited on a
fixed substrate.
In this work the influence of torsional waves generated by a modulation of the lattice
momenta p(r, t) in the margin layer
p0 (r, t) = A sin(ωtor t) · nr

(7.18)

are examined, where nr is perpendicular to the position vector r and lies in the x − y
plane of the system. That way the time evolution of the lattice rotation angle for the
whole system can again be described as a plane wave
ϕ = A0 exp [i (kr − ωtor t)] .

(7.19)

Since this lattice excitation carries an oscillating angular momentum in the propagation
direction, while longitudinal and transversal phonons have no angular momentum, they
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are able to interact with a magnetic domain in a similar way as magnons. For simplicity
in most cases an average of all spins and lattice positions in one layer is considered (for
further details see section 3.8) for the evaluation and further analysis.

a)

b)
ϕ

Figure 7.9: Schematic sketch of the torsional excitation for margin atoms of the magnetic slab. In plot a) the equilibrium positions of the atoms are shown.
In b) the positions after the torsional displacement. The angle ϕ gives
the deflection from the equilibrium position. In most cases the value is an
average of all atoms in one layer.
To characterize the influence of the magnonic waves and the arising torques in the
magnetic system the magnonic cuurent is calculated by
X
(S i × S j ) ,
(7.20)
τ=
i,jleft

where only the neighbors on the left hand side are considered. For a sample with a
homogeneous magnetization aligned along one axis the cross product is zero as all spins
are pointing in the same direction. With increasing fluctuations in the magnetic system,
the magnonic currents gets larger. The magnitude of this quantity increases therefore
with higher magnon population and amplitude.
In the following cases, the excitation is applied to the left hand side of the magnetic
slab in one case and to the right hand side in another. This way ensures that either the
applied magnonic or torsional wave is solely responsible for the effects on the domain
wall.
In the last part of this chapter the influence of bending modes of the slab are investigated. That scenario can be more readily realized in an experimental setup [177] and
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is the subject of theoretical investigations [116]. To achieve this the marginal layers of
the system are oscillating perpendicular or along the long axis of the slab, inducing a
transversal or a longitudinal phonon mode in the slab. For the movement of the marginal
atoms the form for the transversal case is chosen as
p(xij ) = A cos(ωt)ey .

(7.21)

Whereas for the longitudinal wave the movement is along the z-direction
p(xij ) = A cos(ωt)ez .

(7.22)

Both excitations are illustrated in Figure 7.10, where in plot a) the generation of of a
transversal mode is shown, while plot b) shows the longitudinal excitation.
b)

A sin(ωt)

a)

A sin(ωt)
Figure 7.10: Generation of transversal and longitudinal phonon modes. In plot a) the
the margin atoms are moved periodically perpendicular to the z-direction
leading to a transversal elastic mode. In plot b) a longitudinal mode is
generated by moving the atoms along the z-direction.
The main difference to the torsional modes is that the bending modes do not carry an
angular momentum in z-direction, therefore the influence on the magnetization is less
direct than in the case of the torsional mode. On the other hand these excitations are
normal modes of the system and not a superposition of two transversal modes like the
torsional waves. That make their occurrence much more probable.

