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1
G E N E R A L I N T R O D U C T I O N

Controlling the magnetic state of a material has been subject to scientific studies for centuries,
and by now magnetic materials have become irreplaceable in many technological applications.
After centuries of bulk applications, magnetic materials are now being used in nano scale
devices, such as magnetic hard-disk drives and sensors. However, it seems that the full
potential of magnetism and spintronics, i.e. the use of both the charge and spin degrees of
freedom, is just starting to be revealed. The past decade many new fundamental magnetic
phenomena and methods to control magnetization dynamics have been discovered, leading
to a rapid expansion of the toolbox at hand for the realization of novel spintronic devices.

In this Thesis we study two of these tools that are of interest for future spintronics, namely
femtosecond laser pulses and electric fields. This Chapter serves as a general introduction to
the content of this Thesis, where we will sketch the scientific background and the motivation
for the presented studies. To this end, we briefly discuss the necessity of novel methods to con-
trol magnetization dynamics by revealing the limitations of the conventional ones. Hereafter,
a brief introduction to pulsed laser excitation and electric-field control of ferromagnetism is
given. The Chapter is concluded by a detailed outline of the content of this Thesis.

1.1 contemporary methods to control magnetization dynamics

One of the most important applications of magnetism in contemporary technology
can be found in the data storage industry. In magnetic data storage devices the value
of a bit, being ‘0’ or ‘1’, is determined by the direction of the magnetization vector
M. This means that in order to write a bit the direction of M has to be changed.
In this Section we discuss the two most frequently used and most well understood
methods to control the magnetization in ferromagnets, being the application of a
magnetic field and the use of a spin-polarized current. Besides their advantages
and applications, we also address the drawbacks of both methods, revealing the
demand for new techniques to control the state of magnetic materials.

1



2 general introduction

1.1.1 Magnetization dynamics in magnetic fields

The most common and straightforward method to change the direction of the mag-
netization in a ferromagnetic material is the application of an external magnetic
field Happl. For the derivation of the temporal evolution of the magnetization on
applying a magnetic field, we consider a single electron spin with the spin operator
Ŝ. The Hamiltonian H of a spin in an external field is given by:

H = γµ0Ŝ ·Happl, (1)

where γ is the gyromagnetic ratio of the electron and µ0 the permeability constant.
To calculate the temporal evolution of Ŝ one has to solve the Schrödinger equation:

dŜ
dt

=
1
ih̄
[
Ŝ,H

]
, (2)

where h̄ is the reduced Planck constant and the square brackets denote the commu-
tator. Some simple algebra shows that the equation of motion of Ŝ is given by:

dŜ
dt

= −γµ0Ŝ×Happl. (3)

This equation describes a spin that precesses around Happl indefinitely. However,
due to dissipation of energy and angular momentum the system will eventually
relax to its energy minimum where Ŝ and Happl are aligned anti-parallel. This re-
laxation process can be taken into account by adding a phenomenological damping
term to equation 3. Now, also replacing Ŝ by the magnetization M of the material,
the so called Landau-Lifschitz-Gilbert (LLG) equation is obtained [1, 2]:

dM
dt

= −γµ0M×Happl +
α

M
M× dM

dt
, (4)

where α is the Gilbert damping constant, which determines the relaxation rate. The
LLG equation thus describes the temporal evolution of the magnetization, which
in a constant magnetic field is the precession around and relaxation towards Happl.
This process is displayed in Figure 1(a).

One of the most successful storage devices, the magnetic hard-disk drive, relies
on switching the magnetization of a bit by locally applying a magnetic field. This is
schematically depicted in Figure 1(b). By applying a field in the opposite direction
of M, a precessional motion will be induced which is damped towards the direc-
tion of the applied field. After application of the field the magnetization is switched
and data is stored. In general the switching time of a magnetic bit depends linearly
on Happl, meaning faster switching can be achieved by increasing the writing field.
However, it has been experimentally demonstrated that for too large fields switch-
ing becomes chaotic [3, 4], limiting the ultimate time for magnetization reversal by
magnetic fields to a few picoseconds.
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M

H
appl

a b

Figure 1: (a) Damped precessional motion of the magnetization in an external field. (b)
Schematic overview of switching a bit in a magnetic hard-disk drive. Applying
a field in the writing direction by sending a current through a solenoid switches
the magnetization of a specific bit.

1.1.2 Spin-transfer torque

Another well-known method to control the orientation of a magnetic bit is the
so-called spin-transfer torque (STT) as theoretically predicted by Sloncewski and
Berger [5, 6]. A simplified concept of their ideas is illustrated in Figure 2. Here,
an electron current is send from left to right by applying a voltage V. On passing
through the first ferromagnetic layer the current becomes spin polarized due to the
different mobilities of majority and minority carriers in a ferromagnet. This leads
to a spin current flowing from the left magnet to the right magnet. The angular
momentum in the spin current is subsequently absorbed in the right layer, resulting
in a torque on the localized magnetic moment.

The torque that a spin-polarized current applies to M can be added to the LLG
equation, resulting in the following equation of motion for the magnetization:

dM
dt

= −γµ0M×Heff +
α

M
M× dM

dt
+ γµ0

Js

Mt
M× (σ ×M) , (5)

where Js is the spin-current density, t the thickness of the magnetic material absorb-
ing the spin current, and σ the unit vector along the polarization direction of the
spin current. From Equation 5 it can be seen that spin currents tend to align M with
σ, hence STT can be used to electrically switch the orientation of the magnetization
in a certain direction, which has obvious potential for storage devices.

The discovery of STT opened up possibilities for many new devices. One of the
most interesting applications of STT is the STT magnetic random access memory
(MRAM), which is schematically depicted in Figure 3(a). Here magnetic bits consist
of two magnetic layers: a fixed bottom layer and a free top layer. By using the correct
bit and word line, a single cell can be selected from the array at any time. By sending



4 general introduction

+-
V

Figure 2: Simplified working principle of spin-transfer torque. The first ferromagnet polar-
izes the current, which exerts a torque on the second ferromagnet due to angular
momentum transfer.

a b

Figure 3: (a) Schematic overview of the working principle of MRAM. Specific bits can be writ-
ten by sending a current through the corresponding word and bit lines. (b) Race-
track memory, where bits are moved by sending a current through the nanowire [7].
The bits are read out and written at a central read/write line, which is schematically
depicted.

a large current through the stack the orientation of the free layer can be switched
by STT. The main advantage of the STT MRAM compared to current RAM is that it
is non-volatile, i.e. the data is retained on switching off the device. Furthermore, it
has a vastly larger write endurance compared to flash RAM. Unfortunately, rather
high current densities are required for STT switching, making the realization of a
STT-based MRAM a challenge.

Another important example of a storage device based on current-induced magne-
tization dynamics is the so called ’racetrack memory’ proposed by Stuart Parkin [7].
Here the magnetization is not stored in individual magnetic bits, but in a long mag-
netic wire, displayed in Figure 3(b). Each magnetic bit is separated by a transition
region, where the magnetization gradually rotates from one direction to the other.
This transition region is called a magnetic domain wall (DW). When sending a cur-
rent through the wire a spin polarized current will flow through the DW, exerting
a torque on it. This torque will result in coherent movement of the DWs through
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the wire, allowing the wire to be used as a shift register. The bits can be read out
and written at a central location, making the racetrack memory an interesting al-
ternative to the magnetic HDD, without any moving parts. Furthermore, the wire
can potentially be used for data storage in the third dimension, allowing for vastly
higher data densities.

However, to become viable for device applications, some severe problems of cur-
rent induced DW motion have to be overcome. For example, high current densities
are required for high speed DW motion. Furthermore, there are issues with control-
lably moving many DWs in a wire by exactly the same distance, which is necessary
for coherent DW motion. This means that for realization of the racetrack memory,
further research into new materials and new techniques is demanded.

Concluding, as can be seen from the examples in this Section, controlling mag-
netism via applied fields or spin currents has great potential for novel data storage
and memory devices. However, as also pointed out, there are still some problems
that need to be overcome. In this Thesis we propose and investigate some alterna-
tive approaches to tackle these problems. For example, in Chapter 11 we introduce
a novel method for STT switching of magnetic materials. Here, the problem of the
required high electrical current densities is circumvented by the use of pulsed laser-
generated spin currents. Another example is the work on electric-field control of
DW motion in Chapter 15, where we show that DW propagation can not only be
controlled by magnetic fields or electrical currents, but also by application of a gate
voltage. In the next Section we give a global introduction to aforementionted sub-
jects, whereafter the content of this Thesis is discussed in more detail.

1.2 novel methods to control magnetization dynamics

The field of spintronics seems to be expanding at a more rapid pace than ever.
New fundamental phenomena are continuously being discovered, leading to many
different areas within spintronics, each with their own specialization. The work
presented in this Thesis is performed in two of these areas, being ultrafast laser-
induced magnetization dynamics and electric-field control of magnetism. In this
Section we will briefly introduce these two topics, whereafter a short overview of
the content of this Thesis is given.

1.2.1 Ultrafast laser-induced magnetization dynamics

Since ultrafast optical spectroscopy became widely available in the early eighties [8],
scientist have been able to explore physical phenomena in metals on unprecedented
time scales. In such experiments an intense picosecond, and later femtosecond, laser
pulse was used to excite the metal. By subsequently measuring the reflection of
a delayed less intense laser pulse the physical properties of the system could be
monitored as a function of time. Early measurements using such a ‘pump-probe’
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Figure 4: (a) First observation of sub-picosecond demagnetization due to pulsed laser exci-
tation of a ferromagnetic Ni thin film (adapted from [13]). (b) Thermal toggling of
the orientation of two anti-ferromagnetically coupled sublattices of a ferrimagnet
(adapted from [14]). The lines in (a) and (b) are guides to the eye.

technique on ferromagnetic materials, however, did not reveal any induced change
in the magnetization M [9, 10] or were not accurate enough to resolve the time
scales for the induced magnetization dynamics [11, 12].

In 1996 the first measurement of the response of a ferromagnetic material to
pulsed laser excitation with a sub-picosecond time resolution was performed by
Beaurepaire et al. [13]. In Figure 4(a) the main results of the measurements are de-
picted, where the cartoon in the top-right corner shows the basic configuration of
the experiment. A 60 fs laser pulse was used to excite a Ni thin film, whereafter
the magnetization was measured as a function of time. Surprisingly, the magnetiza-
tion showed a rapid drop within the first picosecond of the experiment, followed
by a slower recovery. The time scale of this rapid drop was orders of magnitude
faster than expected based on existing theory [15]. Although the data could be qual-
itatively explained by a phenomenological 3 Temperature Model (3TM), the micro-
scopic origin of the observed ultrafast demagnetization was unknown. Now, almost
20 years and many experimental and theoretical investigations later, the microscopic
origin of ultrafast demagnetization is still being heavily debated.

The past few years the field of ultrafast magnetization dynamics has diversified
significantly, partly due to the rapid development of new optical techniques, such as
for example ultrafast X-ray magnetic circular dichroism [16–18]. These techniques
did not only allow for a better understanding of the magnetization dynamics, but
also revealed some completely unexpected phenomena occuring after pulsed laser
excitation. A prime example of such a phenomenon is depicted in Figure 4(b),
where the response of the ferrimagnet GdFeCo to a fs laser pulse is measured.
In such a ferrimagnet, two or more different magnetic elements are coupled anti-
ferromagnetically, i.e. the sublattices point in opposite directions, as indicated by
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the arrows in Figure 4(b). Surprisingly, the Gd and FeCo sublattices show distinctly
different dynamics after absorption of the laser pulse, and even switch their orien-
tation after ≈ 1 ps [14]. Even though heating of the laser pulse has no ‘orientation’,
it deterministically switches the magnetic sublattices [19]. This ultrafast all-optical
magnetization reversal is highly attractive for magnetic data recording.

Besides ultrafast loss of magnetic order and all-optical magnetization reversal,
pulsed laser excitation of ferromagnets triggers more intriguing phenomena, such
as the generation of intense ultra-short spin currents [20–24] or emission of THz
radiation [25]. This makes the study of femtomagnetism a lively field, with much
unexplored territory and many unresolved issues. The work on laser-induced ultra-
fast magnetization dynamics in this Thesis is divided in two Parts. Part I concerns
the theoretical description of ultrafast magnetization dynamics from a microscop-
ical point of view, where we address several key issues in the field. For example,
a microscopic model for aforementioned all-optical magnetization reversal of fer-
rimagnets is proposed in Chapter 6, and a recent controversy in the literature on
the efficiency of phonon-assisted spin-flip scattering to ultrafast demagnetization is
addressed in Chapter 7. Part II of this Thesis is devoted to the effects of spin and
heat transport after pulsed laser excitation of ferromagnets. First, we will investigate
to which extent heating and superdiffusive spin transport play a role during ultra-
fast demagnetization, whereafter experiments are presented where we control the
magnetization on unprecedented timescales by heat and spin currents. The exact
content of both Parts is discussed in the outline to this Thesis in Section 1.3.

1.2.2 Electric field control of ferromagnetic metals

The use of electric fields to control the properties of solid state devices has been
used in for example field effect transistors and piezoelectric actuators for decades,
and plays a crucial role in contemporary technology. At the start of the 21st century
Ohno et al. demonstrated that it was also possible to control magnetism by electri-
cally gating a ferromagnetic semiconductor [26], making it possible to alter the prop-
erties of a ferromagnet after deposition. The concept and results of these pioneer-
ing experiments are shown in Figure 5. As the ferromagnetic material (In,Mn)As
was used, where holes in this semiconducting material mediate the ferromagnetic
exchange between localized Mn moments through the RKKY interaction [15]. By
altering the hole concentration in the magnetic semiconductor by applying a gate
voltage, the magnetic properties could be controlled. Both the coercive fields as the
magnetization were shown to be strongly dependent on the gate voltage, paving
the way for electrical control of magnetism.

Controlling magnetism with electric fields has some important advantages over
conventional methods such as magnetic fields or electrical currents, as it acts locally
and is virtually non-dissipative. However, a problem of ferromagnetic semiconduc-
tors is their low Curie temperature (below room temperature), and therefore cannot
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Figure 5: First demonstration of electric field control of ferromagnetism by Ohno et al. [26]. By
gating a semiconducting film the carrier concentration can be controlled, altering
the magnetic properties as depicted in (a), (b) and (c). In (d) hysteresis loops are
displayed, showing that the magnetic moment and coercive field of (In,Mn)As are
sensitive to the gate voltage.

be used in commercial devices. The metallic transition metals are magnetic at room
temperature, but the fact that the conduction electrons effectively screen electric
fields makes it difficult to influence the material properties by applying a voltage.
Recently though, it was shown by Weisheit et al. that if the ferromagnetic film is
made sufficiently thin, the charges added to the surface can significantly change
the magnetic properties of the film [27]. They observed a large change in the coer-
civity in 2 nm thick FePt and FePd films immersed in an electrolyte on applying a
voltage, which was attributed to the change in the number of unpaired d-electrons.

More recently a breakthrough was made by Maruyama et al., who have shown
control of the magnetic anisotropy of metallic ferromagnets in a solid state de-
vice [28]. Their device consisted of a thin (2-4 monolayers) Fe film on a Au buffer
layer. The MgO layer on top did not only function as an insulating barrier to gate
the ferromagnet, but also induces an out-of-plane anisotropy of the Fe film. As
this anisotropy strongly depends on the band filling at the interface, the magnetic
anisotropy energy (MAE) could be altered over 40% by applying a voltage over the
barrier. This observation triggered huge interest from the scientific community due
to the prospect of energy-efficient control of ferromagnetism, and has lead to nu-
merous experimental [27–39] and theoretical [40–50] investigations reported on in
only a few years time. Besides control of the anisotropy, also electric-field control of
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the Curie temperature [51] and exchange bias [52] has been demonstrated in thin
ferromagnetic films.

Part III of this Thesis focuses on electric-field control of ferromagnetism, and in
particular on magnetic domain walls as introduced in Section 1.1.2. The aim of the
work is the addition of electric-field control of DW motion to the rapidly growing
toolbox of voltage-controlled spintronics. By using similar structures as Maruyama
et al. [28], and studying DW propagation while electrically gating the magnetic
thin film, we demonstrate control of DW velocities over an order of magnitude,
providing a first step towards electric-field control of DW devices.

1.3 outline to this thesis

The theoretical and experimental work presented in this Thesis is performed in two
different areas of spintronics, being laser-induced ultrafast magnetization dynam-
ics, or femtomagnetism, and voltage control of magnetism. As virtually all measure-
ments in this Thesis are done using the magneto-optical Kerr effect (MOKE), we will
start with the short experimental Chapter 2 explaining the basics of MOKE and the
specific setups that have been used to measure the magnetization dynamics. Here-
after, a novel method for ultrafast depth-resolved MOKE is introduced in Chapter
3, which can be used in virtually any time-resolved MOKE setup to investigate the
contributions of spin currents to the magnetization dynamics.

Part I: Microscopic modeling of ultrafast magnetization dynamics in ferro- and
ferrimagnets
In Part I we address several key issues regarding the microscopic description
of pulseed laser excitation of ferromagnets. We will start this Part with a short
overview in Chapter 4 of the different introduced methods to describe ultrafast mag-
netization dynamics, and discuss their advantages and disadvantages. Hereafter, we
introduce a model that bridges the gap between first-principle band structure cal-
culations and more phenomenological localized spin approaches. We present an ex-
tensive derivation of this so called Microscopic Three Temperature Model (M3TM)
in Chapter 5, and show that it can be used to investigate a wide variety of phe-
nomena observed on fs laser excitation of ferromagnets. In Chapter 6 the M3TM
for multisublattice magnets is derived, which is shown to reproduce recent exciting
experiments on the non-equilibrium magnetization dynamics of ferri- and ferromag-
netic alloys. Finally, Part I is concluded by a comparison of two competing models
for finite temperature magnetism in Chapter 7, where their applicability to pulsed-
laser excitation is investigated. The calculations show that the choice for the used
framework determines the outcome of the calculations, rather than the investigated
microscopic mechanism for demagnetization.
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Part II: Transport effects on femtosecond pulsed laser excitation of ferromagnets
Part II focuses on spin and heat transport occurring after excitation of a ferromag-
net with a fs laser pulse. Recently, it has been claimed in the literature that spin
transport, and not heating, is the dominant source of ultrafast demagnetization of
ferromagnetic materials. The theory and experiments that have lead to this claim
will be discussed in Chapter 8. Although transport plays an important role during
many experiments on ultrafast demagnetization, we show in Chapter 9 by means
of a simple experiments that for single ferromagnetic films transport plays a neg-
ligible role. However, when tailoring the investigated structures, transport effects
can become important. We show this in Chapter 10, Chapter 11, and Chapter 12,
where we study transport phenomena occuring on fs laser excitation of magnetic
multilayers. First, spin transport is investigated in collinear magnetic bilayers with
the material- and depth-resolved MOKE technique described in Chapter 3, showing
that, unlike in single ferromagnetic films, spin transport plays an important role in
magnetic bilayer structures. Furthermore, it demonstrates the power and versatility
of the introduced material- and depth-resolved MOKE technique. Second, we dis-
cover that laser-generated spin currents can be used to exert a torque on a magnetic
thin film in a non-collinear magnetic bilayer, allowing for control of the direction of
the magnetization on unprecedented time scales. Third, we show that the flow of
laser-excited electrons in a metallic stack can be controlled by a simple spin valve
structure, which can be used for magnetic control of ultrafast heat currents. Finally,
in Chapter 13 we finish this Part by the experimental determination of the Gilbert
damping parameter in Pt/Co/AlOx, which shows that spin transport plays a dom-
inant role in the transversal relaxation of this technologically important material.

Part III: Voltage control of domain wall motion
As has been discussed in Section 1.2.2, it has recently been shown that the magnetic
properties of a thin ferromagnetic film can be altered by electrically gating them. In
Part III of this Thesis we use this technique to control DW motion in perpendicularly
magnetized films. The experimental observation of voltage-controlled DW motion
in Chapter 15 is preceded by the introductory Chapter 14, where we not only give a
short introduction to voltage control and DW motion in metallic ferromagnets, but
also present a toy model to quantify the observed electric-field effects.



2
E X P E R I M E N TA L T O O L S

In this Chapter we introduce the two main experimental methods used in this Thesis to study
magnetization dynamics: i) the time-resolved magneto-optical Kerr effect (TR-MOKE), and
ii) Kerr microscopy. Both these methods rely on the optical determination of the magnetiza-
tion via the magneto-optical Kerr effect (MOKE), therefore we will first discuss the physics
behind MOKE. Hereafter, the TR-MOKE setup is discussed, with which magnetization dy-
namics of thin films are investigated on femtosecond (fs) timescales in Part II of this Thesis.
Besides the standard magneto-optical techniques, also additions to the setup in order to study
transport effects during pulsed laser excitation are discussed. Finally, a brief description of
the Kerr microscope, used for the measurements on voltage-controlled domain wall motion
in Part II of this Thesis, is given.

2.1 the physics behind moke

Almost two centuries ago it was Michael Faraday who for the first time reported that
magnetism could influence light [53]. In his measurements he demonstrated that
linearly polarized light experiences a rotation when travelling through a transparent
magnetized medium. This effect, which was later dubbed Faraday rotation, was
shown to be proportional to the applied magnetic field and the travelled distance of
the light. More than thirty years later John Kerr discovered that the same effect can
be observed when light reflects off a magnetic surface, which is called the magneto-
optical Kerr effect [54]. The origin of both effects are, not surprisingly, the same,
and will be addressed in the following sections. First, MOKE will be discussed on
a macroscopic level, whereafter an intuitive picture of the underlying microscopic
physics will be sketched.

2.1.1 Phenomenological macroscopic description of MOKE

From a phenomenological point of view it is easy to understand why the reflec-
tion or propagation of light depends on the magnetization of a medium. We will
here focus on the reflection (MOKE), as this is mainly measured in the experiments
reported in this Thesis. Linearly polarized light is a linear combination of circu-

11
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Figure 6: Basic working principle of MOKE. Due to a different index of refraction for left-
and right-handed circularly polarized light in a magnetic material, linearly polar-
ized light experiences a rotation and becomes elliptic after reflection off a magnetic
sample. Image adapted from [55].

larly polarized light with opposite helicities. Now due to the magnetization these
two modes will transport differently through the magnetic material and will be dif-
ferently absorbed. This means that these modes will have a phase difference after
reflection, resulting in a rotation of the polarization, and the reflectivity of the two
modes differs, resulting in an ellipticity. This basic principle is depicted in Figure
6. By measuring the rotation or ellipticity of the reflected light, information can be
obtained regarding the state vector of the magnetization M. The simplicity of mea-
suring this change in polarization makes MOKE one of the most widely used tools
in magnetism.

More formally we can describe the magneto-optical response of an isotropic ma-
terial by the dielectric tensor ε:

ε =

 εxx εxy εxz

−εxy εxx εyz

−εxz −εyz εxx

 . (6)

The diagonal elements of ε do not depend on the magnetization. However, the off-
diagonal elements can in metals naïvely be viewed as the optical counterpart of
the (anomalous) Hall effect. When a magnetic field is applied conduction electrons
transported in an orthogonal direction to this magnetic field will be deflected by the
Lorentz force. This means that a magnetic field changes the off-diagonal elements
of the conductivity tensor σ. Since ε = 1 + i 4π

ω σ, where ω is the angular frequency
of the light, the off-diagonal elements of the dielectric tensor scale with the off-
diagonal elements of the conductivity tensor, which depend on the orientation of
the magnetization or the applied magnetic field.



2.1 the physics behind moke 13

a b c

Figure 7: The three different configurations for MOKE, being (a) polar, (b) longitudinal, and
(c) transversal MOKE.

We will now try to understand how the off-diagonal elements of the conductivity
tensor lead to magneto-optical effects. Therefore, we consider light traveling in the
z direction towards a medium with M also pointing in this direction. The tensor of
Equation 7 then reduces to:

ε =

 εxx εxy 0

−εxy εxx 0

0 0 εxx

 . (7)

The normalized eigenmodes of ε are found to be:(
Ex

Ey

)
±
=

1√
2

(
1

±i

)
, (8)

where Ex and Ey are the electric fields in the x and y direction, respectively. These
two eigenmodes, with eigenvalues ε = εxx ± iεxy, correspond to right-handed circu-
larly polarized (RCP) light and left-handed circularly polarized (LCP) light respec-
tively. This also means that the complex index of refraction of the magnetic material
is different for LCP and RCP light, hence linearly polarized light will undergo a
complex rotation Φ upon reflection from a semi-infinite medium, which is given by
[56]:

Φ = θ + iε =
εxy√

εxx
(
εxy − 1

) , (9)

where we define θ as the Kerr rotation and ε as the Kerr ellipticity.
The orientation of M with respect to the sample normal and the plane of in-

cidence of the light can severely influence the magneto-optical contrast. One can
distinguish three different configurations, which are depicted in Figure 7. First, in
Figure 7(a), polar MOKE is depicted, where M points along the surface normal and
lies in the plane of incidence. In general the polar MOKE signal is largest when
the incoming light is parallel to the surface normal, i.e. for perpendicular incidence.
Throughout this thesis polar MOKE is frequently used, as most of the reported
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Figure 8: (a) Simplified exchange and spin-orbit split density of states of a ferromagnet.
Frequency-dependence of the absorptive parts of the diagonal (b) and off-diagonal
(c) elements of σ due to the p-d transitions in the density of states in (a). The disper-
sive parts can be obtained via the Kramers-Kronig relations. Image adapted from
[58].

measurements are performed on out-of-plane magnetized materials. Second, longi-
tudinal MOKE is shown in Figure 7(b), where M points in the plane of incidence
but perpendicular to the surface normal. This configuration is used for the in-plane
magnetized materials in this Thesis. Finally, transverse MOKE is shown in Figure
7(b), where M is perpendicular to the plane of incidence and the sample normal.
The magneto-optical contrast in this configuration is much smaller than in the other
two configurations, and is therefore not used in the presented measurements.

2.1.2 Microscopic origin of magneto-optical effects in metallic ferromagnets

We have seen in the previous Section that MOKE is caused by a difference in the re-
flection of LCP and RCP light, due to off-diagonal elements of the conductivity ten-
sor σ. Here we will provide the reader with an intuitive picture of the microscopic
origin of these elements in ferromagnetic metals. Using optical techniques electronic
transition are probed, which depend on the frequency of the used photons ω and
the density and occupation of the electronic states [57]. Magneto-optical effects oc-
cur when these transitions become sensitive to the magnetization. To demonstrate
that this is the case in a typical ferromagnet, we examine the optical transitions of
p-states to the d-bands of a transition metal ferromagnet, which is schematically
depicted in Figure 8.
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In Figure 8(a) a simplified density of states (DOS) of a 3d-ferromagnet is depicted.
There are two important things to notice that lead to the magneto-optical contrast.
First of all the d-bands are exchange split by an energy ∆Eexch, which is of the order
of 1 eV [59]. Second, the majority and minority d-bands are split by spin-orbit (SO)
coupling ∆ESO, being ≈ 0.05 eV [60]. The SO interaction is basically a relativistic
correction to the single electron Hamiltonian, coupling the spin degree of freedom
to the motion around the nucleus:

HSO = ξL · S, (10)

where ξ is the material dependent spin-orbit coupling constant, L is the orbital
angular momentum operator and S the spin operator. SO-coupling results in an
energy splitting ∆SO of the five degenerate 3d-bands into sublevels with quantum
numbers Lz = −2,−1, 0, 1, 2. This splitting is according to Equation 10 opposite for
the majority and minority spins.

We will now consider the absorptive parts of σ due to transitions from a low-
lying filled p-level to the exchange and SO split d-bands, as depicted in Figure
8(a). Note that the dispersive part can always be obtained from the Kramers-Kronig
relations. The optical selection rules dictate that ∆Lz = ±1 (assuming a negligible
spin flip probability) for RCP and LCP light, respectively. Due to the SO-splitting of
the d-bands this makes the amount of possible transitions induced by RCP and LCP
different for a specific value of ω. The average amount of transitions determines the
value of σxx, whereas the value of σxy depends on the difference. In Figure 8(b)
the absorptive part of σxx is given as a function of ω for the scenario sketched
in Figure 8(a), and split in the spin-dependent contributions σxx,up and σxx,down.
σxx contains the helicity-independent transitions, and reversal of the magnetization
(interchanging σxx,up and σxx,down) does not influence its value. However, as can
be seen from Figure 8(c), the helicity dependent transitions that contribute to the
absorptive part of σxy change sign when the magnetization changes sign, providing
sensitivity of LCP and RCP to M.

So, we can conclude that MOKE is indirectly sensitive to the spin momentum of
the ferromagnet: the spins induce an orbital magnetic moment due to SO-coupling,
which can be measured by MOKE. To what extent one is sensitive to the real and
imaginary parts of σxy depends on many experimental details, such as the used
experimental setup and the exact sample geometry. Furthermore, the complex value
of σxy depends on the investigated material and the wavelength of the used light.
In Chapter 3 and Chapter 10 we exploit these features to measure depth-resolved
magnetization dynamics. In the next Sections, however, we will focus on the regular
MOKE setups used throughout this thesis.
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Figure 9: Basics of the TR-MOKE setup with crossed polarizer configuration. Image adapted
from [55].

2.2 time-resolved moke

2.2.1 Basic TR-MOKE setup

One of the main experimental tools used in this Thesis is the so called time-resolved
MOKE (TR-MOKE) setup. With this setup a magnetic sample can be excited by an
intense fs laser pulse, whereafter the magnetization dynamics can be studied by
MOKE on a fs timescale with a less intense pulse. The basic concept of the setup is
depicted in Figure 9. Here, an intense laser pulse is directed at a magnetic sample.
First the laser pulse is split into two parts: i) an intense part which we will refer to
as the pump pulse, and ii) a weaker beam called the probe. The pump is focused on
the sample by a lense, and excites the magnetic material at t = 0. The probe follows
a slightly different path, and is guided through an adjustable delay line, inducing
a delay ∆t of the probe with respect to pump. To measure the magnetization at the
set time delay, the incoming probe beam is polarized by a polarizer P and focused
through the same lens on exactly the same spot as the pump. The reflected probe
beam is guided through an analyzing polarizer A, whereafter the intensity of the
beam is measured with a photodiode detector D.

We will now use the Jones formalism to calculate the intensity of the light at the
detector for perpendicular incidence on a magnetic sample [61]. The Jones vector
is a 2-dimensional vector, where the two complex components correspond to the
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amplitude and phase of the electric field in the x- and y-direction respectively, as-
suming that the light propagates in the z-direction. The first polarizer will polarize
the light in the x-direction, which corresponds to the Jones vector (1, 0). We now
have to define the reflection matrix of the sample S and the matrix of the analyzer
A at an angle γ with respect to the first polarizer:

S =
√

R

(
1 −Θ

Θ 1

)
, A =

(
cos2 γ − cos γ sin γ

− cos γ sin γ sin2 γ

)
, (11)

where Θ is given by Equation 9. The intensity I at the detector is given by EE∗,
where the electric field at the detector E can be calculated as follows:(

Ex

Ey

)
= AS

(
1

0

)
. (12)

This eventually yields the following intensity detected by the the detector:

I = R
(

cos2 γ +
(

θ2 + ε2
)

sin2 γ + θ sin 2γ
)

. (13)

Realizing that θ and ε are extremely small (see for example Ref. [62]) brings us to
the conclusion that I ≈ R

(
cos2 γ + θ sin 2γ

)
. For maximum magneto-optical signal

one wants to have the non-magnetic background, scaling with cos2 γ, as small as
possible, which is the case for γ = ±π/2. However, for these angles the magnetic
signal is also zero. Luckily, if one expands I around γ0 = ±π/2, it can be shown
that the magnetic signal is more sensitive to small changes than to the non-magnetic
background:

I ∝ 2θ∆γ + ∆γ2, (14)

where ∆γ is defined as γ− γ0. This means that when setting the analyzer A almost
crossed with P the magnetic signal is optimized with respect to the non-magnetic
signal. To be able to measure the ellipticity ε instead of the Kerr rotation θ, one
needs to insert a quarter waveplate (QWP) at 45 degrees between the sample and
the analyzer.

In the measurements using Kerr microscopy the simple cross polarization config-
uration is used to measure the magneto-optical contrast, as explained in more detail
in Section 2.3. However, in the TR-MOKE setup the signal to noise ratio is increased
by two modulation techniques, which are described in the next Section.

2.2.2 Polarization modulation

In order to enhance the magneto-optical contrast of the setup it is possible to mod-
ulate the polarization of the light during the experiment. The main idea is that by
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Figure 10: Double modulation TR-MOKE setup. The polarization of the probe is modulated
with a PEM, while the pump is periodically blocked by a chopper. Image adapted
from [55].

locking on the modulation frequency (or higher harmonics) polarization indepen-
dent effects, such as regular reflection, can be completely filtered out. Modulation of
the polarization of the light is achieved by inserting a photo-elastic modulator (PEM)
in the optical probe path in between the sample and the polarizer P, as sketched in
Figure 10. The PEM is simply a birefringent crystal that is compressed periodically
in one direction, thus modulating the propagation velocity of the electromagnetic
waves with different polarizations, inducing a phase difference. The Jones matrix of
the PEM is given by:

M (t) =

(
1 0

0 eiA cos Ωt

)
, (15)

where A is simply the amplitude of retardation of the two components of the light,
Ω is the modulation frequency, which is 50 kHz in the experiments, and t is the
time. If the incoming light is polarized at 45 degrees with respect to the main axis
of the PEM, the light will be modulated in the following manner:(

Ex

Ey

)
= M (t)

1√
2

(
1

1

)
=

1√
2

(
1

eiA cos Ωt

)
. (16)

This means that for A = π/2 the light is modulated between LCP and RCP,
which is schematically depicted in Figure 11(a). As mentioned in Section 2.1.1 it



2.2 time-resolved moke 19

a

b I x
c

d

e

f

I x
I x

Figure 11: Explanation of the MOKE modulation technique. (a) shows the polarization of the
light as a function of time right after the PEM, while (b) shows the intensity in
the measured x-direction (horizontal direction) at this point. (c) and (d) show the
polarization and intensity of the light after reflection from a sample with Kerr
ellipticity, while (e) and (f) show the same information for Kerr rotation. Image
adapted from [63].

has been argued that MOKE is caused by a difference in reflection of LCP and RCP
light, hence the modulation induces a time-dependent polarization of the reflected
light off the magnetic sample that strongly depends on the magnetic state. However,
if the analyzer angle γ is not set correctly, the modulation from LCP to RCP will
also induce a time-dependent signal on the detector, even if ε does not contain off-
diagonal elements. Therefore, γ has to be chosen such that it is aligned with the
main axis of the PEM (so 45 degrees difference with the polarizer P), resulting in a
constant intensity I = R/2 at the detector in absence of any off-diagonal elements,
as shown in Figure 11(b).

We can derive the following expression for the intensity of the modulated light
at the detector after reflection of a magnetic sample:(

Ex

Ey

)
=

1√
2

AS

(
1

eiA cos Ωt

)
. (17)

It can be shown that using this expression and again that I = EE∗ the intensity at
the detector I has the following simple form:

I = R
(

1
2
+ θ cos [A cos Ωt] + ε sin [A cos Ωt]

)
. (18)
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Now although this expression for the intensity is rather simple, its behavior as a
function of A is far from trivial. Therefore, we expand Equation 18 in terms of
spherical harmonics, of which the first three terms are:

IDC = R
(

1
2
+ θ J0 (A)

)
, (19)

I1f = εRJ1 (A) cos Ωt, (20)

I2f = θRJ2 (A) cos 2Ωt, (21)

where Jn is the n-th spherical Bessel functions of the 1st kind. This means that
locking to the first harmonic of the modulation frequency, the ellipticity ε can be
measured, while locking to the second harmonic yields the rotation θ. We can in-
tuitively explain this by looking at Figure 11. Recalling from Section 2.1.1 that an
ellipticity is caused by a difference in reflection amplitude of LCP and RCP, yields
the polarization as a function of time as depicted in Figure 11(c). This means that for
RCP the intensity after reflection is small, for LCP large, and is in between these val-
ues for linearly polarized light, resulting in an intensity at the detector of sin ωt + φ
(see Figure 11(d)). On the other hand, a rotation of the light yields the polarization
modulation as demonstrated in Figure 11(e). The rotation does not affect LCP and
RCP, but increases or decreases the intensity of linearly polarized light through the
analyzer, hence a sin 2ωt+ φ dependence of the intensity at the detector is observed
(see Figure 11(f)).

2.2.3 Chopping the pump

The modulation technique introduced in the previous Section can be used in almost
any magneto-optical measurement. Here, we will introduce a technique to specifi-
cally improve the sensitivity in a pump-probe setup. In the setup depicted in Figure
10 a chopper is placed in the path of the pump beam, modulating the intensity with
a frequency of around ∼ 60 Hz. The influence of the pump beam on the magneti-
zation is for the used fluences in this Thesis rather small. However, modulating the
pump beam induces a pump-dependent periodic signal coming from the first lock-
in amplifier that is locked on the magneto-optical modulation frequency. Now by
feeding this signal to a second lock-in amplifier set at the chopper modulation fre-
quency, only the pump-induced changes of the magneto-optical signal are measured.
The advantage of this method is that the two different beams, namely the pump
and the probe, are modulated at different frequencies. This means that any noise
introduced by the optical elements in either the probe or pump path is effectively
filtered out, vastly enhancing the sensitivity of the TR-MOKE setup.

In this Thesis in principle the aforementioned double-modulation scheme is used,
i.e. the probe is modulated by a PEM, while the pump is modulated by a chopper.
However, when a different modulation technique is used it will be mentioned in
the description of the specific experiment.
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Figure 12: TR-MOKE in the back-pump configuration. Instead of using incoming beams from
the same side of the sample, the pump is focused on the back. This allows for the
investigation of transport effects during ultrafast demagnetization.

2.2.4 Back-pump configuration

An important part of this Thesis focuses on the investigation of transport effects in
magnetic thin films after pulsed laser excitation. To this extent the setup in Figure 9

is altered by focussing the pump on the sample from the back, while the probe is still
impinging on the sample from the front. This leads to the configuration displayed
in Figure 12. The main idea of the configurations is that the pump excites electrons
at the back of the sample, which will then (quasi-)ballistically travel towards the
probe pulse, where they are subsequently measured. Comparing magnetization dy-
namics on pumping from the front to pumping from the back gives insight in the
effects of transport during ultrafast demagnetization. Although a front-probe back-
pump technique has been frequently employed in the literature [64–66], comparing
front-pumping to back-pumping to distinguish local from non-local effects during
ultrafast demagnetizion has not been done before. The setup as depicted in Figure
12 has been used for the measurements in Chapter 9.

2.3 kerr microscopy

Next to TR-MOKE, another important research tool used for the measurements pre-
sented in this Thesis is a Kerr microscope from Evico. Basically, a Kerr microscope
is a regular optical microscope, but polarization filters and a few other elements are
added to become sensitive to the Kerr rotation or ellipticity of the sample. Although
the time resolution of magnetic imaging is not even close to that of the TR-MOKE
setup, it has the advantage that in one shot a spatially resolved image of the sur-
face magnetization is created. This makes it not only possible to study magnetic
domains [67] and their motion [68], but can also reveal the internal structure of a
domain wall [69].
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Figure 13: (a) Light path of the illuminated light for Kerr microscopy in the polar MOKE
geometry. (b) Image-forming lightpath.

A schematic overview of the working principle of the Kerr microscope is depicted
in Figure 13, showing the crossed-polarizers configuration explained in Section 2.2.1.
In Figure 13(a) the path of the light traveling towards the magnetic sample is shown.
A high intensity Xe arc is used as the light source to illuminate the sample. This light
travels through the aperture diaphragm, which can be used to determine the angle
of incidence of the light at the sample. In case of polar MOKE a simple centered
opening is used as the apperture. The light is guided through a polarizer and is fo-
cused by the objective lens onto the sample. After reflection the light passes through
the analyzer, which is oriented at almost 90 degrees with respect to the polarizer.
The intensity of the light, which depends on the magnetization, is measured by a
CCD camera, yielding a spatial profile of the magnetization. A compensator is used
to optimize the magnetic signal, which is convenient when ε is much larger than θ.

The CCD camera thus records spatially resolved magnetization dynamics in real
time, making Kerr microscopy a valuable tool for studying magnetization dynamics
accurately on a timescale of ≈ 100 ms. We demonstrate the power of this method
in Chapter 15, where reversal of thin magnetic films is studied while electrically
gating them, revealing strong control of thin film magnetism by electric fields.
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abstract

In this Chapter we introduce an all-optical method to measure material- and/or depth-
resolved ultrafast laser-induced magnetization dynamics in magnetic bilayers. By describing
the magneto-optical response of the bilayers in the complex Kerr plane, it is shown that the
laser-induced magnetization dynamics of the individual magnetic films can be measured by
a marginal adjustment to any conventional time-resolved MOKE setup. This allows for the
study of material- and depth-resolved ultrafast magnetization dynamics without the need of
large scale x-ray facilities. Finally, we argue that the introduced technique can also be used
for extracting the element-specific magnetization dynamics in multisublattice magnets (to
be submitted).

3.1 introduction

Since the discovery of ultrafast quenching of the magnetic order in ferromagnetic
Ni by femtosecond (fs) laser pulses [13], the field of femtomagnetism has received
widespread attention from the scientific community. The observed strong non-
equilibrium dynamics are not only of interest from a fundamental point of view,
but also look promising for ultrafast all-optical control of magnetism in future ap-
plications. The most commonly used technique to study the ultrafast response of
a ferromagnet is the time-resolved magneto-optical Kerr effect (TR-MOKE), where
an intense pump pulse excites the ferromagnet and triggers the magnetization dy-
namics, which are subsequently studied by a probe pulse. As both the pump and
probe pulse are generally shorter than 100 fs, this gives access to the magnetization
dynamics on timescales shorter than the elementary processes governing them.

For a long time the magnetization dynamics have only been studied using visible
or near-infrared light, as most commercial fs lasers operate in this regime. How-
ever, in the case of multisublattice magnets or magnetic multilayers, the dynamics
of the individual sublattices or layers cannot be disentangled, and the measured

23
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Figure 14: (a) Example of a Kerr vector Θ of a single magnetic layer in the plane spanned by
the ellipticity ε and rotation θ. (b) Example of the total Kerr vector Θtot of a sample
consisting of two individual layers with individual Kerr vectors Θ1 and Θ2. On
performing a measurement by projecting on the P axis, which is orthogonal to Θ1,
only Θ2 turns up in the magneto-optical signal. (a) and (b) are adapted from [76].
(c) Calculated values of V1f and V2f for a sample with two arbitrary Kerr vectors
and several values of the quarter wave plate angle α.

magneto-optical response is in general an average over all sublattices and/or layers.
Therefore, it is no surprise that the study of ultrafast magnetization dynamics re-
ceived a huge boost by the advent of fs x-ray pulses [16–18]. The main advantage of
using x-rays instead of MOKE is its element-specificity; by tuning the x-ray energy
to the absorption edge of an element, only the dynamics of that specific element are
measured. Not only did this give the opportunity of studying the non-equilibrium
dynamics of ferro- and ferrimagnetic alloys [14, 70], it also allowed for the quan-
tification of spin transfer between two magnetic layers after pulsed laser excitation
[22, 23]. More recently, x-rays were also used to measure spatially resolved magne-
tization dynamics [39, 71, 72], revealing the huge potential of x-rays for studying
femtomagnetism.

There is, however, one major disadvantage of using x-rays to study magnetization
dynamics: it requires large scale facilities for fs electron slicing or x-ray free electron
lasers [14, 17, 39, 71]. Recently, other techniques have been introduced to measure
element-specific magnetization dynamics, such as table-top higher harmonic gener-
ation [73, 74] or performing MOKE at different frequencies in the visible spectrum
[75]. However, the equipment required for these techniques is still not widely avail-
able.
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Figure 15: Double modulation TR-MOKE setup tailored for material- and/or depth-
sensitivity by the addition of a quarter waveplate. See text for details.

In this Chapter we introduce a technique to study material and/or depth-resolved
magnetization dynamics on a fs time-scale that can be implemented in virtually
any standard TR-MOKE setup. The working principle is as follows. As mentioned
in Section 2.1.1, a magnetic material causes an ellipticity ε and rotation θ of light
reflected off its surface. The total magnetic response can thus also be described by
the Kerr vector Θ with a Kerr angle ξ and Kerr amplitude Ω in a plane spanned by
ε and θ [76], as schematically depicted in Figure 14(a). In a normal magneto-optical
experiment either θ or ε is measured, which is simply the projection of the Kerr
vector Θ on one of the two orthogonal axes.