7.3 Domain wall movement under magnonic flow
For the first scenario, the displacement of the domain wall through a monochromatic
spin wave is investigated. That case allows a comparison to previous works [164, 166]
and gives initial insight into the influence of a dynamic lattice on magnetic structures
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Figure 7.11: Excitation of a magnonic wave at the left boundary b) or the right side
c) of the slab and propagation through the system. Subplot a) shows the
evolution of system without any excitation. The domain wall is located
in the middle of the layer at 128 a0 . The magnonic wave travels nearly
undisturbed before reaching the domain wall, while after passing the wall
the disturbance grows. The the magnonic wave passes the domain wall,
the wall starts to move towards the source of the magnonic wave. At the
opposite side of the system absorbing boundary conditions are chosen to
minimize backflow.
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Figure 7.12: Influence of domain wall displacement on components of the a) magnetization in z-component and b) the lattice angular moment. Depending
on the direction domain movement the magnetic component is is in- or
decreased. The angular momentum of the lattice is only weakly modified,
so that the displacement of the domain wall is triggered by the magnonic
current.
and its movement. To create a magnonic flow through the slab, the spins in the margin
layer are tilted 6◦ and rotated with a frequency of 6.4 THz around the z-axis. The
domain wall is in a head-to-head configuration along the z-axis as depicted in Figure
7.6.
The domain wall is initialized in the middle of the system around the 128th layer with
a width of
δdw = 172 nm,
which is about 7 layers in both directions from the center. The total system has a dimension of 8 × 8 × 260 layers. Boundary conditions are applied to the margin, which
consists of two layers on either side, at one side the excitation, which is in this section monochromatic magnonic waves, and on the opposite side the absorbing boundary
conditions.
The magnonic excitation is once applied to the left side of the slab as depicted in Figure
7.11 b) and once to the right side (Figure 7.11 c) ). For a better comparison a system
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with only the domain wall and no further excitation is depicted in Figure 7.11 a). In
that plot the stability of the setup is demonstrated, as no significant changes in the
profile occurs over the a time of 500 ps. Apart from a slight drift to the right side, no
movement can be observed. Another aspect is the small magnonic excitations, which are
emitted from the domain wall, as the system is not in total equilibrium. These magnons
have a much lower amplitude than the magnetic wave generated by the monochromatic
excitation on the margin and will be neglected in the following considerations.
In Figure 7.11 b) and c) one can see that the magnonic wave couples well into the
magnetic system as the wave propagation is nearly undisturbed and follows the expected evolution of a plain wave. When the wave front hits the transition region of
the magnetization the domain wall is pulled towards the origin of the excitation, which
takes place after 50 ps. After the magnonic waves have passed the wall, the propagation
disturbance has increased. Furthermore, the passing of the magnonic excitation leads
to slight broadening of the domain wall, although the profile experiences only slightly
modification.
At the opposite end of the system dissipative boundary conditions are applied in the
simulation to reduce reflection and energy backflow in the system. Although the reflection is not completely suppressed as one can see after 200 ps, where the reflected wave
leads to backward motion of the domain wall. After the reflected waves have passed the
domain wall, the movement is again towards the source of the magnonic waves.
Due to the fixed spins at the boundary, the movement settles to a steady state at
approximately 300 ps. For the entire duration of the simulation the displacement of the
domain wall was around 20 layers. As the displacement is almost linear one can estimate
the domain wall velocity as
δr
vdw =
≈ 45 m s−1 ,
(7.23)
δt
which is in the expected range of velocities for a ferromagnetic materials [99].
Figure 7.11 also shows the time evolution of the magnonic wave front, an estimation of
the propagation speed of the magnonic wave is possible. Because the wave front travels
without significant disturbance in the beginning of the simulation, the linear estimation
can be used for magnonic waves as well. One can also see that the magnonic wave
propagates much faster through the system in comparison to the domain wall as one can
determine the velocity of the wave front as
vmag =

δr
≈ 15 000 m s−1 .
δt

(7.24)

The domain wall displacement can also be seen in the z-component of the magnetization,
as shown in Figure 7.12 a). Through the displacement of the domain wall the magnetic
z-component is increased or reduced. For the case of no magnonic excitation a slight drift
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can be seen, like in Figure 7.11 a), as the system has no global magnetic anisotropies.
Nevertheless, the effect on the total magnetization is small as the boundaries prohibit
a significant displacement of the domain wall and hence the profile is stable for the
considered timescales.
In Figure 7.12 b) the time evolution of the lattice angular moment is shown. One can
see that the influence of the magnonic flow is small, as the deviations from zero are
in the same range as if no monochromatic magnonic wave was applied to the system.
The only difference is that a very small modulation with the frequency of the magnonic
wave occurs, while in the case with no excitation the drift of the domain wall causes a
deviation from the initial value. However, in all cases the absolute value for the lattice
angular moment is at least two orders of magnitude smaller, compared to the changes
in the magnetization.
In Figure 7.13 the magnonic current τ (see equation (7.20)) is plotted over time. The
value is non-zero in the beginning as the presence of the domain wall leads to a small
magnonic current. As the magnonic wave starts to travel through the system the current
increases. It does not play a role if the excitation is applied on the left hand side or the the
right hand side. As the domain wall leads to tiny magnonic current the value without
excitation is also plotted for comparison. As one can see, the magnonic excitation
increases the magnonic current significantly. As the current is calculated by taking only
the neighbors of one side of the spin, the value is decreased by the magnonic backflow
in the system between 200 ps and 300 ps.
Furthermore the domain wall influence on the lattice is discussed. As the isotropic
exchange function and the anisotropic spin-lattice coupling create forces on the lattice,
it will not stay in rest, when the magnetization turns within the domain wall. In Figure
7.14 the time evolution of the magnon angle θ as well as the lattice torsion angle ϕ is
shown for a system with a magnonic wave applied on the left hand side.
As the domain wall is quite narrow the rapid turning of the magnetization leads to a
torsional wave in the lattice, which travels towards the boundaries of the slab. The wave
front is much slower than the magnonic wave since its velocity can be estimated as
vtorsion ≈ 1300 m s−1 ,

(7.25)

which is in a reasonable range for phononic branches. For YIG the transversal phonon
branches [80] have a velocity of v = 3843 m s−1 . The deviation from that value should
come mainly from the simplified atomic potential used throughout this thesis.
As the modulation of the magnetization through the magnonic wave has an amplitude
much smaller than the magnetization change in the domain wall, the influence of the
magnonic wave onto the lattice can be neglected. When the domain wall moves, pushed
by the magnonic wave, the origin of the torsional wave wanders with the domain wall
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motion. The domain wall can be considered as an moving emitter of torsional waves in
the lattice. Hence, the domain wall velocity is small compared to the wave velocity of the
torsional wave. Effects arising from that displacement, like the Doppler-effect, can be
neglected. In materials like antiferromagnets with much higher domain wall velocities,
that might no longer be the case.
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Figure 7.13: Magnonic current (see eq. (7.20)) for magnon driven domain wall motion.
The presence of the domain wall leads to an initial current. The magnonic
excitations increase significantly by the magnonic torque, while without
any excitation the value only slightly increases due to relaxation of the
domain wall. During the relaxation of the domain wall some magnons are
created.
When the torsional wave hits the boundaries of the slab, the wave is reflected back into
the system, which leads to interference for the lattice waves at larger time scales. As the
amplitude of the torsional wave is small, no higher order effects occur, so that reflection
has no influence of the dynamics on the total system.
The paragraph demonstrated that the model used in this work is capable of showing
domain wall movement under magnetic excitations despite the lack of a cubic anisotropy.
The velocities found for the different wave forms lie all within a reasonable regime. Thus
the model can be used for further investigations of the dynamics of the total system.
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Figure 7.14: Induced torsional wave in the lattice by a magnetic domain wall. The origin of the torsional waves travels with the domain wall, which is depicted
in subplot a). The lattice distortion shown in plot b) is much smaller
than the one in the magnetic system. The magnonic wave applied on the
left side of the slab has no influence on the lattice, as no distortions can
be seen.
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7.4 Domain wall movement under torsional lattice waves
As discussed in the previous section torsional lattice waves are a special case in the
phononic spectrum, inasmuch as the lattice excitation carries an angular momentum
and can interact directly with magnetic structures like domain walls or be emitted by
them. Like in the electron case the conservation laws for angular momentum can trigger
a domain wall movement, because the magnetic system compensates the flow of angular
momentum to uphold the conservation of total angular momentum. The main difference
between the magnonic and the torsional wave is the amount of angular momentum that
it can carry, which is much higher for the lattice modes than for electrons or magnons
due to the high mass of the atomic nuclei.
In this section the same scenario as with the magnonic waves is now considered with
torsional lattice waves, which are generated at one side of the slab and then travels
through the whole system. The excitation frequency ωtor is chosen to be in a similar
regime in reference to the torsional waves emitted by the domain wall (see Figure 7.14),
that is why a frequency of ωtor = 0.16 THz is chosen in the generating layers. The
amplitude of the torsional wave is chosen to be much stronger than in the case of the
torsions emitted by the domain wall to increase the effect on the magnetic structure.
The torsion angle ϕ for the averaged lattice layer is shown in Figure 7.15, where in
subplot a) the wave travels from the left to the right side of the system. In Figure 7.15
b) the same situation for the different excitation side is depicted. As the wave front
shows no distortions over the time evolution for the first 230 ps, the torsional excitation
couples well into the lattice system and propagates like a plain wave. The torsional
waves emitted by the domain wall can be neglected, as their amplitude is much smaller
relative to the applied excitation.
Like in the magnonic case the absorbing boundary conditions cannot suppress the backflow completely, which occurs after 230 ps in the simulation. Also comparable to the
magnonic case is the influence of the wave on the domain wall, where it is strongest
when the wave front hits the region of the magnetic transition. The torsional waves
are slower than the magnons, thus they reach the domain wall after 130 ps. In contrast
to the magnonic wave the torsional lattice wave is unaffected by the transition through
the magnetic domain wall. This already suggests already that the interaction between
the lattice torsions and the magnetic domain wall is much weaker than in the magnonic
case.
In Figure 7.16 a) the influence of the torsional wave on the z-component of the magnetization is shown. One can see, that the domain wall is driven away from the excitation
in the beginning starting at around 50 ps. As the torsional wave is not in the region of
the domain wall yet, this effect originates from the slightly changed magnon distribution