In a sample with two different magnetic layers the total Kerr vector Θtot is simply
the sum of the individual Kerr vectors Θ1 and Θ2, which is depicted in Figure
14(b). If the Kerr angles of ξ1 and ξ2 are not identical, it is possible to eliminate the
contribution of one of the Kerr vectors in the magneto-optical signal. This is done
by rotating the projection axis P such that it is orthogonal to the Kerr vector that one
wants to remove, which in the case of Figure 14(b) is Θ1. This means that only Θ2
becomes visible in the magneto-optical measurements. If for such an angle of P a
pump-probe measurement is performed, one is only sensitive to the pump-induced
changes in Θ2. Evidently, this procedure can be repeated to measure the dynamics
of Θ1, allowing for a material-specific measurement of the magnetization dynamics.
Interestingly, rotation of the projection axis P can be accomplished by addition of a
single optical component to any MOKE setup, making the technique a simple and
highly cost-effective alternative for other approaches.
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Figure 16: (a) Calculated values of V1f from Equation 22 as a function of the Kerr angle ξ and
QWP angle α. (b) Typically obtained magneto-optical signal on rotating the QWP
for three different Kerr angles. For all Kerr angles the contribution to the magnetic
signal can be removed, as indicated by the values of α where V1f = 0.

3.2 experimental methods

In general the only requirement for material- and/or depth-resolved TR-MOKE
is the ability to rotate the projection axis P, which can be accomplished in vari-
ous ways [76, 77]. In this Chapter this is done by adding a quarter wave plate
(QWP) to the double modulation setup introduced in Ref. [78] and Figure 10. The
setup is schematically depicted in Figure 15. Here 75 fs laser pulses coming from
a Ti:Sapphire laser (repetition rate 82 MHz, h̄ω ≈ 1.5 eV) are split in a pump and
a probe beam which are focused on the same position on the sample. The pump
and probe beam are modulated by a mechanical chopper (≈ 60 Hz) and a photo-
elastic modulator (PEM) (≈ 50 kHz), respectively. Before the PEM, the probe beam
is guided through a polarizer P1 at an angle of 45 degrees with respect to the
PEM easy axis, and through a QWP at an adjustable angle α. The reflected probe
is passed through a polarizer P2 that is aligned to the main axis of the PEM, and
its intensity is measured by a detector D. The signals at 50 kHz (V1f) and 100 kHz
(V2f) are measured by a lock-in L1. Without the QWP it has been shown that V1f ∼ ε
and V2f ∼ θ (see Ref. [79] or Section 2.2.2), which means that by locking to the 1st
(2nd) harmonic of the PEM, one is sensitive to the ellipticity (rotation) of the sample.
However, in aforementioned setup, the angle of the QWP determines whether the
PEM modulates the light between two circularly polarized states (for α = 45◦) or
two linearly polarized states (for α = 0◦), effectively switching the signals of V1f and
V2f. This means that α determines whether one is sensitive to rotation, ellipticity, or
a selected linear combination of both.
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Figure 17: (a) V2f as a function of applied field for various angles of the QWP α. The lines are
fits with double error functions and a linear contribution. (b) Extracted contribu-
tions of the top and bottom layer to V1f. (c) Same as in (b) but for V2f. The data in
(b) and (c) is fitted by Equation 22.

The measured MO response for the setup depicted in Figure 15 can be calcu-
lated using the Jones formalism [61], resulting in the following relation between the
ellipticity and rotation of the sample and the measured voltages on L1:(

V1f

V2f

)
∼
(
− (sin 2α)2 − cos 2α

− cos 2α (sin 2α)2

)(
ε

θ

)
. (22)

Although the matrix in Equation 22 that relates ε and θ to V1f and V2f is not the
rotation matrix, it allows for rotation of any Kerr vector Θ between 0 and 180 de-
grees in the plane spanned by V1f and V2f. This is schematically depicted in Figure
14(c), where an example of a Kerr vector is depicted for various angles of the QWP
angle α. Furthermore, from Equation 22 it can be seen that for any arbitrary Kerr
vector Θ there is an α such that the contribution of the specific Kerr vector to V1f
or V2f is removed. This is substantiated by the calculated values of V1f as a function
of QWP angle α and Kerr angle ξ in Figure 16(a), which are obtained by evaluating
Equation 22. As an example, V1f is plotted as a function α for three values of ξ in
Figure 16(b), showing how the magneto-optical contrast is typically influenced by
the QWP angle. Indeed, for all three Kerr angles there is a QWP orientation where
the material does not contribute to the Kerr signal, i.e. where V1f = 0.
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3.3 static measurements

3.3.1 Samples and sample preparation

We will now continue to investigate the layer-resolved dynamics of a magnetic bi-
layer. To make the identification of the contributions of the two layers as simple as
possible, we use a magnetic bilayer with an out-of-plane (OOP) magnetized Co/Ni
bottom layer and an in-plane (IP) magnetized Co top layer. The sample is schemat-
ically depicted in Figure 17(b). The reason for choosing this configuration, is that
both the static magnetic properties, such as the coervice fields, and the dynamic
magnetic properties, like the ferromagnetic resonance frequencies, are completely
different for IP and OOP magnetized materials. This makes it easy to identify which
contribution originates from which layer in both the static and time-resolved mea-
surements.

For the measurements Pt4/ [Co0.2/Ni0.6]x4 /Co0.2/Cu5/Co3/Pt1 samples have
been grown by DC magnetron sputtering on a B doped Si substrate, which was
capped by a native SiOx layer. The numbers denote the layer thicknesses in nm.
The Pt buffer layer was deposited to induce proper growth of the Co/Ni multilayer,
which has an OOP magnetic easy axis due to the surface anisotropy at the Co/Ni
interfaces [80]. The Cu spacer layer is required for magnetic decoupling of the top
and bottom layer, and, finally, the Pt top layer prevents the Co layer from oxidation
after deposition.

3.3.2 Results

First, to check that the introduced setup can indeed be used for material-specific
MOKE, both V1f and V2f are measured as a function of applied field for various
orientations of the QWP, i.e. as a function of α. Measurements are performed for
an incident angle of 45

◦ of the light and an applied field Happl at approximately
the same angle. As an example, hysteresis loops are shown for a few values of α in
Figure 17(a). The hysteresis loops clearly show that indeed the measured magneto-
optical signal can be tuned by the QWP angle. For an angle of 150

◦ the bottom layer,
corresponding to the large coercivity, is almost not visible, while for an angle of 120

◦

its relative contribution is much larger than that of the top layer. Now by fitting the
hysteresis loops with error functions and a linear background, the magneto-optical
amplitudes corresponding to both layers can be extracted. Examples of the fits are
depicted as lines in Figure 17(a).

Figure 17(b) and (c) display the fitted layer-specific contributions to V1f and V2f
as a function of QWP angle. They are subsequently fitted by Equation 22 to obtain
the Kerr angles ξtop and ξbot for the top and bottom layer, respectively. First of
all, the fits, depicted as lines in Figure 17(b) and (c), show excellent agreement to
the data. This demonstrates that the influence of the QWP to the setup is indeed
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Figure 18: (a) Examples of measured magnetization dynamics for QWP angles around the
sign reversal of the bottom layer. (b) TR-MOKE traces where the contribution of
the top and bottom layer are isolated by adjusting α.

correctly captured by Equation 22. Second, the obtained Kerr angles ξtop and ξbot
are displayed in Table 1. As expected, the values for the top and bottom layer differ,
but the values for V1f and V2f are virtually identical for the same layer, showing that
the method to separate the magneto-optical signals works as intended.

3.4 time-resolved measurements

3.4.1 Experimental details

From the fitted Kerr angles the QWP directions for which only one of the layers con-
tributes to the magneto-optical signal can be accurately determined. We will now
proceed to demonstrate that the introduced method can also be applied for material-
and depth-resolved TR-MOKE. TR-MOKE measurements are performed using the
setup displayed in Figure 15 in the polar MOKE geometry, i.e. only the perpendic-
ular component of the magnetization is measured. This is different from the static
measurements, where a combination of the in-plane and out-of-plane component is
measured. Also, the laser frequencies used for the static and dynamic experiments
are not identical, hence no direct comparison between the static and time-resolved
data is possible.

Table 1: Fitted values of the Kerr angles ξtop and ξbot.

Layer V1f V2f

ξbot 0.72± 0.04 rad 0.71± 0.04 rad

ξtop 2.01± 0.02 rad 1.94± 0.05 rad
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During the measurements an external field of ≈ 100 mT is applied at 15
◦ with the

film plane, which will slightly cant the magnetization of both the top and bottom
layer. For this configuration, two magnetic phenomena are expected to be observed
in the time-resolved signal. During the first picosecond or so, a longitudinal ultra-
fast demagnetization takes place [13, 17], as described in Section 1.2.1. As mainly
the perpendicular component of the magnetization is measured, only demagneti-
zation of the bottom layer is expected to contribute. Second, fs laser pulse heating
changes the effective field experienced by both layers. This will lead to the preces-
sion of the magnetization of both layers on a timescale of ≈ 100 ps, as described in
Section 1.1 and for example Ref. [81].

3.4.2 Results

In Figure 18(a) examples of TR-MOKE traces are shown for a few values of the
QWP angle α. As anticipated, a rapid change in the magnetization is observed
during the first picosecond or so, corresponding to the demagnetization of the OOP
bottom layer. On a longer time scale, two precessions with different frequencies
are observed, coming from the top and bottom layer. The measurements are fitted
by two damped precessions, which are shown as lines in Figure 18(a). On close
inspection of the data, it can be observed that both the demagnetization and one
of the precessions change sign on rotating the QWP angle from 65

◦ to 75
◦, from

which we can conclude that the magneto-optical contribution of the bottom layer to
V1f vanishes for 65◦ < α < 75◦. Indeed, for α = 70◦ there is almost no contribution
anymore from the bottom layer to the magneto-optical signal, revealing the genuine
dynamics of the top layer.

In Figure 18(b) two TR-MOKE traces are shown for the exact values of α where
either the top or bottom layer is removed from the time-resolved signal. The values
of α were emperically determined by studying the time-resolved signal as a function
of QWP angle. Both traces displayed in Figure 18(b) show one damped oscillation
that corresponds to the precession of either the top or the bottom layer. The lines are
fits with a single damped precession, and show excellent agreement with the data.
This verifies that the introduced method works as predicted, and can be used for
the study of material and/or depth-resolved magnetization dynamics on ultrafast
timescales.

3.5 discussion

The time-resolved measurements demonstrate that the technique introduced in this
Chapter is suited for ultrafast material and/or depth-resolved measurements of the
magnetization dynamics. An advantage of the method is its simplicity and ease
of implementation in any TR-MOKE setup. Furthermore, the Kerr angles of layers
consisting of the same element can still differ, allowing for depth-resolved measure-
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ments in situations where x-rays cannot be used. The introduced technique also
has some disadvantages. For example, if the contributions of the two Kerr vectors
vanish around approximately the same value of α, one is very sensitive to relatively
small pump-induced changes in the orientation of the Kerr vector. Besides that,
the measurements in the visible light spectrum don’t provide the lateral resolution
obtained using x-rays [72].

Finally, we will speculate whether the method can also be used for studying
element-specific magnetization dynamics in alloys. In principle, one can still con-
sider the Kerr vector Θ of a magnetic alloy as a superposition of Kerr vectors from
the sublattices. However, in static measurements the sublattices generally behave
identical, hence they cannot be used for determining the values of α at which the
TR-MOKE measurements should be performed. In order to obtain element-specific
dynamics, one thus has to perform the time-resolved measurements as a function of
QWP angle, and empirically find the values for which the dynamics are governed
by one of the sublattices. However, this is not different from the case where the
photon energy is tuned [75].

3.6 conclusions

In this Chapter we have introduced a method to perform material and/or depth-
resolved TR-MOKE. The setup required is a rather straightforward extension of a
regular TR-MOKE setup, offering an interesting alternative to XMCD or table-top
higher harmonic generation. By measuring the static properties of the sample under
investigation, the experimental configuration for which only one magnetic layer con-
tributes to the magneto-optical signal can be empirically determined. More impor-
tantly, it is shown that also in the time-resolved measurements the magneto-optical
signal of one of the layers can be isolated, revealing the genuine dynamics of that
layer. The introduced method provides a simple and cost-effective tool for an all-
optical study of superdiffusive transport or any other non-local effects after pulsed
laser excitation. We enforce this in Chapter 10, where we trace superdiffusive spin
currents in magnetic bilayer structures by the here introduced technique. Finally, it
is speculated that the technique can even be employed to measure the dynamics
of individual sublattices in multisublattice magnets. The introduced method could
thus prove to be an important extension of the toolbox of femtomagnetism.





Part I

M I C R O S C O P I C M O D E L I N G O F U LT R A FA S T
M A G N E T I Z AT I O N D Y N A M I C S I N F E R R O - A N D

F E R R I M A G N E T S

The first Part of this Thesis consists of a theoretical investigation of fem-
tosecond pulsed-laser heating of magnetic materials, where we address
several key issues regarding the microscopic description of the triggered
ultrafast dynamics. First, a brief introduction to this Part will be given
in Chapter 4, where the scientific background is sketched against which
the presented work is performed. Second, a generalized version of the
Microscopic 3 Temperature Model (M3TM) is derived in Chapter 5. This
model was used for the theoretical interpretation of the demagnetization
of Ni under varying experimental conditions [82], but we show that it
can also be used to study magnetization reversal in an applied field or
due to the inverse Faraday effect. In Chapter 6, the introduced model
is extended to calculate the dynamics of magnets with multiple sublat-
tices [83]. It is shown that it naturally reproduces all-optical switching
of ferrimagnetic materials, and the delayed demagnetization of one of
the sublattices in ferromagnetic alloys. Finally, two competing models
for calculating ultrafast demagnetization are compared in Chapter 7,
being a localized spin approach and a band structure model. The cal-
culations reveal that the latter will never reproduce the experimentally
observed loss of ferromagnetic order, irrespective of the studied scatter-
ing mechanism [84]. This means that rigid band structure calculations
alone cannot be used to draw conclusions on the microscopic origin of
ultrafast demagnetization, whereas the localized spin approach readily
makes contact to experimental observations.





4
I N T R O D U C T I O N T O PA RT I : M O D E L I N G U LT R A FA S T
M A G N E T I Z AT I O N D Y N A M I C S

In Part I of this Thesis we present a theoretical microscopical investigation of the response
of ferromagnets on femtosecond pulsed laser heating, and this Chapter serves as a short
introduction. To place our work in a broader perspective, the most important methods used
in the literature to model ultrafast magnetization dynamics will be presented, whereafter we
discuss how the work in this Part contributes to the field.

4.1 introduction

One of the most challenging problems in contemporary magnetism is the de-
scription of ultrafast magnetization dynamics in ferromagnetic materials after fem-
tosecond pulsed laser heating. The past decade multiple experimental techniques
have unambiguously demonstrated that the magnetization of the transition metals
can be quenched by the absorption of a laser pulse within 100s of femtoseconds
[13, 17, 70, 85]. However, despite the large amount of experimental and theoretical
efforts there is still no consensus on the dominant microscopic mechanism govern-
ing the magnetization dynamics. Identifying this mechanism is of crucial impor-
tance from a fundamental point of view, but also due to the prospect of ultrafast
optical switching for future recording applications [14, 19, 86]. In the literature var-
ious explanations for the ultrafast laser-induced loss of magnetic order have been
proposed, which can be globally divided in three categories, namely i) coherent
interactions between the laser light and the electronic and spin system [87, 88], ii)
non-local dissipation of angular momentum due to spin transport [20, 21], and iii)
thermalization of the spin system by scattering with electrons and/or phonons [89–
91].

Most theoretical efforts reported in the literature have concentrated on the lat-
ter, i.e. describing thermalization of the spin system due to absorption of the laser
pulse by the electrons. Although it is not known to which extent heating alone can
explain the ultrafast loss of magnetic order, but that it plays an important role is
by now well established [82, 92, 93]. However, little is known about the specific
microscopic mechanism that accommodates the heat transfer to and the angular
momentum transfer from the spin system. In this part we address this issue by
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Figure 19: (a) Basic overview of the 3TM. The laser pulse is absorbed by the electron system,
whereafter heat is transported between the three sub-systems. (b) Temperature
traces for the electron, phonon and spin systems as a function of delay time, as
calculated by Beaurepaire et al. [13].

modeling ultrafast magnetization dynamics of ferro- and ferrimagnetic materials
from a microscopic point of view. As an introduction to our theoretical investiga-
tion we will here briefly describe the various approaches suggested in the literature,
this to sketch the background against which the work in this Part is performed. We
will end with a brief discussion of the content of this Part.

4.2 the 3 temperature model

It was already realized in 1996 by Beaurepaire et al. that ultrafast transfer of en-
ergy from the excited electron system to the spin system could explain the sub-
picosecond quenching of magnetic order in Ni [13]. This was further illustrated by
a simple phenomenological model to explain the magnetization dynamics, called
the 3 Temperature Model (3TM). A basic overview of the model is presented in Fig-
ure 19(a), and is actually a straightforward extension of the 2 Temperature Model
(2TM), which has been widely used to describe the electron and phonon dynam-
ics after pulsed laser excitation [94]. In the 2TM energy transfer between the elec-
trons and phonons simply depends on their mutual temperature difference Te− Tp,
which can be derived from microscopic Hamiltonians [95]. Beaurepaire et al. added
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the spin system on a completely phenomenological basis, leading to the following
three coupled differential equations:

Ce (Te)
dTe

dt
= −Gep

(
Te − Tp

)
− Ges (Te − Ts) + P (t) , (23)

Cp
(
Tp
) dTp

dt
= −Gep

(
Tp − Te

)
− Gps

(
Tp − Ts

)
, (24)

Cs (Ts)
dTs

dt
= −Ges (Ts − Te)− Gps

(
Ts − Tp

)
. (25)

Here, Gep, Ges and Gps are the electron-phonon, electron-spin and electron-lattice
interaction constants, Te (Ce), Tp

(
Cp
)

and Ts (Cs) the electron, phonon and spin
temperatures (heat capacities), respectively, and P (t) is the time-dependent absorp-
tion of energy by the electron system. The ferromagnet is thus modeled by three
separate systems, being the electrons, phonons and spins, each with their own tem-
perature and heat capacity. Ts can be linked to the magnetization via the measured
magnetization as a function of temperature, although it is not straightforward that
this relation should hold in the strong non-equilibrium situation after pulsed laser
excitation. For example, small wavelength magnons can be excited on fs pulsed
laser excitation, so that the effective spin temperature could even increase to above
the Curie temperature [96], which is not captured by the simple 3TM model.

Even though the spin system was added to the 2TM on a completely phenomeno-
logical basis, it fitted the experimental data in Figure 4(a) reasonably well. The cor-
responding solutions of the 3TM are plotted in Figure 19(b). Here it can be seen that
the spins follow the electron temperature more rapidly than the phonons, mainly
because Cp is much larger than Cs. This results in a rapid increase of the spin tem-
perature, corresponding to a fast demagnetization for small delay times. Because
Gep � Gps the electrons cool down due to equilibration with the phonons, while
the spin system remains hot. When Te becomes smaller than Ts, a slow decrease in
Ts can be observed. This slow decrease in Ts corresponds to the remagnetization in
Figure 4(a).

4.3 localized spin approaches

Although the 3TM by Beaurepaire et al. could reproduce the experimentally ob-
served ultrafast demagnetization of Ni, due to the phenomenological nature of the
coupling constants it cannot be used to predict the behavior of other materials on
pulsed laser excitation, nor is it possible to distinguish between the various mi-
croscopic mechanisms mentioned in Section 4.1. A step towards a more realistic
description of femtomagnetism was made by using more realistic models for the
spin system, which we will discuss in this Section.
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4.3.1 Atomistic spin dynamics

The most conventional method for calculating magnetization dynamics is the use of
a macrospin model. In such an approach it is assumed that all the atomic spins in
a ferromagnet point in the same direction. The dynamics are then governed by the
LLG equation introduced in Section 1.1. Such a macrospin model, however, cannot
be used to calculate a change of the magnitude of the total magnetic moment M
observed on fs pulsed laser excitation.

To model ultrafast magnetization dynamics using the LLG, instead of describ-
ing an ensemble of spins by a single macrospin, the ferromagnet can be modeled
by many atomistic spins, of which the dynamics are governed by individual LLG
equations [97]. This can also be viewed as a micromagnetic approach with atomic
cell sizes. There are two important differences compared to the LLG given in Equa-
tion 1. First of all, the individual spins are coupled to their nearest neighbors via
the exchange interaction, yielding the following contribution to the effective field
experienced by the i-th spin in a material:

Hexch,i = λ ∑
j

mj, (26)

where j runs over the nearest neighbors of the i-th spin, and λ is the strength of
the exchange interaction. Flipping a single atomistic spin from up to down in a
ferromagnetic material costs an energy of ≈ 100 meV [98].

A second change with respect to the LLG equation introduced in Section 1.1 is
that the individual magnetic moments experience a random thermal field Htherm,
causing a random motion of the direction of mi. Htherm is often assumed to be
governed by a Gaussian stochastic process, where the x-, y- and z-components of
the fields experienced by the individual spins are normally distributed. Fluctuation-
dissipation theorem [99] dictates that the strength of the thermal fields can be re-
lated to the Gilbert damping constant introduced in Equation 1:∣∣Htherm,x

∣∣ ∼ kBTe

γms
α, (27)

where ms is the atomic magnetic moment. This relation shows that the only input
required to calculate the atomistic spin dynamics is Te as a function of time, which
can be easily obtained from the 2TM. Note that the use of Te in Equation 27 is only
justified if the spins are more strongly coupled to the electrons than to the phonons,
which seems to be supported by experiments.

Now all ingredients are present to calculate the dynamics of a ferromagnet on
pulsed laser excitation, as for the first time done by Kazantseva et al. and Skubic
et al. in 2008 [96, 97]. On absorption of the laser pulse, Te becomes very large, and
according to Equation 27 this means that the random thermal fields also increase.
These increased random fields create disorder in the spin system, hence the macro-
scopic magnetization M, which is measured in the experiments, is decreased. This
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M M

100 fs

Figure 20: Cartoon of ultrafast demagnetization in the atomistic spin approach. The atomistic
spins are coupled ferromagnetically by the exchange interaction. Due to heating
of the electron system the individual spins will experience random thermal fields,
causing a reduction of spin order and of the macroscopic magnetization vector M
(thick red arrow).

process is displayed in Figure 20. The timescale for demagnetization is shown to be
≈ 100 fs for Ni [96], which coincides with the experimental observations.

In general the results from the atomistic spin calculations resemble the experi-
mental observations surprisingly well, even when the macroscopic Gilbert damping
parameter α, as introduced in Chapter 1, is used. Furthermore, it is a very flexible
tool to study a wide variety of phenomena related to magnetization dynamics, as
it can be easily applied to systems with multiple sublattices, such as ferro- and fer-
rimagnetic alloys. One of the major accomplishments of the model is the fact that
it reproduces all-optical switching of ferrimagnets, as mentioned in Section 1.2, for
realistic material parameters [14, 19], demonstrating the power of atomistic spin
simulations.

However, there are also some drawbacks to the approach. First of all, energy and
angular momentum are not conserved in the calculations, making it impossible to
investigate which channel accommodates the ultrafast transfer of angular momen-
tum from the spin system. Related to this, the mechanism coupling the spin system
to the electron temperature does not have to be specified, and is captured by the
phenomenological atomic damping parameter α, making it difficult to address the
microscopic origin of ultrafast demagnetization with atomistic spin modeling.

4.3.2 The Landau-Lifschitz-Bloch equation

An approach that is very similar to the atomistic spin calculations is the Landau-
Lifschitz-Bloch (LLB) equation. This equation describes the deterministic motion of
a macrospin M, but is derived from the atomistic spins mi following stochastic LLG
dynamics, with the difference that the exchange interaction is taken into account
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by a mean-field approximation [100]. The derived equation of motion for M is the
following:

dM
dt

= γµ0

[
M×Heff +

α‖
M

(M ·Heff)M− α⊥
M

M×M×Heff

]
, (28)

where Heff is the effective magnetic field, including the exchange interaction, and α‖
and α⊥ are the longitudinal and transverse damping parameters, respectively. The
first term of the LLB describes the precessional motion of M around the effective
field, whereas the third term is the transverse relaxation of M, which is for small
values of α⊥ mathematically identical to Gilbert damping. The most important addi-
tion with respect to the LLG is the second term, which is the longitudinal relaxation.
This term does not conserve the length of M, and is a result of the transverse relax-
ation of the individual spins.

In the LLB coupling of the spins to the electron system occurs in a similar manner
to the atomistic LLG, i.e. through the damping parameters:

α‖ = α
2Te

3TC
, α⊥ = α

(
1− Te

3TC

)
, Te < TC (29)

where TC is the Curie temperature of the sample. For Te > TC, α⊥ is identical to α‖.
Just like in the atomistic LLG, the fluctuations of the individual spins, which cause
the longitudinal relaxation, have the same origin as the Gilbert damping, as they
both depend on a single damping parameter α.

The LLB has been widely used in modeling ultrafast demagnetization [92, 101–
104], and like the atomistic spin approach, both qualitative and quantitative agree-
ment is observed with many experimental observations. For example, the com-
pletely different demagnetization rates for Ni and Gd are naturally reproduced
by the LLB [103]. The advantages of the LLB over the atomistic LLG are that the
LLB requires far less computational power, and that a quantum version of the LLB
can be used [105]. A main disadvantage of the LLB is that the extension to magnets
with multiple sublattices is less straightforward. However, the LLB equation for two
sublattices has been derived [106], which has very recently been shown to explain
the ultrafast switching of ferrimagnetic materials on pulsed laser excitation [107].

In general one could say that the atomistic LLG and LLB approach model ultrafast
magnetization dynamics in a very similar manner, and are highly successful in
reproducing experimental observations. However, their similarity also means that
the LLB shares one of the major disadvantages of the atomistic LLG, namely that
the microscopic origin of the coupling of the spin system to the electron system
is not addressed. In the next Section we discuss a class of models for ultrafast
demagnetization, where the coupling between the electrons and the spin system is
rigorously taken into account.
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Figure 21: Cartoon of the demagnetization process in a band-structure approach. The elec-
trons absorb the laser pulse (1), bringing the majority and minority sub-systems
out of equilibrium with respect to each other. Subsequently, majority electrons can
flip their spin by for example interaction with a phonon (2), resulting in a demag-
netization. Note that k and k′ are merely labels for the electronic states, and are
therefore not related to the crystal momentum.

4.4 stoner-like rigid band models

One of the largest breakthroughs in the study of condensed matter physics is the
band description of solids, which could explain the occurrence of conducting, in-
sulating, and semiconducting materials. By now, the theory is widely accepted as
the most suitable approach to calculate material properties from first principles.
The band description of solids has also vastly improved our understanding of mag-
netism. For example, it explains the experimentally measured atomic magnetic mo-
ments of the 3d transition metals, which are noninteger multiples of the Bohr mag-
neton µB. Therefore, it is no surprise that the band structure approach has also been
frequently used as the starting point for calculations on ultrafast magnetization
dynamics.

In the band structure approach of ferromagnetism the electrons occupy Bloch
states in bands that are split due to the exchange interaction. In equilibrium the
chemical potentials of the majority and minority electrons, µ↑ and µ↓ respectively,
are equal. This means that due to the exchange splitting Jexch there are more major-
ity than minority electrons, leading to a net magnetization. A schematic density of
states (DOS) of a ferromagnet is displayed in Figure 21.

The band structure calculations on ultrafast demagnetization all use a similar
Stoner approach [91, 108–111], which is schematically displayed in Figure 21. First,
the occupation of the DOS is calculated after pulsed laser excitation by evaluating
the electronic transitions from a state Ψk to a state Ψk′ due to absorption of a pho-
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M M

Figure 22: Cartoon of ultrafast demagnetization in a Stoner-like band structure approach. In
contrast to the atomistic spin and LLB equations it is not the direction of the atomic
magnetic moments that is changed, but their magnitude.

ton, schematically illustrated in Figure 21. The transition rates can be calculated
completely from first principles, which has been used to show that the demagneti-
zation by laser-induced spin-flips only is negligible [108].

Now that the system is brought out of equilibrium by the laser pulse, the elec-
trons can scatter due to the interaction with other electrons, phonons, magnons, or
other (quasi-)particles. These scattering events may involve a Stoner-like spin-flip,
in which a majority electron scatters into a minority state or vice versa. As an exam-
ple a spin flip of an electron accompanied by emission of a phonon is depicted in
Figure 21. Such a spin flip results in a change of the magnitude of M, generally lead-
ing to a demagnetization. Scattering of the Bloch electrons with other particles can
be calculated completely from first principles, allowing for a parameter-free calcu-
lation of the demagnetization process, which is the main advantage of the sketched
approach.

There is a very large conceptual difference between the physical process of demag-
netization in the Stoner approach compared to the local spin models. It is possible
to account for disorder in real space in band structure approaches [112], however,
for the simplified Stoner models used to calculate ultrafast demagnetization rates
this is not the case. This means that the demagnetization in these approaches is not
caused by a change in the orientation of the atomic magnetic moments, but due
to a change in their magnitudes. This is schematically depicted in Figure 22. The
energy scale for demagnetization by quenching of the atomic moment is different
with respect to demagnetization due to spin disorder in real space. In the former
the on-site Coulomb repulsion, or intra-atomic Stoner exchange, has to be overcome,
which is an order of magnitude larger than the inter-atomic exchange important for
the latter.

Contrary to the calculations using a localized spin model, such as the LLB and
atomistic LLG, the band models are not in quantitative agreement with the experi-
mental observations. In general the obtained demagnetization rates are over an or-
der of magnitude too small. These small demagnetization rates are often attributed
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to the ineffectiveness of the microscopic scattering mechanism under investigation.
However, we will show in Chapter 7 that this is merely a result of the inapplicability
of the Stoner model to finite temperature magnetism.

4.5 content of part i

In the previous Sections two types of approaches to model ultrafast magnetization
dynamics have been introduced. One of them, based on a localized spin description
of ferromagnetism, readily reproduces experimentally observed demagnetization
rates and all-optical switching phenomena. However, the approach cannot be used
to discriminate between various microscopic mechanisms of demagnetization. The
input parameters for the model can be obtained from ab-initio calculations. On the
other hand, using a band description of ferromagnetism does allow for incorporat-
ing the microscopic scattering mechanism in the calculations, however, it cannot
make contact to the experiments.

A model was introduced by Koopmans et al. to fill the gap between the two
approaches [113]. This model, called the Microscopic 3 Temperature Model (M3TM)
is derived from microscopic Hamiltonians and can be used to investigate different
scattering mechanisms. On the other hand, the Hamiltonian for the spin system
is based on localized magnetic moments, and it has already been shown that the
model is in quantitative agreement with demagnetization of various materials, such
as Ni, Co and Gd. In Chapter 5 we will derive a generalized version of the M3TM,
dropping several restrictions of the original model proposed by Koopmans [113].
This generalized M3TM has been used to investigate the temperature dependence of
the demagnetization of Ni, as further described in Ref. [82]. Furthermore, it is shown
that the M3TM can be used to model all kinds of longitudinal switching phenomena,
such as heat-assisted magnetic recording or switching due to the inverse Faraday
effect.

Based on the generalized M3TM in Chapter 5, a model for the dynamics of multi-
sublattice magnets is introduced in Chapter 6. This model, which is completely
derived from microscopic Hamiltonians, is shown to reproduce all-optical switch-
ing of ferrimagnets and the non-equilibrium dynamics of the sublattices in a fer-
romagnetic alloy. This allows for a microscopic investigation of the complex non-
equilibrium dynamics of multi-sublattice magnets after fs optical excitation.

Finally, we address the origin of the large discrepancies in the demagnetization
rates obtained from the localized spin models and band structure calculations in
Chapter 7. This is done by calculating the demagnetization rate for Ni in both ap-
proaches, where all systems are modeled identically, but only the spin Hamiltonian
is changed. We show that the band structure approach will never be able to ac-
count for the experimentally observed demagnetization, caused by the failure to
reproduce the finite temperature properties of ferromagnets. This means that, un-
like claimed in the literature [109, 111], it is the choice of the approach rather than
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the investigated microscopic mechanism that limits the calculated demagnetization
rates.



5
T H E M I C R O S C O P I C 3 T E M P E R AT U R E M O D E L

In this Chapter we derive an extended version of the Microscopic 3 Temperature Model which
is valid under all experimental conditions and for ferromagnets with an arbitrary spin quan-
tum number. Not only does this Chapter introduce the basic building blocks required to
understand the model for multi-sublattice dynamics presented in Chapter 6, but also new
applications of the M3TM, such as heat assisted recording or all-optical data switching by
the inverse Faraday, will be discussed (to be submitted).

Parts of this Chapter have already been published in Physical Review X [82].

5.1 introduction

Since the dawn of femtomagnetism, which is the study of the response of magnetic
materials to femtosecond (fs) pulsed laser excitation, there is an ongoing debate
on the microscopic origin of the ultrafast demagnetization of ferromagnetic Ni [13].
Multiple different mechanisms have been suggested to be responsible for the rapid
loss of magnetic order, such coherent interactions of the spins with the electric field
of the laser [87, 88], transport [20, 21], and heating of the spin system due to spin-
flip scattering [89–91]. However, despite almost two decades of intensive research
there is still no consensus on the dominant contribution.

For the aforementioned microscopic mechanisms, model calculations have been
used in the literature for quantitative comparison to the experiments. Due to the
complexity of the non-equilibrium conditions during and after pulsed laser excita-
tion, strong approximations are made. For example, to calculate heating of the spin
system by spin-flip scattering, two opposite starting points are generally applied
(see also Chapter 4. In the first approach, used in most ab-initio calculations, a rigid
zero-temperature band-structure is employed to calculate the change in atomic mag-
netic moment due to Stoner-like spin-flip events [91, 108, 109, 114, 115]. The main
advantage of this approach is that the demagnetization rates from different scat-
tering mechanisms can be calculated from first principles. However, the obtained
demagnetization rate is generally too small to explain the experimentally observed
values, which is simply caused by the fact that the atomic magnetic moment is vir-

45
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tually independent of the electron temperatures reached in typical experiments, as
will be demonstrated in Chapter 7.

On the other hand, there are approaches that model the spin system by localized
magnetic moments, such as the Landau-Lifschitz-Bloch (LLB) [92, 101, 103] and the
atomistic Landau-Lifschitz-Gilbert (LLG) [96] equations. The localized magnetic mo-
ments are phenomenologically coupled to the electron temperature and mutually
interact by the exchange interaction. In these approaches demagnetization does not
occur due to a reduction of the magnitude but a change of the orientation of the
localized moments, leading to longitudinal relaxation. The LLB and atomistic LLG
have shown to reproduce the magnetization dynamics observed in many different
experiments, ranging from ultrafast demagnetization to sub-picosecond switching
of ferrimagnetic alloys [19]. More surprisingly, it is shown that damping of the
precessional dynamics on a timescale of ≈ 100 ps and ultrafast demagnetization oc-
curring on femtosecond timescales can be treated on equal footing, indicating that
describing spin-excitations in terms of localized magnetic moments may be appro-
priate for ultrafast magnetization dynamics [103]. A drawback of these approaches,
however, is that the microscopic processes linking the electron temperature to the
spin system are captured by a phenomenological coupling parameter. This makes
it difficult to obtain information on the origin of ultrafast demagnetization by ana-
lyzing experimental data with these models.

Recently, a model was introduced in the literature which tries to combine the
advantages of both methods [113]. This model, dubbed the Microscopic 3 Tem-
perature Model (M3TM), describes the spin system in a similar manner as in the
LLB and atomistic LLG approaches, whereas the coupling to the electron and/or
phonon system is calculated based on a microscopic Hamiltonian, where the input
parameters can be obtained from or compared to ab-initio calculations. It has already
been shown that the model accurately reproduces the distinctly different magnetiza-
tion dynamics of the transition and rare-earth metals on equal footing, assuming a
phonon-assisted Elliott-Yafet spin-flip as the microscopic driving mechanism. More
recently, a prediction based on calculations with the M3TM has been verified, be-
ing the occurrance of a second step in the demagnetization of Ni on increasing the
ambient temperature [82].

Up until now a simplified version of the M3TM has been used to calculate mag-
netization dynamics, which is only valid for large ambient temperatures (> TD,
the Debye temperature), for spin quantum numner S = 1

2 , and neglecting the spin
specific heat. In this Chapter we derive a generalized version of the M3TM which
is valid for all ambient temperatures, arbitrary values of S, and self-consistently
including the spin specific heat. The extension of the validity of the model for all
ambient temperatures and inclusion of the spin specific heat have been proven to be
important for the modeling presented in Ref [82]. The inclusion of arbitrary values
of S allowed us to model the dynamics of multi-sublattice magnets, as discussed
in Chapter 6. The Chapter is organized as follows. First the general M3TM and
the properties of the subsystems are derived from the microscopic Hamiltonians.
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Figure 23: Flow of energy and angular momentum in the M3TM model. Through e–p and
e–p–s scattering energy can be transferred between all three subsystems (a), while
angular momentum is exchanged between the spins and the lattice (b).

Hereafter, it is demonstrated how the simplified rate equations presented by Koop-
mans et al. can be obtained [113], and how they readily reproduce experimental
observations of the ultrafast demagnetization of Ni. Finally, it is shown how also
phenomena like heat assisted recording can be modeled within the framework of
the M3TM, demonstrating its broad applicability.

5.2 basic idea of the m3tm model

5.2.1 General model

Globally the M3TM consists of two elements, namely (i) a microscopic description
of the electron, phonon, and spin sub-systems, and (ii) their mutual microscopic
interactions. The model does not intend to describe all details of a ferromagnet as
realistically as possible, but is aimed to be the most simple microscopic model while
keeping contact with experimental observations. Therefore, simplified Hamiltoni-
ans for the various sub-systems are used, being a free electron gas with a constant
density of states (DOS) for the electron system, a Debye model for the phonon sys-
tem, and a Weiss mean-field approach for the spin system. These subsystems are
subsequently coupled by calculating the scattering rates using Fermi’s golden rule,
resulting in a set of coupled Boltzmann equations describing the evolution of the
subsystems in time.

A crucial difference between the LLB/atomistic LLG and the M3TM is that in the
latter the flow of energy and angular momentum is calculated based on a micro-
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scopic scattering mechanism, whereas in the LLB/atomistic LLG phenomenologi-
cal coupling constants are used. This means that besides describing the microscopic
properties of the subsystems, also a microscopic mechanism for demagnetization
must be specified. Throughout this Thesis we assume that electron-phonon (e–p)
scattering is responsible for the ultra-fast dynamics of the subsystems, where after
an e–p scattering event energy is exchanged between the electron, phonon and spin
systems, while angular momentum can be transferred between the spin and phonon
system through an Elliott-Yafet mechanism. A schematical overview of the flow of
energy and angular momentum in the model is depicted in Figure 23. It needs to be
stressed that the method used for the calculations can be extended to virtually any
scattering mechanism, such as for example spin-flip scattering on a paramagnetic
impurity.

To calculate the dynamical evolution of the sub-systems, one major assumption
is made, namely that the sub-systems remain in internal equilibrium at all times.
This means that internal equilibration is assumed to be much faster than energy
transport between the subsystems, and that a temperature T can be assigned to each
subsystem at all times. Whether this is a reasonable assumption can be questioned,
however, it has been shown that for the electron system the scattering rates are
not significantly altered by replacing the non-equilibrium distribution function by
a Fermi-Dirac distribution [116]. Furthermore, approaches using a 2 Temperature
(2T) model with an electronic system in thermal equilibrium as an input, reproduce
magnetization dynamics in both the transition metals Ni and Co as well as the
rare-earth metal Gd accurately [103]. Although this assumption could be dropped
at the expense of simplicity/computation efficiency, it does not yield significantly
different dynamics [117].

5.2.2 The Elliott-Yafet spin-flip

In the M3TM it is assumed that e–p scattering induces spin flips, which is only
possible due to spin orbit coupling (SOC). In a material with SOC the electronic
states are not purely spin up and spin down states but a mixture of a dominant
spin up (down) and a small spin down (up) contribution:

ψk,↑ = [ak (r) | ↑〉+ bk (r) | ↓〉] eik·r. (30)

It were Elliott and Yafet who realized it is due to this spin mixing that scattering
of electrons due to a scattering potential Vk−k′ could result in a spin flip, even if this
potential is diagonal in spin space like the Coulomb interaction [118, 119]. This spin-
flip process is schematically depicted in Figure 24. The electron in the (mainly) spin
up state ψk,↑ has a large probability to scatter into another (mainly) spin up state
ψk′ ,↑, however, due to SOC there is also a small possibility that there is a spin-flip
event by scattering into the (mainly) spin down state ψk′ ,↓. In the theory of Elliott
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Figure 24: Elliott-Yafet spin flip mechanism. (a) Due to SO-coupling the electronic states in a
metal are a combination of spin-up and spin down, making spin-flip transitions
due to e–p scattering possible. (b) Electron-phonon scattering event including an
Elliott-Yafet spin-flip.

and Yafet the spin-flip probability asf is related to the spin mixing parameter 〈b2〉,
which is defined as follows:

〈b2〉 = min (〈ψk| ↑〉〈↑ |ψk〉, 〈ψk| ↓〉〈↓ |ψk〉), (31)

where the bar stands for a suitable average over the involved states around the
Fermi level. This means 〈b2〉 = 0 when all spin states are pure spin states, whereas
for 〈b2〉 = 0.5 the states are fully mixed. The exact relation between asf and 〈b2〉 is
given by:

asf = p〈b2〉, (32)

where p is a material specific parameter with a value value typically between 1 and
10. 〈b2〉 can be calculated from ab-initio calculations as has for example been done
by Steiauf et al. [120, 121].

The Elliott-Yafet spin-flip mechanism has originally been introduced for non-
magnetic (semi-)conducting materials, but cannot be simply applied to ferromag-
nets. The reason for this is that the excitation spectrum of a ferromagnet is extremely
complex compared to non-magnetic materials, as spin correlations play an impor-
tant role in the former. In the M3TM it is assumed that an Elliott-Yafet spin-flip from
up to down costs a certain amount of energy to break local ferromagnetic order. The
amount of energy of such a spin flip is calculated from the used Weiss mean field
approach, and is thus of the order of the interatomic exchange energy (∼0.1 eV).

5.3 microscopic description

In this section an extended derivation of the general M3TM model will be given,
without some simplifications as presented by Koopmans et al. [113]. First a micro-
scopic description of the electron, phonon and spin systems is given. Second, the
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e–p interaction Hamiltonians, including a possible spin flip, are introduced. Finally,
it is shown how the scattering rates can be calculated using Fermi’s golden rule,
which leads to a system of Boltzmann equations. These Boltzmann equations gov-
ern the time evolution of the electron, phonon and magnetic subsystems, complet-
ing the derivation of the M3TM model.