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Figure 7.15: Excitation of a torsional wave at the boundary of the slab and propagation
through the system. In subplot a) the excitation is applied on the left
side, while in subplot b) it is on the right side. The excitation travels
undisturbed through the system following the form of a plain-wave.
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Figure 7.16: Influence of torsional waves on components of the total magnetization
and angular momentum. In subplot a) the influence of the torsional
wave on the magnetic z-component is shown. Torsional waves influences
the magnetization depending on their polarization. In subplot b) the zcomponent of the lattice angular moment is shown. In the beginning a
flow of positive or negative angular momentum is generated. The wave has
traveled through the complete system, the angular momentum oscillates
around zero.
through the rotation of the lattice. That leads to a small reduction of magnons in the
area, where the torsion of the lattice is created.
The influence of the torsion can be seen after 130 ps, when the change in the magnetic
z-component becomes faster. After that the displacement is almost linear with time
until 350 ps, when the movement gets slower or even stops in the case of the simulation,
where the torsional wave is generated on the right side.
That behavior can be understood by looking at the temporal evolution of the lattice
angular momentum depicted in Figure 7.16 b). The torsional wave leads to a modulation
of the z-component of the lattice angular momentum, which is in the first 230 ps of the
simulation not symmetrical around zero, but either above or under zero. As the wave
is generated by the deflection of the margin layers in only one direction, the angular
momentum is positive or negative depending if the modulation is clock wise or counter-
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Figure 7.17: Domain wall displacement under torsional waves. The torsional excitation, depicted in subplot a), pushes the domain wall, shown in b), away
from its source on the right side. For an increase of the effect a stronger
anisotropic spin-lattice coupling with 3λ0 and a larger amplitude of the
torsional wave is chosen.
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clock wise. After the wave has traveled through the complete system and some reflection
has occurred, the symmetry of the modulation of the angular momentum has increased
around zero. After that time a steady state is nearly accomplished and the domain wall
movement slows down or comes to a halt.
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Figure 7.18: Magnonic current under torsional lattice movement. For comparison the
situation under the influence of magnonic currents is shown. The torsional
wave induces no significant magnon distribution, which could influence
the domain wall movement.
A comparison of the impact between the torsional and the magnonic waves shows that
there is an influence is in the opposite direction but two orders of magnitude smaller.
An explanation for the movement in the opposite direction would be a different sign of
the lattice angular moment in comparison to the magnetic moment as the g-factor is
negative (see section 4.1).
The displacement of the domain wall is also shown in Figure 7.17. In the depicted case
the generation of the torsional wave is on the right hand side. The domain wall profile is
stable comparable to the case without any excitation. The movement onto the left side is
hardly recognizable, as it is very small. In comparison to the case of no excitation, shown
in Figure 7.11 a), one can see that the drift towards the right side is suppressed and
the domain wall is pushed to the left side. Furthermore, one can see that the magnons
emitted from the domain are not fully symmetric on both sides of domain wall as the
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side of the torsional excitation is weakly influenced. That explains the movement of the
domain wall between 50 ps until 130 ps, when the torsional wave has not reached the
domain wall yet.
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Figure 7.19: Dependence of domain wall movement on spin-lattice coupling. The enhanced coupling lead to an stronger influence on the domain wall. In the
end an almost quadratic dependence can be seen.
The temporal evolution of the magnonic current for the case of torsional waves is depicted
in Figure 7.18. The torsional waves do not create further magnons as the value for the
cases of the torsional waves are in the beginning the same as for the case where only a
domain wall is placed in the system without any applied excitation. For later times the
value of the magnonic current does not increase in the simulations for the torsional waves.
One can deduce that the twisting of the lattice does not create additional magnons. In
later times of the simulation small deviations between the cases of torsional waves and
no excitation occur, as the domain wall without any influence starts to move slightly.
In the last part of this section the dependence of the domain wall movement on the
strength of the spin-lattice coupling and the amplitude of the torsional wave is investigated. A variation of the spin-lattice coupling constant λ between 0.5 λ0 and 3.0 λ0 is
shown in Figure 7.19. While the angular momentum of the lattice is the same in all
cases, the displacement is stronger with increasing spin-lattice coupling. Interestingly
the coupling also influences the magnon asymmetry in the beginning, as the curves start