5.3.1 Electron system

The electron system is modeled by the following Hamiltonian:

He = ∑
k

Ekc†
k ck, (33)

where c†
k and ck are the creation and annihilation operators for electrons in the state

k respectively, and Ek is the single electron energy, hence the Hamiltonian describes
a set of non-interacting electrons. For simplicity the DOS ge (Ee) is assumed to be
constant around the Fermi-level:

ge (Ee) = DF, (34)

hence, no details about the band structure of the material are taken into account.
DF is a material specific parameter and can be obtained from literature as an input
parameter for the calculations. The occupation of the DOS is governed by Fermi-
Dirac statistics:

fe (Ee) =
1

1 + exp
(

Ee
kBTe

) , (35)

where Te is the electron temperature, Ee the excess single particle electron energy
with respect to the Fermi level, and kB Boltzmann’s constant. Now the total thermal
energy χe in the system can be calculated by integrating over all thermally excited
states:

χe (Te) = 2
∫ ∞

0
Ee fe (Ee, Te) ge (Ee)dEe =

1
6

π2DFk2
BT2

e . (36)

By differentiating this expression with respect to the temperature the heat capac-
ity per atom of the electron system is obtained:

Ce =
∂

∂Te
χe (Te) =

1
3

π2DFk2
BTe. (37)

This expression can be simplified to γTe which is the well known linear dependence
of the electron heat capacity on the electron temperature, where in the case of a con-
stant DOS around the Fermi level γ = 1

3 π2DFk2
B. Note that for the electron system,

both the heat capacity and the occupation of the electronic states are determined by
a single microscopic material parameter, namely Df. In practice this parameter can
be obtained by simply fitting the experimental data for the electronic heat capacity
as a function of temperature.
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5.3.2 Phonon system

The phonon system is described by a Debye model:

Hp =
NDp

∑
q

h̄ωq

(
1
2
+ a†

q aq

)
, (38)

where ωq is the phonon frequency, and a†
q (aq) the creation (annihilation) operator

of a phonon in the state q. The Debye model assumes a linear dispersion relation
for the phonon system up to a cut-off energy ED = kBTD defined such that the total
number of modes corresponds to NDp, where Dp is the amount of possible polar-
ization states (usually one longitudinal and two transverse) and N is the number of
atoms in the lattice. The density of modes per energy per atom is given by:

gp
(
Ep
)
=

3DpE2
p

k3
BT3

D
. (39)

The occupation of these modes is governed by Bose-Einstein statistics:

fp
(
Ep
)
=

1

exp
(

Ep
kBTp

)
− 1

. (40)

The thermal energy of the system can be evaluated by just integrating over the
energies of all phonons present:

χp
(
Tp
)
=
∫ ED

0
Epgp

(
Ep
)

fp
(
Ep
)

dEp. (41)

Above integral cannot be solved analytically. Finally the heat capacity of the phonon
system can be determined by differentiating χp to the temperature:

Cp =
∂

∂Tp
χp
(
Tp
)

. (42)

In the limit Tp � TD this relation simplifies to kBDp. In contrast to the electron
system, all properties of the phonon system are determined by not one but two
material parameters, namely Dp and TD. However, again both parameters can be
obtained from the experimental heat capacity as a function of temperature of the
specific material.

5.3.3 Spin system

For the spin system we use a self-consistent mean field Weiss model. The model
treats a set of NDs local non-interacting spins that can occupy discrete energy levels



52 the microscopic 3 temperature model

following Boltzmann statistics, where Ds corresponds to the average spin density
per atom. The exchange interactions between the spins are taken into account by an
effective field which splits the energy levels, leading to the following Hamiltonian:

Hs = ∆ex

NDs

∑
j

Sz,j, (43)

where ∆ex is the exchange splitting between the energy levels and Sz,j is the z spin
operator. For a system with a spin quantum number S the system has a set of 2S+ 1
discrete energy levels, corresponding to the projection quantum numbers ms, which
can take the following values:

mS = (−S,−S + 1 ... 0 ... S− 1, S). (44)

The occupation of the energy levels is determined by Boltzmann statistics:

f ms
s (∆ex) =

e
−ms∆ex

kBTs

∑+ms
−ms

e
−ms∆ex

kBTs

, (45)

where ∆ex is the splitting between two energy levels and Ts the temperature of the
spin system. In the Weiss model the splitting is given by:

∆ex =
3kBTC

S + 1
m, (46)

where TC is the Curie temperature of the material and m is the normalized magnetic
moment. The latter is given by:

m =
1
S ∑+ms
−ms

mse
−ms∆ex

kBTs

∑+ms
−ms

e
−ms∆ex

kBTs

. (47)

To obtain the magnetization as a function of temperature one has to substitute
Equation 46 into Equation 47 and solve it. There is, however, no analytical solution.
Note that Equation 47 simplifies to the well known relation m = tanh (mTC/Ts) in
the case of S = 1

2 . The total thermal energy in the spin system in the Weiss mean
field model is given by:

χs =
3kBTCDsS
2 (S + 1)

(
1−m2

)
. (48)

Differentiating this with respect to the temperature yields the spin heat capacity:

Cs =
∂

∂Ts
χs = −

3kBTCDsS
S + 1

m
∂m
∂Ts

. (49)

The free parameters describing the spin system are S, TC and Ds, which can be
obtained by evaluating the spin specific heat, as demonstrated by Hofmann et al.
[122].
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5.3.4 Electron-phonon scattering

Electrons and phonons can scatter with or without a spin-flip. Without a spin flip
the e–p interaction Hamiltonian is given by:

Hep =
√

1− asf
λep

N ∑
k

∑
k′

NDP

∑
q

c†
k′ck

(
a†

q + aq

)
, (50)

The Hamiltonian describes an electron in the state k that is scattered into the state
k′ on emission (a†

q) or absorption (aq) of a phonon. The Hamiltonian only holds for
longitudinal phonons, as transversal ones don’t interact strongly with the electrons.
In the case of a spin-flip event the interaction Hamiltonian takes on the following
form:

Heps =

√
asf
Ds

λep

N3/2 ∑
k

∑
k′

NDP

∑
q

Ns

∑
j

c†
k ck

(
a†

q + aq

) (
sj,+ + sj,−

)
, (51)

where sj,+(−) is the raising (lowering) operator of the j-th spin. Here again an elec-
tron is scattered from the state k into k′ on absorption or emission of a phonon, but
is accompanied by a spin flip that transfers angular momentum between the spin
and phonon systems. Note that asf in the square root in the Hamiltonians assures
that it corresponds to the spin-flip probability. Normally this probability would be
captured by the scattering matrix elements, however, it is separated for clarity.

5.3.5 Scattering equations

To describe the dynamics of the microscopic systems it is assumed that all systems
are in internal thermal equilibrium, i.e. all systems are fully characterized by as-
signing a certain temperature to it. The e–p and e–p–s scattering probabilities are
calculated by using Fermi’s Golden rule:

Tm→n =
2π

h̄
〈|~n|Hcol|~m〉|2ρ. (52)

Fermi’s golden rule states that the transition probability per unit of time from a
state m to a final n is proportional to the final density of states ρ and the square of
the matrix element.

Now Fermi’s golden rule can be used to calculate the transition rate of any occu-
pied state to an unoccupied state by using the introduced Hamiltonians. For each
scattering event the amount of energy transported between the subsystems can be
evaluated. By now summing over all scattering events the instantaneous energy
flow from one subsystem to the other is determined.
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The Hamiltonian in Equation 50 can be evaluated with Fermi’s golden rule. The
rate of energy transfer between the electron and the phonon system can be calcu-
lated for phonon absorption (a) and emission (e) processes:

dEa

dt
= A

∫ ED
0 Epgp

(
Ep
)

fp
(
Ep
)

SI
(
−Ep

)
dEp, (53)

dEe

dt
= −A

∫ ED
0 Epgp

(
Ep
) [

1 + fp
(
Ep
)]

SI
(
Ep
)

dEp, (54)

where A is a material constant equal to 2π (1− asf) λ2
ep/h̄ and SI is an integral over

all electronic states where the electron loses/gains an energy ∆E:

SI (±∆E) = D2
F

∫ ∞

−∞
[1− ρ (E)] ρ (E± ∆E)dE. (55)

This integral has the following analytical result:

SI (±∆E) = D2
F

±∆E
exp (±∆E/kBTe)− 1

. (56)

Note that in Equation 54 the ’1’ corresponds to spontaneous emission, and the
phonon occupation fp

(
Ep
)

to stimulated emission.
For the Hamiltonian in Equation 51 four different scattering processes can be

distinguished. A phonon can be absorbed or emitted while a spin can be flipped
from up to down or from down to up. The rate of energy transfer to the electron
system by phonon absorption accompanied by a spin-flip from up to down is given
as an example:

dEa,↓
e

dt
= Rn↓

∫ ED

0

(
Ep − ∆ex

)
gp
(
Ep
)

fp
(
Ep
)

SI
(
−Ep + ∆ex

)
dEp, (57)

where R = 2πasfλ
2
ep/ (Dsh̄) and n↓ is the fraction of the spins for which a transition

to a state with a lower ms is possible, which is defined as:

n↓ = Ds

S

∑
ms=−S+1

f ms
S (∆ex) . (58)

For all three subsystems the total energy flow can be calculated by adding the
contributions of all different scattering events. By realizing that dE

dt = C dT
dt we finally

arrive at the following differential equations describing the time evolution of the
subsystems:

Ce (Te)
dTe

dt
= Γ1

(
Te, Tp, Ts

)
, (59)

Cp
(
Tp
) dTp

dt
= Γ2

(
Te, Tp, Ts

)
, (60)

Cs (Ts)
dTs

dt
= Γ3

(
Te, Tp, Ts

)
, (61)
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where Γi
(
Te, Tp, Ts

)
is the net energy flow obtained from integrating over all scatter-

ing events, which depends solely on the temperatures of the different subsystems.
From the differential equations it becomes apparent that, unlike many other mod-
els, the spin system is treated in an identical manner to the electron and phonon
system.

5.4 simplified model

The M3TM as introduced by Koopmans et al. is a simplified version of the general-
ized model presented in the previous sections [113]. It is simplified in the sense that
three major assumptions have been made: (i) the presence of the spin system does
not influence the e–p scattering rates, (ii) the ambient temperature is larger than TD,
and (iii) the spin system can be described by taking S = 1

2 . These simplifications,
which are reasonable in many experimental situations, yield a compact set of differ-
ential equations for the time evolution of the three subsystems. In this section we
will show how these expressions are derived from the general model.

5.4.1 Electron & phonon dynamics

In the simplified M3TM model it is assumed that the energy flow between the
electron and phonon systems is not influenced by the presence of the spin system,
which can be realized by setting asf = 0 in Equation 50 and Equation 51. This yields
the following interaction Hamiltonians for the electron and phonon systems:

Hep =
λep

N ∑
k

∑
k′

NDP

∑
q

c†
k ck

(
a†

q + aq

)
. (62)

Heps = 0. (63)

These Hamiltonians can be evaluated using Fermi’s golden rule, leading to the
following expression for the energy flow between the electron and phonon system:

dE
dt

= −
∫ ED

0

3πλ2
epD2

FDpE4
p

h̄k3
BT3

D[
coth

(
Ep

2kBTe

)
− coth

(
Ep

2kBTp

)]
dEp.

(64)

This integral has a simple analytical solution in the limit that Te, Tp � TD, i.e. when
the electron and phonon temperatures are much larger than the Debye temperature.
This analytical result is the following:

dEe

dt
= −

3πD2
FDpk2

BTDλ2
ep

2h̄
(
Te − Tp

)
. (65)
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Figure 25: (a) Calculation of the e–p relaxation time τep from the calculated electron and
lattice temperatures. (b) Fitted τep in the small fluence limit for varying ambient
temperatures. (c) Fitted τep as a function of the laser fluence for various ambient
temperatures, where τep (0) is obtained from (b). The lines in (b) and (c) are the
theoretical estimates in the limit of Ce � Cp.

This then leads to the following two coupled differential equations:

Ce (Te)
dTe

dt
= −Gep

(
Te − Tp

)
, (66)

Cp
dTp

dt
= Gep

(
Te − Tp

)
, (67)

where Gep = 3πD2
FDpk2

BTDλ2
ep/ (2h̄). Note that the heat capacity for the phonon

system is chosen to be constant, which is valid for Tp � TD. Together, Equation
66 and Equation 67 form the well known 2 Temperature Model [94, 95], which
has been widely used in literature to describe e–p dynamics on femtosecond laser
heating [123].

By numerically evaluating Equation 66 and 67 the time evolution of the electron
and phonon temperatures can be calculated. However, a simple analytical relation
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Table 2: Microscopic parameters of a typical 3d-ferromagnet, used for the calculations on e–p
equilibration, critical slowdown, and magnetization reversal.

DF Dp Ds S TD TC λep asf

3/eV 3 0.6/at 1
2 400 K 600 K 20 meV 0.1

for the e–p relaxation time τep can be derived, as shown by Dalla Longa [55], using
the method depicted in Figure 25(a). Assuming that at t = 0 the electron system is
instantly heated by an amount ∆T, the relaxation time can be calculated by using
the following relation:

τep =
∆T

.
Te (T0 + ∆T) +

.
Tp (T0)

, (68)

where T0 is the ambient temperature before sudden laser heating at T = 0, and
∆T is the increase in electron temperature due to absorption of the laser pulse. By
making use of Equation 66 and 67 this yields τep = cecp/(ce + cp). Realizing that
Ce � Cp and assuming that Ce(Te) ≈ Ce(T0 + ∆T/2) yields:

τep =
Ce(T0 + ∆T/2)

Gep
. (69)

This relatively simple relation for τep is checked by varying T0 and ∆T and fitting
the electron temperature with an exponential decay. The material parameters from
Table 2 are used, resembling a typical Ni. The results are plotted in Figure 25(a) and
(b), and display that for small ambient temperatures, so when Ce � Cp, Equation
69 is valid.

5.4.2 Magnetization dynamics

The same approximations have been made for deriving a simplified expression for
the magnetization dynamics as for the electron and phonon dynamics, i.e. it is as-
sumed that Te, Tp � TD and that there is no energy flow to the spin system. In
addition to that, S is set to 1

2 . To obtain expressions for the spin flip rates, the
Hamiltonian of Equation 51 is evaluated using Fermi’s golden rule. Taking the limit
Te, Tp � TD yields the following differential equation for the total spin of the sys-
tem:

dS
dt

= −A
∫ ED

0
Ep

[
1 + 2S coth

(
∆ex

2kBTe

)]
dEp, (70)
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Figure 26: (a) Calculation of the demagnetization time τm assuming an instantly heated elec-
tron and phonon system. (b) τm plotted versus the reduced temperature. The lines
are the theoretical estimates assuming T ≈ TC.

where A = 6πasf∆exλ2
epDpD2

FTp/
(
h̄k2

BT3
DDs

)
. After solving the integral and realis-

ing that for S = 1
2 the Weiss model gives ∆exch = 2kBTCm and that S = −m/2 the

following simple relation between the electron temperature. phonon temperature,
and the magnetization is obtained:

dm
dt

= R
Tp

TC
m
[

1−m coth
(

m
TC

Te

)]
, (71)

where R = 8asfT2
Cgep/kBT2

DDS. This simple equation of motion governs the magne-
tization dynamics, where Te and Tp can be obtained by solving Equation 66 and 67.
From Equation 71 it can be proven that the electron and spin system are in equilib-
rium when m = tanh (TC/Te), which is the well known equilibrium condition for
the Weiss model for S = 1

2 .
Equation 71 now describes the longitudinal relaxation rate of a ferromagnet due

to e–p scattering. It is interesting to see whether it reproduces some important
characteristics of magnetization dynamics which are observed in literature, such
as for example critical slowdown of the magnetization dynamics near TC. When
a ferromagnet is heated up to the Curie temperature, the exchange interactions
become so small that the timescale for magnetic relaxation diverges. We can derive
an analytical expression for this process by following the procedure depicted in
Figure 26. To study magnetic relaxation we assume that at t = 0 the electron and
phonon system are instantly heated by an amount of ∆T. Now τm can be obtained
as follows:

τm =
∆m (∞)
.

m (0)
. (72)
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To obtain ∆m (∞) we expand the the Brillouin relation for S = 1
2 , being m =

tanh (mTC/T), to the third order around M = 0 and solve the equation. Expanding
this relation to the first order around T = TC yields:

m =
√

3 (1− T/TC). (73)

Now the total change in m can be estimated:

∆m (∞) = ∆T
dm
dT

∣∣∣∣
T=T0

=

√
3∆T

2
√

TC (T0 − TC)
. (74)

Expanding Equation 71 around m = 0 and T = TC yields:

.
m (0) = ∆T

d
.

m
dT

∣∣∣∣∣
T=T0

= −Rm∆T
TC

. (75)

Substituting Equation 74 and 75 in Equation 72 yields the following simple expres-
sion for the demagnetization time close the Curie temperature:

τm =
1

2R
1

T∗
, (76)

where T∗ is the reduced temperature 1− T/TC. In the M3TM model the demag-
netization time near the Curie temperature is thus inversely proportional to the
reduced temperature, hence indeed the timescale for magnetic relaxation diverges
on approaching TC. To check the derived relation the timescale of magnetic relax-
ation is obtained by numerically evaluating Equation 71 for the case that at t = 0 the
electron and phonon temperatures are instantaneously raised by ∆T, as depicted in
Figure 26(a). By fitting m with an exponential decay for t > 0 the demagnetization
time is obtained as a function of temperature, which is displayed in Figure 26(b).
Indeed for T close to TC the fitted values for τm are in agreement with Equation 76.
Recently the critical slowdown of the magnetization dynamics after femtosecond
laser pulse excitation has been measured for the 5d ferromagnet SrRuO3, where
this inverse proportionality between the reduced temperature and the demagneti-
zation time is experimentally observed [124]. Furthermore, the derived relation is
in good correspondence with measurements on Sr2FeMoO6 by Kise et al. [125].

5.5 results : ultrafast demagnetization

5.5.1 Simple case: Nickel

To show that the derived equations of motion both qualitatively and quantitatively
reproduce the experimentally observed demagnetization of ferromagnetic materials
for realistic microscopic parameters we calculate the response of Ni to a femtosec-
ond laser pulse. The microscopic parameters that describe the three subsystems can
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Figure 27: Heat capacity as a function of temperature for ferromagnetic Ni. The dots are
experimental values by Meschter et al. [126], while the lines are the heat capacities
in the M3TM using the microscopic parameters obtained from fitting the heat
capacities of the various subsystems.

Table 3: Microscopic parameters used in the calculations for Ni.

DF TD Dp TC Ds S λep asf

1.8 eV−1
391 K 2.95 633 K 0.63

1
2 26 meV 0.1

be fully obtained by fitting the experimental heat capacity as a function of tempera-
ture, as has for example been done by Hofmann et al. [122]. and Meschter et al. [126].
In Figure 27 the experimental heat capacity is displayed as a function of tempera-
ture, including the values obtained from the M3TM when using the parameters
obtained by Meschter et al. [126]. Note that the difference between the spin heat
capacities in the experiments and M3TM can be attributed to the simplified mean
field description of the spin system, where correlations are ignored. For example,
above TC the magnetization completely vanishes in the mean field approach, while
in reality there is still short-range magnetic order contributing to the internal en-
ergy χs. However, the total energy to break ferromagnetic order, i.e. the area under
the spin specific heat curve, is approximately the same in the experiments and the
M3TM, showing that the Weiss mean field approach is a reasonable approximation
to describe the thermodynamical properties of the spin system.

Because all microscopic parameters describing the individual subsystems are al-
ready obtained from the specific heat, only the parameters involved in the scatter-
ing processes have to be chosen. λep is calculated using Equation 69 and demanding
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Figure 28: Magnetization and electron and phonon temperatures of Ni as a function of delay
time after low fluence femtosecond laser excitation. The values of the microscopic
constants are obtained by fitting the heat capacities of the subsystems, as depicted
in Figure 27. The only unknown parameter asf is set to 0.1.

that τep is identical to the experimentally obtained value of ≈ 300 fs at room temper-
ature and low laser fluences [127], yielding λep = 26 meV. For asf values obtained
from ab-initio calculations have been reported ranging from 0.04 to 0.25 [109, 113].

In Figure 28 the electron, phonon, and spin dynamics for Ni are plotted as a
function of delay time for asf = 0.1. First of all, the electron and phonon dynamics
are as expected: a fast rise of Te is observed due to absorption of the laser pulse,
whereafter e–p relaxation occurs within ≈ 300 fs. Second, qualitatively the magneti-
zation dynamics show the same behavior as in most experiments: a sub-picosecond
demagnetization is followed by a remagnetization on a fs timescale [13, 82]. This
is caused by the fact that e–p spin flips tend to equilibrate the electron and spin
temperatures, which is substantiated by the fact that dm/dt, given by Equation 71,
is only zero when Te equals the spin temperature Ts entering the Weiss mean field
approach. Directly after pulsed laser excitation Te is much larger than Ts, hence
a rapid demagnetization occurs with a typical demagnetization time of 190 fs, de-
fined as the time at which the demagnetization reaches 1/e times its maximum
value. For the used parameters τm < τep, hence the spin system remains hotter than
the phonon system at all times. As the electrons cool down due to e–p scattering, at
a certain point the electron system becomes cooler than the spin system, leading to
a subsequent remagnetization.

It is important to stress that the M3TM is an extremely simplified model of a
ferromagnet, where details of the band structure and spin excitation spectra are
not taken into account. This means that exact agreement between experiments and
calculations cannot be expected. However, the similarities between the calculated



62 the microscopic 3 temperature model

 

T = 300 K

T = 480 K

1

0.1 0 1 2 3 4

M
 /

 M
0

Delay (ps)

 

Temperature (K)

Fl
ue

nc
e 

(m
J/

cm
2 )

200 400 6000

1

2

3

4

a b

Type I

Type II
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M3TM. (b) Type I and Type II dynamics of Ni as calculated with the M3TM as a
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magnetization dynamics for Ni and the experiments show that the essential physics
is captured by the model.

5.5.2 Type I and Type II dynamics

In Figure 28 the calculated magnetization dynamics for Ni are depicted for rel-
atively low laser fluences and experiments performed around room temperature.
The magnetization dynamics show a typical solution of the M3TM when τep > τm,
i.e. when electron-phonon relaxation is slower than the magnetization dynamics.
The result is a rapid demagnetization while Te is high, and a slow remagnetiza-
tion after Te is cooled by the phonon system, referred to as Type I dynamics [113].
However, there exists another typical solution of the M3TM for materials or con-
ditions where τep < τm. In this case the phonon system increases more rapidly in
temperature than the spin system, meaning that demagnetization continues after
e–p equilibration. This results in the so called Type II dynamics, where a rapid shirt
demagnetization is followed by a slower and longer demagnetization.

It was predicted by Koopmans et al. that there should be a transition of the mag-
netization dynamics of Ni from Type I to Type II behavior on increasing the ambient
temperature [113]. Indeed, this change was experimentally observed, as shown in
Figure 29(a). Here the demagnetization of Ni clearly shows Type I behavior for
T = 300 K, while for T = 480 K a second step is visible, which is characteristic
for Type II dynamics. In Figure 29(b) the calculated phase diagram for Type I and
Type II behavior as a function of temperature and laser fluence is displayed. The
diagram is created using the generalized M3TM model derived in Section 5.3. Here,
the experimental conditions for the traces in Figure 29(a) are indicated by white
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dots, illustrating that the M3TM correctly predicts the transition from Type I to
Type II. For more details on the experiments and theory on the demagnetization of
Ni for varying ambient temperatures we refer the reader to Ref. [82].