152

7.4 Domain wall movement under torsional lattice waves

a) 3.0
2.5
2.0
0.005
1.5
1.0
0.5
0.004

A
A
A
A
A
A

0.003
0.002
0.001

15 b)
angular moment hγLz /µs i

magnetization hµz /µs i

0.006

10

0.5
1.0
1.5
2.0
2.5
3.0

5

A
A
A
A
A
A

0

−5

0
−0.001

0

100 200 300 400 500
time t (ps)

−10

0

100

200 300 400
time t (ps)

500

Figure 7.20: Dependence of domain wall movement on torsional wave amplitude. The
domain wall displacement shows a liner relation to the flow of angular
momentum.
to differ around 50 ps, before the torsional wave hits the domain wall. Then the difference between the different couplings is even more evident. The dependence of the
domain wall displacement and the anisotropic spin-lattice coupling is almost quadratic.
Even with the strongest spin-lattice coupling the effect on domain wall motion is an
order of magnitude smaller than the influence of magnonic flow.
The influence of the varying amplitude of the torsional wave is depicted in Figure 7.20.
Like in the case of the anisotropic spin-lattice coupling the amplitude of the torsional
wave is varied in steps of 0.5 A0 , starting from 0.5 A0 and ending with 3.0 A0 . Here,
the movement in the beginning is nearly unaffected as the spin-lattice coupling is the
same in all simulations. After the torsional wave has passed the domain wall, the
impact becomes visible. As expected the waves with more angular momentum lead
to larger displacements of the wall. The changes of the magnetic z-component scales
linear with amplitude of the torsional wave in good agreement with the assumption that
the magnetic system tries to compensate the flow of angular momentum in the lattice.
Nevertheless, in all considered cases the influence of the lattice torsional wave is much
smaller than the impact of the magnonic currents of the domain wall. That leads to the
conclusion that the influence of torsional waves is negligible in most cases, as the effect
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on the domain is at least two orders of magnitude smaller than for magnons.

7.5 Domain wall movement under elastic bending
excitations
In this section the influence of a single phononic mode, like a transversal or longitudinal
one (see Figure 7.10), is investigated. In contrast to the torsional wave, this kind of
modes do not carry an angular momentum in the z-direction. The transversal phonon
modes modulate either the x− or y-component of the lattice’s angular moment depending on the way of their generation. The longitudinal modes carry no angular momentum
at all, as the direction of the momentum is in the direction of the positional vector.
Therefore for each atom
Li = ri × pi = 0
(7.26)
is valid for all times. Nevertheless, there is an energetic modulation through the phonons
in the isotropic exchange, which may can trigger some movement in the magnetic system
as well.
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Figure 7.21: Domain wall movement under transversal phononic excitation. In subplot
a the change of the magnetic z-component through the domain wall displacement is shown. The y-component of the lattice angular is depicted,
which is modulated by the transversal lattice mode.
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The influence of a transversal phonon mode on the magnetization is depicted in Figure
7.21 a). For the generation of that mode the margin atoms are moved in the x-direction,
therefore the y-component of the lattice angular momentum is modulated. Interestingly
the influence on the domain wall is very similar to the case of the torsional lattice modes,
but the total effect on the domain wall is even smaller and the displacement is much
weaker. Although the amplitude in the angular moment is identical to the case of the
torsional waves, the interaction with the domain wall is far less effective.
Subplot 7.21 b) shows the time evolution of the angular moment, where one can see that
the modulation already takes place in the beginning, being almost symmetrical around
zero. Hence, no net flow of angular moment travels through the system. Through the
strict boundary conditions some angular momentum is also induced without excitation.
The influence of a longitudinal phonon mode on the magnetization is depicted in Figure
7.22. Here the exact same behavior as for the transversal mode is found. Both types of
mode do not carry angular momentum in the z-direction and interact very weakly with
the domain wall. In both cases the influence on the domain wall is much weaker than in
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Figure 7.22: Domain wall movement under longitudinal phononic excitation.