Recently it was claimed in the literature that the two timescales observed during
ultrafast demagnetization of Gd and Tb are be caused by different microscopic
mechanisms [128]. Hot electron assisted spin flips were assumed to be responsible
for the first step in the demagnetization, while direct spin-lattice relaxation would
dominate during the first step. While this can be the case, one has to be careful
when invoking two separate mechanisms, as in the case of only one microscopic
mechanism already two intrinsic timescales are present. The first is obviously the
timescale for electron spin relaxation τm. However, in every pump probe experiment
there is a second timescale τep, which is set by cooling of the electron system due
to e–p relaxation. This timescale can indirectly enter the spin dynamics, as shown
by the M3TM, which means that care has to be taken when interpreting the two
timescales as two different demagnetization processes.

5.5.3 Conclusions

Concluding, we have shown that the M3TM model naturally reproduces several
characteristics of ultrafast demagnetization of ferromagnets. First of all, the experi-
mental demagnetization times are naturally reproduced by the model. Second, the
M3TM can be used to predict whether Type I or Type II dynamics are observed
in an experiment, depending on the investigated material and the experimental
conditions. The good agreement between the M3TM and experimental findings, in
combination with the limited amount of free parameters, makes the M3TM a pow-
erful tool to study ultrafast demagnetization in ferromagnets. In the next Section
we will show that also many phenomena related to magnetization reversal can be
modeled with the M3TM.

5.6 results : longitudinal magnetization reversal

One of the main motivations to study ultrafast laser-induced magnetization dynam-
ics is to explore the ultimate timescales of magnetization reversal, as it is technolog-
ically relevant for future data storage devices. Heat assisted recording using a laser
beam, pulsed on a much longer time-scale than the elementary magnetic processes,
has already been a subject of research for approximately a decade, as it lowers the
writing field of highly coercive magnetic bits used to overcome the superparam-
agnetic limit [129]. In this section we investigate linear magnetization reversal in
an external bias field on femtosecond laser heating using the M3TM model. Note
that it was already shown by Dalla Longa that the M3TM can be used for studying
magnetization reversal [55], and in this Section we give an overview of the different
reversal phenomena to which the model can be applied. First, we show that the
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M3TM model can be used to study switching in the presence of an external bias
field. Second, as already shown in Ref. [55], the ultimate timescale of switching oc-
curs in a situation where the electron temperature and spin temperature are raised
above TC, while the phonon temperature remains below TC at all times. Finally, it
is shown that the inverse Faraday effect (IFE) can be effectively taken into account
in the M3TM model [130–132]. Conclusions are drawn regarding the feasibility of
switching ferromagnetic bits exploiting this effect.

5.6.1 Reversal in an external bias field

To investigate thermally assisted switching in an external magnetic field Happl, cal-
culations are performed on a typical ferromagnetic thin film, which is heated above
the Curie temperature and subsequently cooled down by heat diffusion to the sub-
strate. The bias field is added to the M3TM model by adapting the Weiss relation
for the energy splitting of the spin levels:

∆ex =
3kBTC

S + 1
m + 2µ0µBHapp. (77)

Here the first term on the right hand side of the equation resembles the exchange
splitting, and the second term the Zeeman splitting. Heat diffusion is taken into
account by adding the following term to the differential equation for the electron
temperature:

Ce (Te)
dTe

dt
= −k (Te − Tamb) , (78)

where Tamb is the temperature of the substrate, which is assumed to remain constant.
k is chosen such that the time for heat diffusion is approximately 500 ps, which is
typically observed in experiments. For the magnetic material the parameters from
Table 2 are used, closely resembling the properties of a transition metal.

In Figure 30(a) calculated electron, phonon and spin temperatures are plotted as
a function of time, where at t = 0 a 35 fs laser pulse is absorbed by the sample. The
electron and phonon temperatures are directly calculated from the M3TM model,
while the spin temperature is calculated from the magnetization using the Weiss
relation. The evolution of the spin temperature is calculated for various strengths
of the bias field. Note that in the calculations the heat capacity of the spin sys-
tem is assumed to be zero. What can be observed from the graph is that after e–p
equilibration, so after approximately 4 ps, Te and Tp are larger than TC. The spin
temperature follows the electron and phonon system, hence Ts reaches TC, which is
the maximum temperature for the spin system as magnetic order is fully lost.

Due to heat diffusion to the substrate the electron and phonon systems are cooled
down slowly below the Curie temperature, however, the spin system cannot follow
this cooling and remains hot. This slow response of the magnetization is called
critical slowdown and occurs when the spin temperature is close to TC. A small
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Figure 30: (a) Simulated electron, phonon and spin temperatures as a function of delay time
for various bias fields. The inset shows a zoomed in version where the it is clear
that the spin system lags behind the electron and phonon system. (b) Simulated
magnetization dynamics on fs laser heating in various bias fields on heating the
system above the Curie temperature. The applied field determines the speed and
direction of remagnetization.

moment has to be nucleated for the magnetization to start growing. This nucleation
is assisted by the applied field, hence a larger applied field leads to faster relaxation
of the magnetization to equilibrium.

In Figure 30(b) the calculated magnetization is plotted as a function of time, using
the same simulation parameters as in Figure 30(a), however, for both a magnetic
field applied parallel and anti-parallel to the original magnetization. The calcula-
tions show that the magnetization is quenched during the first picoseconds and
remagnetizion occurs when the temperature drops below TC. Furthermore, switch-
ing happens when the field is applied anti-parallel to the original magnetization,
hence the applied field determines the direction of remagnetization after quench-
ing. Finally, the remagnetization curves are fully symmetric around zero with re-
spect to the direction of the applied field, thus the sign of the applied field does
not change the relaxation rates but only the direction of remagnetization. This is
in correspondence to the observations of Hohlfeld et al. [133], who experimentally
investigated reversal of the ferrimagnet GdFeCo by fs laser pulses in an external
bias field. Furthermore, there is qualitative agreement between the data in Figure
30 and the experiments. The most important conclusion from Figure 30(b) is that
the M3TM is not solely a tool to calculate demagnetization rates, but can also be
used to study switching phenomena, making it a complete tool to study ultrafast
magnetization dynamics.

To further investigate the dynamics of remagnetization after heating above the
Curie temperature, calculations are performed where the electron and phonon sys-
tems are at t = 0 suddenly cooled from TC to 20 K below TC. The relaxation of the
magnetization for different bias fields is shown in Figure 31(a). For small fields the
shape of the remagnetization curves are identical, however, they are shifted to larger
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Figure 31: (a) Remagnetization after sudden cooling of the electrons and phonons to 580

K for different values of the bias field. The inset shows a typical remagnetization
curve indicating the two characteristic timescales, namely τn and τg. (b) Calculated
values of τn and τg versus the applied field.

delay times on decreasing the applied field. This can be best explained by introduc-
ing two timescales: (i) a nucleation time τn at which 10% of the final magnetization
has been reached, and (ii) a growth time τg which is defined as the time it takes
for the magnetization to grow from 10% to 90% of the final magnetization. The two
different timescales are schematically illustrated in the inset of Figure 31(a).

There are two different forces that drive remagnetization, namely the Zeeman
and the exchange interaction. The main difference between the two is that the ex-
change interaction strength depends on the net magnetization, whereas the Zeeman
interaction is constant. When the magnetization is small, i.e., during nucleation, the
Zeeman interaction dominates the exchange interaction, hence the applied field de-
termines the nucleation time τn. This conclusion is supported by the data in Figure
31(b), where there is a clear relation between the applied field Happl and τn. Fur-
thermore, this graph shows that τg is independent of the applied field for fields
smaller than 1 T. During growth, there is a net magnetization hence an exchange
interaction. For small fields the exchange interaction dominates the Zeeman energy,
thus τg is independent of the applied field. Only when Happl is increased to sev-
eral Tesla, growth becomes dominated by the applied field. Note that in this regime
also the equilibrium magnetization is influenced by the applied field instead of the
exchange interaction only.

A final remark can be made regarding the efficiency of remagnetization after
heating over the Curie temperature. In the M3TM model a mean field approach
is used, hence the influence of local correlations in the magnetization are ignored.
To include correlation effects, such as local domain formation, an atomistic spin
approach would be more appropriate [96].

Concluding, in this section we have shown that magnetization reversal in an ex-
ternal bias field can be investigated by adding the Zeeman interaction to the M3TM
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model. Reversal times are a competition between the exchange and the Zeeman
interaction, where the Zeeman interaction facilitates nucleation and the exchange
interaction growth. The reversal speed, however, is limited by heat diffusion. This
limits the timescale of reversal, and thus the timescale at which a bias field has to be
applied, to several hundreds of picoseconds. In the next section we will show that
switching can occur on a picosecond timescale if full demagnetization is obtained
before electron-phonon equilibration.

5.6.2 Ultrafast pathway for magnetization reversal

It is shown by Koopmans et al. that there are two types of magnetization dynam-
ics, namely demagnetization occurring in one step or two steps [113]. Materials
displaying demagnetization in one step are dubbed Type I materials. Examples of
such materials are the transition metals Fe, Co and Ni. In these materials the mag-
netic system follows the electron temperature closely, and during the first picosec-
ond or so the spin system is rapidly heated. If demagnetization is faster than e–p
equilibration, the spin system becomes hotter than the phonon system. When the
electron system cools down due to equilibration with the phonon system, also the
spin system has to cool down, leading to a remagnetization during the following
picoseconds.

When the electron system is heated above TC, but the phonon system remains be-
low TC, it is possible for the spin system to completely demagnetize during the first
picosecond. If now a bias field is applied, the magnetization will remagnetize in the
direction of the applied field, hereby switching its magnetization. In this scenario,
the switching time is not determined by heat diffusion but by e–p equilibration,
which occurs on timescales of 3 orders of magnitude faster. This means that switch-
ing through this strong non-equilibrium state could also increase the speed of heat
assisted recording by orders of magnitude, which is of interest for future applica-
tions. Note that this ultrafast reversal path has first been suggested by Dalla Longa
[55].

One problem with the proposed switching mechanism is the fact that there is
critical slowdown of the magnetization dynamics for large fluences, i.e. Type II
behavior is observed for demagnetization amplitudes close to 100%. For Type II
dynamics, the spin temperature will not exceed the phonon temperature, making
switching impossible. Therefore, only materials which are strongly coupled to the
electronic system will be able to reverse their magnetization on the timescale of e–p
equilibration, which can be for example materials with a large spin-orbit coupling.

In Figure 32 the ultrafast reversal mechanism is demonstrated for a material with
the same properties as in the previous section, except asf is set to 0.35 instead of 0.1
to ensure Type I behavior for all fluences. In the graph both the electron and phonon
temperatures as well as the magnetization are plotted as a function of time. First,
it can be observed that the electron temperature is raised far above TC, while the
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Figure 32: Ultrafast switching in an external bias field through a strongly non-equilibrium
state. Both the electron and phonon temperature as well as the magnetization
are plotted as a function of delay time. The magnetization can be switched in an
applied bias field, even though the phonon temperature remains below TC at all
times.

phonon temperature remains below TC at all times. Second, the magnetization is
fully quenched within 0.1 ps, which can be attributed to the large value of asf. After
quenching, however, there is a rapid remagnetization due to cooling of the electron
system by the phonon system. The direction of remagnetization is determined by
the applied field. Just like in the case of reversal due to heat diffusion, the applied
field determines the nucleation time. As the growth is fully determined by the
exchange interaction and the electron/phonon temperature, the remagnetization
curves are identical, only shifted to longer delays for smaller applied fields.

Summarizing, we show that ultrafast reversal on a picosecond timescales is possi-
ble when the spin-system is cooled by the phonon-system. However, only materials
that are strongly coupled to the electron system are candidates for this switching
mechanism, which are most likely materials with a relatively large spin-orbit cou-
pling, such as FePt alloys [134] or Co/Pt multilayers [135].

5.6.3 Inverse Faraday effect

Another highly interesting approach to magnetization reversal is by the so called
inverse Faraday effect (IFE). When a circularly polarized light-pulse is send through
a magnetic medium, the electric field of the light pulse can induce a coherent mag-
netic moment [136, 137]. The sign of this magnetic moment depends on the helicity
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Figure 33: (a) Magnetic field pulse as a function of time according to Equation 79 for differ-
ent values of τ. For comparison also the 35 fs laser pulse is shown. (b) Ultrafast
switching due to the inverse Faraday effect for different for various τ.

of the light. This magnetic moment in turn influences the spin state of the system,
and can be thought of as an effective magnetic field. Although the inverse Fara-
day effect is short-lived due to fast decoherence of the electronic states, it has been
speculated that all-optical magnetization reversal is possible exploiting this effect
[132].

We investigate switching due to the inverse faraday effect by adding a time de-
pendent effective field to the M3TM model, following Equation 77. We assume that
the effective field on the system due to the inverse faraday effect is given by:

HIF (t) =
H0

2
exp

(
γ2

4t2 −
t
τ

)
erf
(

t
γ
− γ

2τ

)
. (79)

where γ is related to the laser pulse length, τ is the decoherence time of the system,
and H0 is the maximum field experienced by the system in the case that τ → ∞.
Equation 79 is in fact nothing more than an integrated Gaussian pulse including
a decay due to decoherence. In Figure 33 examples of the effective field pulse are
shown for different values of τ and for γ = 35 fs.

τ mainly determines how long the field pulse remains present in the material. As
the inverse Faraday effect is expected to be short-lived, the switching mechanism
has to be fast. Cooling by heat diffusion to the substrate is too slow (> 100 ps), there-
fore, switching has to occur through rapid cooling by the phonon system. In Figure
33(b) calulcations using the M3TM model are shown, where identical properties are
used as in the previous sections, however, asf is set to 0.2. In the calculatons B0 is
set to 10 T [132], while the magnetization dynamics are shown for various τ. For all
traces the magnetization is almost fully quenched on a timescale of ≈ 100 fs. After
quenching remagnetization will take place due to e–p equilibration. When the effec-
tive field is still present during this remagnetization, switching will occur. In Figure
33(b) this is the case for τ > 350 fs, which is an order of magnitude longer than
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the pulse length. The obtained value for τ corresponds reasonably well to earlier
reports using the Landau-Lifschitz-Bloch equation [132, 138].

To ever be able to observe the inverse Faraday effect, materials are required that
show Type I behavior, even for full quenching of the magnetization, without heating
the phonon system above TC. This means that coupling of the spin system to the
electronic system has to be extremely fast. Furthermore, the inverse Faraday effect
has to be relatively long-lived. Both these restrictions make it highly questionable
whether all optical switching of ferromagnetic materials will ever be observed in
practice. However, knowing these demands is important in the search for suitable
materials for all optical switching with the IFE.

To conclude, we have shown that, besides demagnetization, the M3TM model can
also be used to investigate switching of ferromagnetic thin films. Remagnetization
in an applied bias field has been characterized, showing clearly different behav-
ior of nucleation and growth. Furthermore, an ultrafast non-equilibrium path for
switching is explored, where the phonon system cools the spin system on a picosec-
ond timescale. Finally, we have shown that also recently discovered phenomena
like the IFE can be effectively modeled with the M3TM model, showing its broad
applicability in ultrafast magnetization dynamics.

5.7 conclusions

In this Chapter a generalized M3TM is presented, which is valid for any value of the
spin quantum number S, and arbitrary values of the ambient temperature. Further-
more, the spin specific heat is self-consistently taken into account. It is shown how
simplified equations of motion can be derived from the generalized model, which
both quantitatively and qualitatively describe the ultrafast magnetization dynamics
of the transition metals. Finally, it is shown that a straightforward extension of the
model allows for the investigation of ultrafast magnetization reversal due to heating
and/or the inverse Faraday effect. In Ref. [83] and Chapter 6 we derive a version
of the M3TM for multisublattice magnets, showing that also the switching of ferri-
magnetic materials can be studied with the M3TM. All these aspects show that the
model is a versatile tool for the study of femtomagnetism in magnetic metals.
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A M I C R O S C O P I C M O D E L F O R U LT R A FA S T M A G N E T I Z AT I O N
D Y N A M I C S O F M U LT I - S U B L AT T I C E M A G N E T S

abstract

We introduce a microscopic model to describe the ultrafast response of magnetic materi-
als with two sublattices to heating by a femtosecond laser pulse. Even though the model
is based on a set of simple Hamiltonians, it readily reproduces experimental observations
such as ultrafast reversal of ferrimagnets and delayed demagnetization of one sublattice in
ferromagnetic alloys. The calculations give insight into the microscopic mechanisms and
thermodynamics governing the complex dynamics of these multi-sublattice magnets.

This Chapter has been published in Physical Review B as a Rapid Communication and
Editor’s Suggestion [83].

6.1 introduction

Controlling the magnetic state of ferromagnetic materials by femtosecond laser
pulses has drawn significant attention from the scientific community since the first
pioneering experiments by Beaurepaire et al. [13]. In these experiments it was shown
that the magnetization of ferromagnetic nickel can be quenched on sub-picosecond
timescales. This discovery lead to intense theoretical [20, 87, 89, 91, 96, 103, 109, 113]
and experimental [17, 79, 85, 90, 114, 139, 140] investigations on the origin of these
ultrafast magnetization dynamics, however, the dominant microscopic mechanism
is still under debate.

Parallel to the research on the dynamics of homogeneous ferromagnets, more
exotic materials were being investigated. A breakthrough in the field was made
by Stanciu et al. [141], who have shown that the direction of the magnetization of
the sublattices in the ferrimagnetic alloy GdFeCo can be changed by the use of a
femtosecond laser pulse and a small applied field. Recently, the origin of this mag-
netization reversal has been unraveled by separately measuring the dynamics of the
Gd and FeCo sublattices [14]. It was concluded that a different heating efficiency of
the two sublattices puts the system in a strong non-equilibrium state, making it pos-
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sible for the magnetization to switch its orientation. This result was corroborated by
further experiments and atomistic spin simulations, showing that even without an
external field the mutual orientation of the sublattices can be switched [19], paving
the way for all optical recording.

Recently, it was shown that also the magnetic moments of Ni and Fe in permalloy
show strong non-equilibrium dynamics after pulsed laser excitation [70]. Element-
specific measurements show that the demagnetization of Ni is delayed with respect
to Fe, which is a surprising observation considering the large hybridization of the
electronic states around the Fermi level in permalloy. This begs the question what
microscopic processes govern these different dynamics and under which conditions
they occur.

In this Chapter, we derive a model describing the longitudinal relaxation of mag-
netic materials with two sublattices. Main difference between existing methods in
the literature [106, 142], is that it is based on microscopic Hamiltonians. Our ap-
proach finds its origin in the Microscopic 3 Temperature Model (M3TM) [113],
which describes three interacting sub-systems of (spin-less) electrons, phonons and
S = 1

2 spin excitations. We extended the model to S = N/2, introduced more than
one spin system, and dropped the restriction that the spin systems are in internal
equilibrium. First the response of a ferrimagnetic material is investigated, where the
two sublattices are aligned anti-parallel. Experimentally observed switching of the
sublattices through a transient ferromagnetic state is readily reproduced. Second,
the same model is applied to permalloy, where the Fe and Ni sublattices are cou-
pled ferromagnetically. It is demonstrated that, under certain assumptions, a delay
in the demagnetization of one of the sublattices can indeed be observed, again cor-
responding to the experimental observations. The nature of the assumptions reveals
important information on the microscopic processes governing ultrafast magnetiza-
tion dynamics in these strongly coupled ferromagnetic alloys.

6.2 methods

6.2.1 Subsystem Hamiltonians

The equations of motion we derive are aimed to be the simplest microscopic de-
scription of a multi-sublattice magnet, but accurate enough to keep contact with
experimental observations. To this end, while we treat separate spin sub-systems,
for simplicity we let them interact with only one common electron system, which
is assumed to be a non-interacting Fermi sea of spinless fermions with a constant
density of states DF around the Fermi level. The phonon bath is described by a
Debye model, i.e. by assuming a linear dispersion relation for Dp phonon modes
up to a cut-off energy ED = kBTD. The two spin systems mi are described by 2S + 1
discrete energy levels that are split by an energy ∆ex, where S is the spin quantum
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number. This yields the following Hamiltonians for the electron, phonon and i-th
spin system respectively:

He = ∑
k

Ekc†
k ck, (80)

Hp =
3Dp

∑
q

h̄ωq

(
1
2
+ a†

q aq

)
, (81)

Hs,i = ∆ex,i

NDs,i

∑
j

Sz,i,j, (82)

where c†
k (ck) describes the creation (annihilation) of an electron in the state k, a†

q(
aq
)

are similar operators for phonons in the state q, Ek is the single electron energy,
Ds,i is the average atomic spin density, and Sz,i,j is the z spin operator.

For the spin system a Weiss mean-field approach is used, where the exchange
splitting of the discrete energy levels is given by:

∆ex,1 = (γ1,1m1 + γ1,2m2) /S1, (83)

∆ex,2 = (γ2,2m2 + γ1,2m1) /S2, (84)

where m1 and m2 are the normalized magnetizations of the two sublattices, and γ1,1,
γ2,2 and γ1,2 are the Weiss molecular field constants, which are related to the intra-
and inter-sublattice exchange energies respectively. When γ1,2 is positive (negative)
the sublattices are ferromagnetically (antiferromagnetically) coupled.

6.2.2 Interaction Hamiltonians

To describe the interactions between the subsystems the various interaction Hamil-
tonians have to be introduced. First of all, it is assumed that e–e and p–p scattering
are instantaneous, hence the e and p systems are in internal equilibrium at all times.
Second, e–p scattering is taken into account within the random-k approximation
[143]. Like in the M3TM phonon-assisted Elliott-Yafet spin-flips couple the spin sys-
tem to the electronic heat bath, transferring angular momentum between the spin
and phonon subsystems. Finally, exchange scattering is added [144], where in an
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interband e–e scattering event angular momentum is transferred between the two
magnetic sublattices. This yields the following Hamiltonians:

Hep =
λep

N ∑
k

∑
k′

NDP

∑
q

c†
k ck

(
a†

q + aq

)
, (85)

Heps,i =

√
asf,i

Ds,i

λep

N3/2 ∑
k

∑
k′

NDp

∑
q

NDs

∑
j

c†
k ck

(
a†

q + aq

) (
si,j,+ + si,j,−

)
, (86)

Hex =
λex

N3 ∑
k

∑
k′

∑
k′′
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k′′′

NDs,1

∑
v

NDs,2

∑
w

c†
k′′′c

†
k′′ck′ck (s1,+,vs2,−,w + s1,−,vs2,+,w) , (87)

where s1,+,v (s1,−,v) is a raising (lowering) operator for the v-th spin of the first spin
system, λep and λex the matrix elements for e–p and exchange scattering, and asf the
probability of a phonon mediated Elliott-Yafet spin flip. Compared to the original
M3TM an extra microscopic parameter λex is introduced to the model. This matrix
element is the interatomic exchange integral of the spins on the different atoms
of the sublattices, which is typically of the order of 10-100 meV. Although it has
the same origin as the intersublattice Weiss molecular field constant γ1,2, it cannot
be directly related to this mean field exchange. Therefore, λex is treated as a free
parameter. Finally, we would like to stress that, even though all Hamiltonians are
microscopic in spirit, they are a rather phenomenological description of a far more
complex system.