the case of the torsional lattice mode. Nevertheless the domain wall shows a slight drift
away from the source of the excitation for the two modes.
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7.6 Conclusion
This chapter showed the influence of lattice movement on the dynamics of magnetic
structures. Therefore the simple case of a confined domain wall in a head-to-head configuration in a magnetic slab is considered. The domain wall is stabilized by the fixed
boundary conditions, as the Hamiltonian has no further magnetic anisotropies except
the spin-lattice coupling. The material parameters (see Table 7.1) are orientated on the
ferrimagnetic Yttrium-Iron-Garnet, which is widely used in spincaloritronic transport
experiments. The configuration is assumed to be close to a equilibrium situation to keep
the simulation runtime within a reasonable scale.
Firstly a monochromatic magnonic excitation was considered, which drives the domain
wall towards the source of the magnons. This behavior is in agreement with previous
findings [164, 166] for magnons in the exchange regime. The setup also allows to study
the influence of a domain on the lattice, where the fast variation of the magnetization
in the domain wall leads to torsional waves in the lattice.
The same scenario is repeated with torsional lattice waves instead. Their frequencies are
in the same range as the one emitted by the domain wall itself, but the amplitude was
chosen to be larger. In agreement with angular momentum conservation the domain wall
is pushed from the excitation. One can see that the lattice counteracts the magnonic flow
in this case, but the effect on the domain wall is at least one order of magnitude smaller
in comparison to the magnonic currents. As the magnonic waves have a bigger influence,
the net movement is towards the source, but the effects are reduced in comparison to
pure spin dynamics.
The simulations show that the angular momentum is the decisive quantity in domain wall
movement and that the influence of the lattice can reduce the impact of the magnonic
transport. This could be one reason, why thermal domain wall movement is hard to
detect experimentally in ferromagnetic materials.
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This thesis investigates the interaction between the magnetic and the lattice system
within an atomistic approach. Therefore a suitable Hamiltonian including the magnetic degrees of freedom, based on a Heisenberg Hamiltonian, and the lattice degree of
freedom, modeled by an harmonic potential, is derived. Furthermore, an anisotropic
coupling term between both systems is introduced, which allows the necessary transfer
of angular momentum between both subsystems. The energy transfer is possible through
the isotropic Heisenberg exchange function as well as through the anisotropic coupling.
The difficulty of the parametrization of this coupling term is overcome by the use of
experimental accessible data from the magneto-elastic behavior. The magnetic system
is characterized with a continuous exchange function, the distance dependence of which
is fitted to ab-initio calculations. This approach is chosen to handle the magnetic system
as precisely as possible. For the lattice the model parameters are based on considerations
of the classical elasticity theory.
The advantage of the atomistic approach is that the resulting equations of motion do
not have to be linearized and therefore naturally include high order excitations in the
magnetic as well as in the lattice system, which can play a role in situations, where
systems are highly excited with high power external pulses. A drawback is the increasing
effort for solving the equations of motion, which can only be computed numerically and
restricts the system sizes to several thousand atoms.
To perform the simulations, the approach of Molecular-Spin Dynamics was chosen, in
which both systems are treated on equal footing (see chapter 3). The used algorithm
is based on the Liouville scheme which uses the decomposition of the operator carrying
the dynamics of the considered system. The result is a sympletic scheme that can
handle the time integration without significant numerical errors for a time span of several
nanoseconds. For both parts of the total system only the dynamics arising from the
equation of motions that can be derived directly from the Hamiltonian is considered
without phenomenological extension. Furthermore, numerical details like a reduced
unit scheme is developed to handle magnetic materials. To investigate the transport
properties of the coupled system in steady states the special boundary conditions to
model dissipative dynamics were realized. The simulations are then performed in a self
written C++ program.
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As a first result (see chapter 4) the switching behavior of a free suspended magnetic
cluster in an external magnetic field is simulated. The scenario confirms that the implemented model obeys all physical conservation laws. The flow of angular momentum
induces then rotation of the total sample, which is the Einstein-de Haas effect for magnetic materials. The parametrization is then tested by simulating the magnetostrictive
behavior for the elemental ferromagnetic materials Iron, Cobalt and Nickel. The resulting relative length changes of the samples are in experimental expected range, showing
that the chosen parameters are in a reasonable regime and can reproduce the desired
physical behavior, such as Joule magnetostriction.
Then the relaxation behavior of both systems is investigated in chapter 5. First the
lattice system is excited to determine the spin-lattice relaxation time and the resulting
relaxation rate. The relaxation behavior of strongly saturated magnetization states
differs significant from the purely exponential behavior, predicted by linearized version
of the magnetic equations of motion. To model the resulting dynamics analytically
better a population model represented by a logistic approach is chosen and fitted to
the results of the simulations. From that model the dissipative effects arising from the
spin-lattice coupling can be characterized.
A linear temperature dependence for the relaxation rate for the magnetic decay is found
and a lower boundary of several hundred picoseconds for the spin-lattice relaxation time
is confirmed. For the spin-lattice relaxation time a reciprocal behavior dependent on
the temperature difference between the magnetic system and the lattice was found. The
behavior converges for the material to an finite value.
In a second scenario the magnetic relaxation in a strong external magnetic field is examined. This procedure allows a comparison to experimental results obtained by ferromangetic resonance measurements. Here, the dependence of the damping on the strength
of the spin-lattice coupling is investigated. For low values of the coupling a quadratic
dependence can be found, whereas for strong spin-lattice coupling the resulting damping
effects saturates in good agreement with a finite spin-lattice relaxation time.
In general one can see, that the lattice damping effects are small in comparison to the
electronic effects in metals. For the case of magnetic insulators the observed behavior
is in good agreement with the experimental findings, since in insulators the electronic
system cannot contribute to the dissipative mechanisms.
In another part of this work (see chapter 6) the lattice response to ultrafast demagnetization processes was investigated. To overcome the limits set up by the timescales of
spin-lattice relaxation, found in the previous part, a time dependent isotropic exchange
is introduced. That procedure offers the possibility to study ultrafast magnetic and
lattice processes, which take place on the femtosecond timescale. The influence of an
ultrashort laser pulse is then modeled by the quenching of the isotropic exchange inter-
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action leading to a short paramagnetic state in the sample. That way it is possible to
have the total conservation of angular momentum during the process.
An unaffected anisotropic spin-lattice coupling induces then fast demagnetization due
to surface torques. With that procedure the behavior found in experiments can be
reproduced for the magnetic response in the simulations very well. In this thesis the
lattice response to the ultrafast demagnetization can be studied. The occurrence of
ultrafast strains can be confirmed and as the source the vanishing exchange can be
identified. The transfer of angular momentum plays a negligible role in these processes,
as the same lattice behavior can be observed without a transfer of angular momentum.
This conclusion is verified by the consideration of a second demagnetization process,
which was based on the randomization of the magnetic configuration. By that approach
no angular momentum could be transferred from the magnetic sytem to the lattice.
Despite the lack of angular momentum the lattice response was almost the same as in
the case of full angular momentum conservation.
In the end the influence of the lattice excitations on the movement of magnetic structures
was investigated (see chapter 7). As the influence of electron currents and magnonic
currents are already discussed, the influence of lattice excitations are still unclear. This
work offers the possibility to discriminate the effects of both sources. For this, the
response of a magnetic domain wall in a slab geometry was investigated under the
influence of a magnonic current and a torsional lattice wave traveling through the domain
wall.
As the angular momentum for both excitations has different signs for spin waves and
lattice torsions, the domain is pulled towards the source of the spin waves, whereas for
the torsions the domain wall is pushed away. For the applied parameters the effect of
the lattice angular mometum was at least two orders of magnitude smaller than effect
of the magnonic currents.

8.1 Outlook
The formalism of Molecular-Spin Dynamics offers the possibility to study the flow of
energy and angular momentum in non-equilibrium situation under the strict conservation
of both quantities. This offers the possibility to study new phenomena in magnetic
nanostructures.
Especially in the field of ultrafast magnetization switching the key mechanisms are still
under discussion and the flow of angular momentum remains unclear. The framework of
MD-SD can offer new ways in studying the dynamics, as it was done alongside this thesis.
As mentioned in chapter 6, in certain cases switching occured already in the researches
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of this work. Further investigation with the set of equations of motions, proposed within
this thesis, could shed new light in that field of research.
The same is true for the field of Spincaloritronics, where the theoretical models are
relying in most cases of the phenomenological Landau-Lifshitz-Gilbert equations, which
violates the conservation of energy as well as angular momentum. Current experimental
research is still in debate about whether the domain wall moves in temperature gradients
and in which direction, thus a more thorough investigation of these quantities is needed.
A field which was not touched during this work is the oscillation behavior of mechanical
nanostructes, which fostered an uprising interest lately. As the magnetic degrees of
freedom would increase the possibilities of manipulating these structures, an improved
understanding of these systems would be highly desirable.

160

Bibliography
[1] M. N. Baibich et al. “Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic Superlattices”. In: Phys. Rev. Lett. 61 (21 Nov. 1988), pp. 2472–2475. url: http:
//link.aps.org/doi/10.1103/PhysRevLett.61.2472.
[2] G. Binasch et al. “Enhanced magnetoresistance in layered magnetic structures
with antiferromagnetic interlayer exchange”. In: Phys. Rev. B 39 (7 Mar. 1989),
pp. 4828–4830. url: http://link.aps.org/doi/10.1103/PhysRevB.39.4828.
[3] Albert Fert. “Nobel Lecture: Origin, development, and future of spintronics”. In:
Rev. Mod. Phys. 80 (4 Dec. 2008), pp. 1517–1530. url: http://link.aps.org/
doi/10.1103/RevModPhys.80.1517.
[4] G. Ju et al. “High Density Heat-Assisted Magnetic Recording Media and Advanced Characterization - Progress and Challenges”. In: IEEE Transactions on
Magnetics 51.11 (Nov. 2015), pp. 1–9. url: http://ieeexplore.ieee.org/
document/7115916/.
[5] P. Nieves, D. Serantes, and O. Chubykalo-Fesenko. “Self-consistent description
of spin-phonon dynamics in ferromagnets”. In: Phys. Rev. B 94 (1 July 2016),
p. 014409. url: http://link.aps.org/doi/10.1103/PhysRevB.94.014409.
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Vielen Dank auch die Mitglieder der Arbeitsgruppe Nowak, welche die Zeit der Promotion durch eine gute Atmosphäre zu einer schönen Zeit gemacht haben. Außerdem haben
sie durch die vielfältigen Korrekturen die Qualität dieser Arbeit entscheidend verbessert.

Publikationsliste
• Matthias Aßmann and Ulrich Nowak. ”Spin-lattice relaxation beyond Gilbert damping”
In: Journal of Magnetism and Magnetic Materials 419 (1 Jan 2019), p 217-223 https:
//doi.org/10.1016/j.jmmm.2018.08.034