The Hamiltonians can be evaluated by using Fermi’s Golden Rule, which yields a
system of coupled Boltzmann scattering equations for the electron temperature Te,
the phonon temperature Tp, and the occupation of the discrete energy levels for the
two spin systems. An overview of the resulting model is depicted in Figure 34. In
Figure 34 (a) and (b) the energy and angular momentum flow between the subsys-
tems is depicted. Note that the total amount of energy in the system is conserved
at all times. Additions to the basic M3TM model [113] are that i) an exchange scat-
tering mechanism is taken into account, which is schematically depicted in Figure
35 (a) and (b), and ii) there are two spin sublattices which are neither in internal
equilibrium nor in equilibrium with respect to each other. The main difference be-
tween the here derived model and the atomistic Landau Lifschitz Gilbert [14, 19]
and Landau Lifschitz Bloch (LLB) [106] approach, is that the coupling of the spin
system to the electron and phonon baths is derived from microscopic Hamiltonians
instead of a phenomenological coupling constant. We do note that replacing this
phenomenological coupling constant by a parameter derived from the same micro-
scopic Hamiltonians could yield similar results, which has been shown to be the
case for the LLB and M3TM [103].
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Figure 35: Simplified overview of exchange scattering. (a) Spin-flip event due to e–e scatter-
ing, transfering angular momentum from one sublattice to the other. (b) Change
of occupation of the discrete energy levels due to the exchange scattering event
depicted in (b).

6.3 results

6.3.1 Ultrafast laser-induced switching of ferrimagnets

All ingredients to calculate the magnetization dynamics of the sublattices due to
femtosecond laser pulse heating have now been introduced. Next we proceed to
check whether the model can reproduce the ultrafast reversal of a ferrimagnet due
to a fs heat pulse. The aim of the calculations is not to reproduce the experimental
observations as closely as possible, but to show that the model qualitatively yields
similar dynamics. To this extent we introduce the most simple fictitious ferrimagnet,
namely one with a 1:1 atomic ratio and respective spin quantum numbers S1 = 1

2
and S2 = 1, representing the transition metal 3d and rare-earth 4f spins respectively.
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The indirect exchange of these moments, mediated by 4f-5d intra-atomic exchange
and 3d-5d hybridization [145], is for simplicity replaced by a single inter-atomic
exchange. The molecular field constants are γ1,1 = 4γ2,2 = −4γ1,2 = 138 meV. The
other microscopic parameters are given in Table 4. We would like to stress that
these parameters are very realistic for ferromagnetic materials and similar to the
ones reported earlier [113]. Finally, the laser pulse is assumed to have a Gaussian
profile with a standard deviation of 50 fs.

Figure 36(a) displays the resulting equilibrium magnetization as a function of tem-
perature. The symbols are the equilibrium values obtained from solving the derived
differential equations for Te = Tp = Tambient, whereas the lines are calculated using
the Weiss model. The molecular field constants are chosen such that the compensa-
tion temperature Tcomp of the ferrimagnet is slightly larger than room temperature,
like in the first experiments [141]. In Figure 36(b) and (c) the typical time evolution
of the electron (phonon) temperature Te (Tp) and the magnetic moments on the sub-
lattices are displayed respectively, however, in the calculations exchange scattering
is neglected by setting λex to zero. Just like in the experiments, the sublattice with
the strongest exchange coupling and smallest magnetic moment, M1, demagnetizes
more rapidly. This is in line with predictions of the original M3TM, where the de-
magnetization rate is proportional to the intra-sublattice exchange and inversely
proportional to the atomic magnetic moment [113].

Next, in contrast to the calculation in Figure 36(c), exchange scattering is turned
on, allowing for angular momentum transfer between the subsystems. The corre-
sponding calculations, while keeping other microscopic parameters fixed, are dis-
played in Figure 36(d). Main difference with Figure 36(c) is that the demagnetization
rates of both sublattices are enhanced significantly due to the extra transport chan-
nel for angular momentum. While the electron temperature is larger than TC, one
would expect that the magnetization of the sublattices would be fully quenched.
However, an unexpected ferromagnetic alignment of the sublattices is observed.
Since M1 (originally in the negative direction) demagnetizes more rapidly than M2,
it reaches zero while M2 still has a relatively large (positive) magnetic moment. M2
will now be further quenched by exchange scattering, however, this inevitably leads
to a slightly positive value of M1 and thus a temporary ferromagnetic state. When
the electron system cools below TC due to equilibration with the phonons after ≈1

Table 4: Microscopic parameters used in the calculations. The magnetic parameters are men-
tioned in the main text.

DF Dp Ds TD λep λex,0 asf

Ferrimagnet 3/eV 3 1/1 400 K 20 meV 25 meV 0.1

Ferromagnet 3/eV 3 0.8/0.2 400 K 20 meV 70 meV 0.1
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Figure 36: (a) Equilibrium magnetic moments of the sublattices of the fictitious ferrimagnet as
a function of temperature. The lines are calculated using the self-consistent mean
field approach, whereas the symbols represent the equilibrium values in the Boltz-
mann scattering equations. (b) Electron and phonon dynamics for the fluence used
in (c) and (d). (c) Ultrafast demagnetization of the sublattices neglecting exchange
scattering. (d) Ultrafast demagnetization for the same microscopic parameters as
in (c), but allowing for angular momentum transfer between the sublattices by
exchange scattering. (e) Switching time as a function of fluence and the matrix
element for exchange scattering.

ps, the magnetization of the sublattice coupled most strongly to the electrons, i.e.
M1, starts growing to larger positive values. Then, finally, the anti-ferromagnetic
coupling with M2 acts as the driving force to switch the orientation of M2 from
positive to negative.

In the model one parameter is introduced that cannot be easily obtained from
experiments, which is λex. To show that switching does not depend strongly on
this parameter but is in fact very robust, we plot the switching time as a function
of laser fluence and λ2

ex in Figure 36(e). The switching time is defined as the delay
time where M1 and M2 cross. Switching is observed if λ2

ex is sufficiently large, and
the laser fluence is larger than a certain threshold value. The range were switching
occurs is reasonably large, and for every value of λ2

ex/λ2
ex,0 > 0.2 there is a fluence

where the sublattices change their mutual orientation. For fluences larger than 1
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(arb. units) the final temperature after laser pulse excitation is larger than TC, hence
no switching occurs.

6.3.2 Dynamics of ferromagnetically coupled sublattices

After verifying that ultrafast switching of anti-ferromagnetically coupled sublattices
can be described by the presented model, we will investigate the magnetization dy-
namics of two ferromagnetically coupled sublattices as recently studied experimen-
tally by Mathias et al. [70]. Here it was shown that the quenching of the (average)
magnetic moment on the Ni atoms in permalloy is delayed with respect to the mo-
ments on the Fe atoms. To calculate the magnetization dynamics of permalloy with
the introduced model the exchange coupling between the sublattices is assumed
ferromagnetic. Furthermore, because the electronic states around the Fermi level
of Ni and Fe are strongly hybridized, it is assumed that the inter- and intrasub-
lattice exchange interaction are identical, giving the same temperature dependent
equilibrium properties of the sublattices.

For the calculations a fictitious ferromagnetic alloy resembling permalloy is used,
which is an 80-20 mixture of Ni (M1) and Fe (M2) with a Curie temperature of 800

K. The spin flip rate of M1 is chosen to be 4 times smaller than that of M2, hence
without any exchange coupling between the sublattices M1 demagnetizes 4 times
slower due to to e–p scattering. The other used microscopic parameters, which are
chosen very similar to the ferrimagnetic case, are given in Table 4.
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Results of the calculations are displayed in Figure 37, where the magnetization
of the sublattices M1 and M2 are plotted as a function of time after laser pulse
excitation. Note that it is assumed that heating by the laser pulse is instantaneous,
heating the electron system to 1600 K at t = 0. The calculations show that for
the used parameters M2 and M1 demagnetize at approximately the same rate, but
M1 is delayed with respect to M2. This is in full agreement with the experimental
results [70]. The same mechanism as in the ferrimagnetic alloy is at play, i.e. transfer
of angular momentum between the subsystems by exchange scattering brings the
total system closer to equilibrium, slowing down the demagnetization of M2 but
increasing the demagnetization rate of M1 until both rates are approximately equal.

To exemplify this delayed demagnetization the normalized magnetizations of
both sublattices, defined as ((M−Mmin) / (M0 −Mmin), are plotted on a semi log-
arithmic scale in the inset of Figure 37. The data is fitted by the following simple
model:

dm1

dt
= −m1

τ1
− Ds2

Ds1

m1 −m2

τex
, (88)

dm2

dt
= −m2

τ2
− Ds1

Ds2

m2 −m1

τex
, (89)

where τ1 and τ2 are the time constants for demagnetization of the two individual
sublattices, while τex is the timescale of the exchange interaction. Note that this fit
function is almost identical to the one used by Mathias et al. [70], except the frac-
tion of the atomic spin densities is added to the exchange interaction term, as the
total angular momentum should be conserved in the exchange scattering process.
It can be observed from the inset of Figure 37 that the simple model fits the data
reasonable well, and τex = 44± 2 fs is obtained from the fits. Furthermore, τ1/τ2 is
found to be ≈ 4. We can thus conclude that the derived microscopic model shows
similar dynamics to the experimental ones when assuming that the magnetic mo-
ments of the Ni atoms are less strongly coupled to the electronic system compared
to Fe. The origin of such a difference, which is rather unexpected due to the large
hybridization of the electronic system, remains to be elucidated.

6.4 conclusions

To conclude, we have introduced a simple microscopic model to describe the ultra-
fast dynamics of magnetic materials with ferro- or anti-ferromagnetically coupled
sublattices. Both ultrafast deterministic switching switching of a ferrimagnet, as ob-
served in Ref. [19], and the magnetization dynamics of a strongly hybridized ferro-
magnetic alloy are readilily reproduced by using realistic values for the microscopic
material parameters. Although within the present Chapter we only discussed two
cases where the two spin sublattices are associated to different atomic positions,
our approach is much more general, and can easily be extended to cases with more
sublattices, or sublattices representing different orbitals on the same atom. Treating
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the coupled dynamics of d- and f- magnetic moments in rare earth ferromagnets
would provide an intriguing example thereof.
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C O M PA R I N G U LT R A FA S T D E M A G N E T I Z AT I O N R AT E S
B E T W E E N C O M P E T I N G M O D E L S F O R F I N I T E T E M P E R AT U R E
M A G N E T I S M

abstract

We investigate a recent controversy in ultrafast magnetization dynamics by comparing the
demagnetization rates from two frequently used but competing descriptions for finite tem-
perature magnetism, namely a rigid band structure Stoner-like approach and a system of
localized spins. The calculations on the localized spin system show a demagnetization rate
and time comparable to experimentally obtained values, whereas the rigid band approach
yields negligible demagnetization, even when the microscopic spin-flip process is assumed to
be instantaneous. This shows that rigid band structure calculations will never be in quan-
titative agreement with experiments, irrespective of the investigated microscopic scattering
mechanism.

This Chapter has been published in Physical Review Letters [84].

7.1 introduction

More than a decade ago it was shown that a femtosecond (fs) laser pulse can quench
the magnetization in the 3d ferromagnets on sub-picosecond timescales [13]. Since
then both experimental [17, 79, 85, 90, 114] and theoretical [20, 87, 89, 91, 96, 101,
108, 109, 113, 146] efforts have been made to identify the origin of this ultrafast de-
magnetization, but no consensus has been reached yet. One of the most prominent
candidates to explain ultrafast demagnetization upon fs laser excitation is scatter-
ing of various (quasi-)particles, leading to an ultrafast transfer of angular momen-
tum from and/or to the spin system [17, 89–91]. Multiple scattering mechanisms
have been suggested to accommodate this angular momentum transfer, but if and
which one dominates the fs magnetization dynamics is still being debated. More
strongly, conflicting results on the demagnetization efficiency of a single scattering
mechanism have been obtained using different descriptions for finite temperature
magnetism [108, 109, 113]. In this Chapter we identify why these large discrepan-

81



82 comparing ultrafast demagnetization rates between competing . . .

cies occur, and which approaches are suitable for describing ultrafast magnetization
dynamics. We argue that such an analysis is of crucial importance for unraveling
the governing microscopic mechanism.

To model ultrafast heating of a ferromagnet from first principles one first needs
to be able to fully calculate the equilibrium properties of a ferromagnet at finite
temperatures. Unfortunately, describing finite temperature magnetism from first
principles is one of the most difficult problems in solid state physics as of today. In
itinerant ferromagnets both the delocalized wave-like as the localized particle-like
character of the electrons play a crucial role [112]. An ab-initio framework capturing
both these aspects is extremely complicated, hence, using such methods to calculate
ultrafast dynamics seems to be a forbidding endeavor. Therefore, all calculations
performed in the literature on ultrafast demagnetization resorted to a simplified
representation of the spin system or spin excitations, which we can generally divide
into two types of models.

The first type of models [96, 101, 113, 146] is based on the assumption that the
magnetic moments are localized in real space, such as in the Weiss or Heisen-
berg model for ferromagnetism. The atomic magnetic moments are aligned due
to the exchange interaction, and thermal fluctuations of the direction of these mo-
ments change the average magnetic moment. Although this approach is rather phe-
nomenological, it has been highly successful in describing thermodynamical mag-
netic properties such as the Curie temperature TC and the magnetic susceptibility
at large temperatures, which are not easily reproduced by band structure models.

On the other hand, ultrafast demagnetization rates have been calculated using a
zero temperature band structure [91, 108, 109, 115], where scattering changes the
occupation of spin up and spin down states. This approach is similar to the Stoner
model, where spin flips of delocalized electrons quench the atomic magnetic moment
instead of change the local direction of the magnetization. An advantage of such
an approach is that the microscopic properties, such as scattering rates, can be fully
calculated from first principles.

Recently it has been shown that the two aforementioned models of a ferromagnet
give conflicting results for the calculated demagnetization rates [108, 109, 113]. This
begs the question which of the approaches is suitable for quantitative calculations
on ultrafast magnetization dynamics. We will answer this question by performing
calculations on the demagnetization of Ni due to a single microscopic scattering
mechanism. By only changing the Hamiltonian describing the spin system it is
possible to discuss the driving forces for demagnetization and directly compare the
results for these two approaches.
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Figure 38: (a) DOS and equilibrium occupation of Ni at an ambient temperature of 300 K
taken from [109]. (b) Example of redistribution of electrons after a fs laser pulse of
1.5 eV.

7.2 methods

7.2.1 Basic model and assumptions

For the presented calculations a model is used which includes all key ingredients
to describe ultrafast demagnetization, while remaining as simple as possible to eas-
illy compare the two approaches. To this end all calculations are performed in the
random-k approximation and all matrix elements are assumed to be constant for all
electronic states. The microscopic scattering mechanism investigated is a phonon
assisted Elliott-Yafet spin flip, as this is the topic of recent controversy [109, 113].
We would like to stress, though, that the final conclusions hold for all microscopic
scattering mechanisms.

As a starting point for the calculations the zero-temperature density of states
(DOS) of Ni is used, which is depicted in Figure 38(a). The DOS is filled up to the
Fermi level with non-interacting electrons. The lattice is modeled by a set of cou-
pled oscillators (phonons) of a single energy h̄ωp obeying Bose-Einstein statistics, of
which the energy is chosen to be 0.03 eV, i.e. close to the Debye energy of Ni. Both
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electron-electron (e–e) and electron-phonon (e–p) scattering are taken into account
by evaluating Fermi’s Golden rule.

Without spin-orbit coupling both e–e and e–p scattering are spin-conserving pro-
cesses, i.e. the total magnetization remains unchanged. However, due to spin-orbit
coupling the electronic eigenstates are mixtures of the two spin states. This means
that the e–p interaction Hamiltonian connects the spin-mixed up and down states,
hence, an e–p scattering event can yield a spin-flip transporting angular momen-
tum from the electrons to the lattice. The probability asf that an e–p scattering event
yields a spin-flip can be calculated from first principles, which yields values for Ni
of asf ranging from 0.04 to 0.25 [109, 113]. For simplicity we here assume a constant
asf for all electronic states.

7.2.2 Rigid band approach

In the rigid band structure approach e–p spin flips are Stoner-like excitations that
transport majority electrons to minority states and vice versa, where the spins of the
majority (minority) electrons are aligned parallel (anti-parallel) to the net average
spin in the magnetic material. By evaluating Fermi’s golden rule we obtain for
example the following rate for an e–p scattering event, where a phonon is absorbed
and a spin is flipped from up to down:

T|↑〉→|↓〉 = asfKepNp ∑
k

∑
k′

D↑ (E) D↓
(
E + Ep

)
f↑ (E)

[
1− f↓

(
E + Ep

)]
, (90)

where k and k′ label are labels for the electronic states, D↑, D↓, f↑, and f↓ the
density of states and occupation of the majority and minority electrons respectively.
Furthermore, Kep = 2πDpλ2

ep/h̄ in which λep is the e–p scattering matrix element
for asf = 0 and Dp is the amount of phonon modes per atom that couple to the
electrons, which is in good approximation equal to 1. In all calculations Kep is taken
to be 4.9 · 10−3 fs−1eV−1, corresponding to an e–p equilibration time of ≈ 1 ps.
Similar expressions to Eqn. 90 can be obtained for phonon absorption and/or spin
flips from down to up.

7.2.3 Localized spin approach

Next, we calculate demagnetization in the localized atomic spin approach, for which
a simple self-consistent Weiss mean-field model for spin 1/2 is used. This means
that the spin system is described by an external spin bath which consists of two
energy levels separated by the exchange interaction Jex = 2kBTCm, where m is the
average normalized magnetization and TC the Curie temperature, which is set to 620

K for Ni. To flip a spin in this mean field approach an energy Jex is required, which
is the energy involved for creating a spin excitation, i.e. for breaking ferromagnetic
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order. This means that an electron gains/loses an energy of ±Ep ± h̄ωmagnon in an
e–p spin flip event. Similar expressions as in Eqn. 90 can now be obtained for the
Weiss approach. For example, the rate of creating spin excitations due to majority
electrons absorbing phonons is given by:

T|↑〉→|↓〉 =
asf
DS

KepNp ∑
k

∑
k′

D↑ (E) D↑
(
E + Ep − Jex

)
DS

2
(1 + m) f↑ (E)

[
1− f↑

(
E + Ep − Jex

)]
(91)

The factor DS (1 + m) /2 that appears into the rate equation corresponds to the
atomic spin up density. Note that in this spin flip event not the atomic magnetic mo-
ment is changed, but the local orientation of the quantization axis, which involves a
different energy scale. Finally, we conjecture that Eqn. 91 correctly describes phonon
induced spin flips in a localized spin system, even though they are not identical to
the single-electron band excitations originally considered by Elliott and Yafet for
non-magnetic metals.

To simulate the effect of absorption of a 1.5 eV fs laser pulse the following three
approximations are made: i) the dipole matrix elements are identical for all elec-
tronic states, ii) no spin flips are allowed in the optical excitation process, and iii)
the laser pulse is infinitesimally short, i.e. optical excitation takes place at t = 0.
An example of a typical absorption profile is depicted in Figure 38(b), where the
change in the amount of electrons per energy ∆ρ is given.

7.3 results

7.3.1 Static properties

Before examining the dynamic properties of the two models the equilibrium mag-
netization as a function of temperature is calculated and plotted in Figure 39(a) and
(b) for the Weiss and rigid band approach respectively. Whereas the Weiss approach
yields the typical curves for Ni, the magnetization in the rigid band approach is vir-
tually independent of the ambient temperature. This is in line with the fact that
the Stoner model for ferromagnetism predicts Curie temperatures for the 3d ferro-
magnetis that are typically five times larger than the experimental observations, i.e.
Stoner excitations do not account for the finite temperature properties of ferromag-
nets.

7.3.2 Comparison demagnetization in both approaches

In Figure 39(c) and (d), calculated demagnetization traces for the Weiss and rigid
band structure approach are depicted, where the magnetization divided by the mag-
netization before laser excitation M/M0 is depicted as a function of time. For the
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calculations Kee is set to 27 fs−1 and asf to 0.05, comparable to recent ab-initio
calculations [109]. At first sight, the traces for the two models seem quite simi-
lar; a fast demagnetization is followed by a slower remagnetization, which is fre-
quently observed in experiments on Ni. However, the demagnetization rates in the
Weiss model are almost two orders of magnitude larger compared to the rigid band
structure for identical laser fluences and microscopic parameters. This large differ-
ence is further exemplified by Figure 39(e) and (f), where the maximum quenching
(M0 − Mmin)/M0 is given for a large range of fluences and spin flip parameters.
For the Weiss model almost complete demagnetization is observed for relatively
small values of asf and P, whereas the rigid band structure model yields negligible
demagnetization rates, even for a spin flip paramater as large as 0.5 and a fluence
that brings the whole system to a temperature well above TC.
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The question now remains why there is such an extreme difference between the
two approaches. It is important to realize that scattering always tends to equilibrate
the various subsystems. In the case of the Weiss model scattering equilibrates the
spin temperature to the electron temperature. Because the electron temperature is
increased to above TC by absorption of the laser pulse, and since the equilibrium
magnetic moment depends strongly on the temperature in the Weiss model, a large
demagnetization is naturally reproduced. The case of a rigid band structure is more
complicated, since the equilibrium magnetization is virtually independent of the
ambient temperature, see Figure 39(b). The origin of demagnetization in this ap-
proach is equilibration of the spin up and spin down occupation densities for a
certain energy level, i.e. f↑(E) = f↓(E). This is illustrated by the data depicted in
Figure 40.

7.3.3 Origin of demagnetization in the rigid band approach

In Figure 40(a) a typical demagnetization trace is depicted, calculated in the rigid
band structure approach for asf = 0.1. Again a rapid demagnetization is followed
by a slower remagnetization, similar to Figure 39(d). To examine the origin of this
demagnetization in more detail, D↑D↓( f↑ − f↓) is plotted as a function of E for
various time delays in Figure 40(b). From Eqn. 90 it can be easily seen that this
occupation difference is directly related to the spin flip rate. At t = 0 a large positive
peak below the Fermi level indicates that there are more majority than minority
electrons, which is caused by the excitation of minority electrons by the laser, in
agreement with Figure 38(b). This means that spin flips of majority electrons will
cause a demagnetization at t = 0.

Now due to e–e scattering the peak will quickly shift to higher energies at larger
delays, and eventually changes sign around 0.9 ps due to cooling of the electron
system by the phonons. This corresponds to a change from demagnetization to
remagnetization, which is in correspondence with the trace in Figure 40(a). In Fig-
ure 40(c) the maximum quenching connected to the non-equilibrium electron dis-
tribution is calculated as a function of delay time, for the hypothetical case that
the spin flip scattering mechanism is instantaneous by assuming asf = ∞. Using
Eqn. 90 and some simple algebra shows that this maximum quenching is given by
∑k D↑

(
f↑ − fequi

)
. What can be surprisingly concluded from the data, is that even

if e–p spin-flip scattering would be instantaneous the maximum quenching would
never exceed 1.5 % of the total magnetization, although the rise in electron temper-
ature is several hundreds of Kelvin. This unambiguously demonstrates that it is not
the strength or effectiveness of the scattering mechanism that limits the demagneti-
zation rate, but rather the fact that in a rigid band structure the magnetic moment is
not strongly influenced by the electronic occupation, i.e. there is simply no driving
force for demagnetization.
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7.3.4 Generalization to arbitrary band structure

To generalize our calculations to an arbitrary band ferromagnet, the demagneti-
zation efficiency is evaluated for the following fictitious DOS: D↑(↓) (E) = Ds +

Dd

√
1− [(E∓ Jex) /∆Ed]

2. This DOS consists of two exchange split d-bands with a
width ∆Ed and a maximum DOS Dd. Futhermore, there is an energy independent
contribution Ds due to s-electrons. An example of such a DOS is given in Figure
41(a). For all calculations Ds = 0.2 eV−1, Dd = 0.5 eV−1 and ∆Ed = 1 eV. In Figure
41(b) two calculated demagnetization traces using the rigid band structure approach
are shown for Jex = 0.5 eV and two different positions of the Fermi level. Surpris-
ingly, depending on the position of Efermi, the magnetization can both increase or
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decrease due to absorption of the laser pulse. To substantiate this, demagnetization
rates at t = 0 are calculated for various strengths of Jex and positions of the Fermi
level. The results are shown in Figure 41(c). Two regions where there is an increase
in the demagnetization can be identified, which is more clearly shown in the phase
diagram in Figure 41(d). This is in strong contrast with the Weiss approach, where
laser pulse heating always yields a decrease of the magnetization, irrespective of the
position of the Fermi level.

7.4 conclusions

In conclusion, we have investigated the effect of a fs laser pulse on the ultrafast mag-
netization dynamics of Ni using two different descriptions of the spin system. It is
demonstrated that a rigid band structure approach yields an almost zero demag-
netization, whereas for the same parameters a significant demagnetization is ob-
tained in the Weiss model. In that case, using the microscopic materials parameters
from ab-initio rigid band structure calculations reproduce experimentally observed
demagnetization and demagnetization times accurately. Finally, we conclude that
calculations on ultrafast demagnetization in the rigid band structure approach will
never reproduce the experimentally observed demagnetization, irrespective of the
type or strength of the investigated scattering mechanism.



Part II

T R A N S P O RT E F F E C T S O N F E M T O S E C O N D P U L S E D
L A S E R E X C I TAT I O N O F F E R R O M A G N E T S

In the second Part of this Thesis we present an experimental investi-
gation of the role of spin and heat transport to the magnetization dy-
namics on femtosecond pulsed laser excitation. First, the contribution
of superdiffusive spin transport to the ultrafast demagnetization of Ni
is investigated in Chapter 9. The results unambigously show that, de-
spite recent claims, superdiffusive spin transport is not the main cause
of demagnetization in simple single ferromagnetic films. However, the in
Chapter 10 presented study of ultrafast demagnetization of magnetic bi-
layers using material-specific MOKE, does reveal that large spin currents
are present in more complex magnetic multilayers. Second, in Chapter
11 spin currents generated in magnetic multilayers are used to control
the direction of the magnetization on femtosecond timescales by spin-
transfer torque. Third, we present first experiments on the magnetic
control of heat currents on ultrafast timescales in Chapter 12, by us-
ing the giant thermo magnetoresistance effect of a spin valve. Finally, an
investigation of the Gilbert damping constant of perpendicularly mag-
netized Pt/Co/AlOx, a material with large potential for a wide range
of spintronic applications, is presented in Chapter 13. Measurements us-
ing pulsed-laser induced ferromagnetic resonance show that damping
in these films is governed by spin transport from the Co to the Pt layer.
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I N T R O D U C T I O N T O PA RT I I : T R A N S P O RT E F F E C T S O N
F E M T O S E C O N D P U L S E D L A S E R E X C I TAT I O N O F
F E R R O M A G N E T S

In Part II of this Thesis we investigate the role of spin and heat transport on femtosecond
pulsed laser excitation of ferromagnets. In this introductory Chapter we will give a more
or less chronological overview of the experimental and theoretical work performed on the
role of spin transport in ultrafast demagnetization, which forms the scientific background
and motivation for the performed experiments in this Part. The Chapter is ended by a short
overview of the content of Part II, and how the presented work contributes to the rapidly
evolving field of femtomagnetism.

8.1 introduction

The discovery of the ultrafast quenching of the magnetization in Ni on femtosecond
pulsed laser excitation by Beaurepaire et al. (see Ref. [13] or Section 1.2) triggered
an intensive debate on its microscopic origin. Although multiple explanations for
the ultrafast loss of magnetic order were given, all of them involved a local transfer
of angular momentum from the spin system to another degree of freedom. How-
ever, before the field of femtomagnetism even started, it was already realized that
electronic heat transport could play an important role in the response of a metal to
femtosecond laser pulses [147, 148]. The highly energetic electrons excited by the
laser pulse can travel ballistically, i.e. without scattering, through the studied struc-
tures, depositing their energy far away from the location where they were initially
excited. It was shown that for Au films these ballistic electrons could travel over 100

nm in tens of femtoseconds, meaning that ballistic electron transport dominated the
time-resolved reflectivity for Au films up to 100 nm thick.

In 2008 a pioneering experiment on the role of spin transport during ultrafast
demagnetization was performed by Malonowski et al. [149]. An overview of the ex-
periment, in combination with the most important results, is shown in Figure 42.
Figure 42(a) and (b) show a magnetic bilayer right after excitation with a fs laser
pulse. Hot laser-excited spin polarized electrons are created that can travel (semi-)
ballistically from one layer to the other, hereby transferring angular momentum. In
Figure 42(a) the magnetization vectors (white arrows) of the two layers are parallel,
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Figure 42: First experimental demonstration of ultrafast spin transport by Malinowski et al.
[149]. (a) and (b) show a schematical overview of the experiment, where a magnetic
bilayer right after pulsed laser excitation is depicted in the parallel (a) and anti-
parallel (b) configuration. The corresponding demagnetization traces are displayed
in (c).

which means that there is no net spin current. However, in case of the anti-parallel
alignment in Figure 42(b), up spins are transferred from top to bottom and down
spins from bottom to top, leading to an exchange of spin angular momentum be-
tween the layers.

In Figure 42(c) the measured normalized demagnetization curves for the parallel
and anti-parallel alignment are displayed. For longer delay times the parallel and
anti-parallel alignment show the same behavior. However, the initial demagnetiza-
tion in case of anti-parallel alignment is larger and faster compared to the case of
parallel alignment. The authors explained this by hot spin-polarized electron trans-
port, which in the case of anti-parallel alignment opens an extra channel for angular
momentum dissipation, enhancing the demagnetization process.

The experiments by Maloniwski et al. show that transport effects should be
taken into account in a theoretical description of ultrafast demagnetization. How-
ever, right after pulsed-laser excitation the electronic system is in a highly non-
equilibrium state, hence spin transport effects cannot be described by the usual
drift-diffusion equations [150], which assume internal local equilibrium of the elec-
tron system. In the next Section we will discuss what kind of transport processes
occur in ultrafast demagnetization experiments.

8.2 theory of electron transport on pulsed laser excitation

The theory of electron transport after pulsed laser excitation is a rather complex
problem. On very short timescales excited electrons move in a straight line through
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Figure 43: Motion of an electron in the case of ballistic (a), diffusive (b) or superdiffusive
transport (c).

a material without colliding with any particles, hence there is linear transport of
energy and angular momentum. This type of transport is referred to as ballistic.
However, on larger timescales the electrons scatter frequently and their motion can
be described by random walks, referred to as diffusive motion. Both the theory
for ballistic and diffusive transport are well understood. Unfortunately, transport
on fs laser excitation of metals can be neither described by ballistic nor by diffusive
transport, as excited electrons scatter typically a few times until they have deposited
their energy and angular momentum. In this Section we will briefly describe the
basic properties of ballistic and diffusive electron motion, whereafter the theory of
superdiffusive spin transport proposed by Battiato et al. will be introduced [20, 21].

8.2.1 Types of electron transport

In general we can characterize different types of transport by looking at the evolu-
tion of the mean squared displacement of particles in time. Generally this evolution
is given by a power law [151]:

〈x2 (t)〉 ∼ tγ, (92)

where γ is the anomalous diffusion coefficient. When electrons are excited by a
laser pulse they will start moving in a straight line with a fixed velocity until they
scatter. In this case the displacement is simply linear in time, hence γ = 2. This type
of transport is called ballistic transport, and governs the motion of electrons on
short length- and fast timescales before their first collision takes place. A schematic
illustration of ballistic transport is shown in Figure 43(a).

After excitation, electrons will move at speeds of the order of the Fermi velocity
vF, which is around 1 nm/fs for a typical metal. The lifetime τe of the excited
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electrons is given by the e-e scattering rate, which yields the following expression
for a metal with a constant DOS around the Fermi level [152]:

τe =
1

Kee (E− EF)
2 , (93)

where Kee is a material constant, E the energy of the excited electron, and EF the
Fermi energy. Typical values for K−1

ee found in the literature are 3-5 fs eV2 for Co, Fe
and Ni, and 60 fs eV2 for Cu, Au, or Ag [152, 153]. The relatively small lifetimes of
the electrons in the transition metals is caused by the large DOS around the Fermi
level due to the open d-bands. From the given values of Kee the length scale for
ballistic transport can be obtained, which is for electrons with an excess energy
of 1 eV (typical for optical excitation by visible light) a few nm for the transition
metals and almost 100 nm for Cu, Au, or Ag. Note that in ferromagnets, both the
velocities and the lifetimes are different for the majority and minority spins, leading
to spin-dependent transport in the ballistic regime.

On long time and length scales transport is governed by diffusive motion of elec-
trons. In such cases the electrons scatter frequently, such that their trajectories are
described by random walks. This behavior corresponds to an anomalous diffusion
coefficient γ = 1. A schematic representation of an electron experiencing diffusional
motion is displayed in Figure 43(b). Transport by diffusion is often described by so
called drift-diffusion models, where it is assumed that the electronic system is lo-
cally in internal equilibrium. Transport is then either caused by heat, charge or spin
gradients, or by external sources such as an applied voltage [150].

When 1 < γ < 2, i.e. for transport occurring on intermediate time- and length
scales, the electrons collide a few times before locally depositing their energy and
angular momentum. This process is called superdiffusive transport, simply because
it is faster than regular diffusive transport. An example of a superdiffusive electron
is displayed in Figure 43(c). Superdiffusive transport takes place on timescales of
100-500 fs and length scales of 10-200 nm, depending on the studied materials. As
these timescales correspond to the observed demagnetization times in experiments,
and the length scales are of the order of the thickness of typically studied samples,
it is no surprise that transport after pulsed laser excitation of ferromagnets occurs
in the superdiffusive regime. Unfortunately, there is no rigorous theory available to
describe non-equilibrium superdiffusive transport. However, a phenomenological
model for ultrafast superdiffusive energy and spin transport was recently proposed
by Battiato et al., which has been able to explain a multitude of experimental ob-
servations [22, 24, 65, 149]. In the next Section we will briefly describe the model,
including its implications for femtomagnetism.

8.2.2 Superdiffusive spin transport

To calculate the effects of transport to pulsed laser excitation of ferromagnets, Bat-
tiato et al. used a superdiffusive model for electron transport to describe the de-
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Figure 44: (a) Non-local demagnetization due to superdiffusive spin transport. The mobile
majority spins move out of the probed region, causing an ultrafast drop in the
magnetization. (b) Comparison of demagnetization in a Ni film on an Al substrate
between XMCD measurements and superdiffusive transport calculations. Image
adapted from Ref. [20].

magnetization of a 15 nm Ni film on a conducting Al substrate, as experimentally
measured by Stamm et al. with x-ray magnetic circular dichroism (XMCD) [17]. In
the calculations, the electrons were modeled as classical particles that travel balis-
tically through a material until a scattering event takes place, which can be either
elastic or inelastic. In an inelastic scattering event, the excited electron can transfer
part of its energy to an electron in the Fermi sea, creating a hot electron cascade.

The electron velocities and lifetimes in the model were taken from ab-initio cal-
culations [154], and they differ for the majority and minority electrons due to the
exchange splitting of the bands. In general the mean free path of minority electrons
is very small compared to that of the majority electrons, as there are many unoc-
cupied minority states around the Fermi level, creating a large phase-space for e–e
scattering. This means that the excited majority spins in a ferromagnet are much
more mobile, and upon excitation they will leave the ferromagnetic film, while the
immobile minority charges remain trapped. This process is schematically depicted
in Figure 44(a). In a typical pump-probe experiment the region excited by the pump
overlaps with the probed region. Due to transport of majority spins away from this
region, a demagnetization is observed.

In Figure 44(b) the calculated demagnetization from the superdiffusive spin trans-
port model is directly compared to the measurements. As can be observed, both the
demagnetization amplitude and demagnetization time are correctly reproduced by
the calculations. Due to this excellent agreement between the model calculations
and the measurements, the authors claimed that the observed ultrafast demagneti-
zation could be fully explained by superdiffusive spin transport, which contested
the former consensus that it was caused by local dissipation of angular momentum.
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transport to ultrafast demagnetization used by Rudolf et al. [22]. (b) Measurements
corresponding to the experimental configuration in (a). An increase of the demag-
netization is seen in the Fe layer, attributed to superdiffusive spin currents coming
from the Ni film.

8.3 heating or transport?

After the claim by Battiato et al. that superdiffusive spin currents could expain the
experimentally observed ultrafast demagnetization of ferromagnets on pulsed laser
excitation [20], many experimentalists set out to find supporting evidence. The fact
that superdiffusive spin transport plays a role during ultrafast demagnetization
was of course already shown by Malinowski et al. [149], as discussed in Section
8.1. However, the relative importance of transport with respect to heating was still
unknown.

The advent of new experimental techniques for studying femtomagnetism, such
as the possibility to measure element-specific magnetization dynamics with x-rays
[17], opened up new paths to distinguish between heating and superdiffusive trans-
port during ultrafast demagnetization. One of the most exciting experiments that
has been performed is shown in Figure 45(a). Here the magnetization dynamics of
a magnetic bilayer, consisting of a Ni and Fe film, separated by a thin conductive
spacer, was measured with element-specificity. The results of the measurements are
shown in Figure 45(b), where the dynamics of the Ni and Fe layer are both plotted
as a function of delay time. The most striking feature of the measurement is that not
a decrease but an increase of the magnetization in the Fe film is observed. This in-
crease was attributed to the large superdiffusive spin currents from the top Ni layer,
which remain trapped because of the very short lifetimes of minority spins in Fe. It
was concluded that both the demagnetization of the Ni layer and the enhancement
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of the magnetization in the Fe layer could be fully explained by superdiffusive spin
currents, and that the role of heating was negligible in the particular experiment.

The calculations by Battiato et al. [20] and the measurements by Rudolf et et al.
[22] indicate that heating only plays a minor role in ultrafast magnetization dynam-
ics. However, in the literature it has been shown that a significant demagnetization
can be observed in ferromagnetic films on insulating substrates [82], where there
is no channel for spin transport. In such cases the demagnetization has generally
been attributed to heating. In a more recent work Battiato et al. propose an alterna-
tive explanation, where superdiffusive spin currents cause a redistribution of spins
within the ferromagnetic layer [21], leading to a demagnetization even in the case of
an insulating substrate. Therefore, there is no explicit evidence of ultrafast demag-
netization due to heating of the spin system, begging the question whether heating
plays a role on fs laser excitation after all.

8.4 this part

The work presented in this Part focuses on transport phenomena during fs pulsed
laser excitation of ferromagnets. In Chapter 9 we present an experiment which is
able to distinguish between the contributions of transport and heating to ultrafast
demagnetization in a single ferromagnetic film. By exciting a ferromagnetic thin
film from the back side of the sample, and probing from the front, it is shown that
the spatial redistribution of spins as suggested by Battiato et al. [21] is not the dom-
inant contribution to ultrafast demagnetization. It is unambiguously demonstrated
that heating does play a role on fs laser excitation of ferromagnets, and that the con-
tributions of transport depend on the sample geometry. This conclusion is further
substantiated by the investigation of superdiffusive spin currents in Ni-Fe magnetic
bilayers presented in Chapter 10. Here the layer-specific ultrafast demagnetization
of Fe and Ni are measured using the material-specific MOKE technique introduced
in Chapter 3. Although the presence of large spin currents is verified by the data,
there is no enhancement of the magnetization of Fe like discussed in this Chapter
and Ref. [22].

In Chapter 11 we take an important step towards all-optical control of magneti-
zation dynamics. As discussed in this Chapter, in previous studies it was shown
that superdiffusive spin currents can alter the demagnetization efficiency, i.e. they
can be used to change the magnitude of the magnetization. However, to ultimately
control the magnetization in future devices one has to change the orientation of
the magnetization. Here, we show that this can be accomplished by ultrafast laser-
induced spin-transfer torque (STT) exerted by the same superdiffusive spin currents,
allowing for control of the direction of the local magnetization on unprecedented
timescales. The observed STT by laser-generated spin currents could prove to be an
important tool for future spintronics. For example, it opens new pathways for ultra-
fast all-optical switching in future devices. Furthermore, the investigated structure
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can be used as a precise probe for laser-generated spin currents, contributing to the
debate on the origin of ultrafast demagnetization.

In Chapter 12 we study magnetic control of charge transport on pulsed laser
excitation. By measuring the magnetization dynamics of a thin magnetic film on
top of a spin valve structure, we show that the flow of hot electrons away from
the thin magnetic film can be controlled by the configuration of the spin valve. The
displayed magnetic control of energy and heat transport on ultrafast timescales is a
first step towards the integration of femtomagnetism in spin caloritronics.

Finally, in Chaper 13 we investigate the Gilbert damping in Pt/Co/AlOx films.
This specific material is of importance for a wide variety of future spintronic de-
vices, as it displays for example highly efficient domain wall propagation [155].
Furthermore, the AlOx can be used to gate the ferromagnetic thin Co layer, allow-
ing for electrical control of the magnetic properties [156]. We show that, just like for
the longitudinal relaxation investigated in Chapter 9, also transversal relaxation is
influenced by spin currents.
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abstract

We experimentally investigate to what extent superdiffusive spin transport contributes to
the ultrafast demagnetization of ferromagnets by pumping Ni thin films from the front side
and back side of the sample. Within the experimental accuracy the temporal evolution of the
magnetization for front-side and back-side pumping is identical, hence no influence of trans-
port was detected. Furthermore, adding a conducting buffer layer to enhance spin transport
does not alter the magnetization dynamics significantly either. In order to explain the exper-
imental results, angular momentum has to be locally dissipated on femtosecond timescales,
supporting heating of the spin system as the main driving force for ultrafast demagnetiza-
tion in the investigated ferromagnetic films.

This Chapter has been published been published in Applied Physics Letters [157].

9.1 introduction

Since the observation by Beaurepaire et al. that a femtosecond laser pulse can
quench the magnetization in the 3d-ferromagnets on sub-picosecond timescales [13],
laser-induced magnetization dynamics has received a growing attention due to the
prospect of ultrafast manipulation of magnetic order. Besides the importance for
technological applications, research in the field has been motivated by the scien-
tific interest in the microscopic processes governing the magnetization dynamics
far from equilibrium and on unprecedented timescales. However, up until now no
consensus on the microscopic origin of ultrafast demagnetization has been reached.

One of the most prominent explanations for laser-induced ultrafast demagnetiza-
tion has since its first observation been heating of the spin system due to scattering
of various (quasi-)particles, such as electron-electron, electron-phonon, or electron-
magnon scattering [89–91, 113]. In this explanation the electron system is initially
heated by absorption of the laser pulse, whereafter scattering of hot electrons ther-
malizes the spin system. This means that angular momentum is locally transferred
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Figure 46: Schematic overview of the front-pump (top) and back-pump measurements (bot-
tom). In the left the used experimental configurations and used samples are dis-
played. On the right examples are depicted of the expected time evolution of the
magneto-optical signal due to heating and spin transport.

from the spin system to other systems, like for example the lattice. Ultrafast demag-
netization in many experiments has been attributed to such a local dissipation of
angular momentum [82, 104].

Recently, however, a completely different explanation for ultrafast demagnetiza-
tion was proposed by Battiato et al. [20, 21], who calculated the demagnetization
rate of Ni due to superdiffusive transport of majority and minority electrons after
pulsed laser excitation. The majority spins move away from the excited region, be-
cause they have a longer mean free path than the minority electrons. As the probed
region is the same as the excited region in a pump-probe experiment, this leads to
an apparent demagnetization. It was claimed that superdiffusive transport could
wholly explain the demagnetization process during the first few hundreds of fem-
toseconds in Ni thin films. The fact that spin transport plays a measurable role
in ultrafast demagnetization has recently been shown by experiments on magnetic
multilayers [22, 23, 149] and systems with a network of magnetic domain walls
[71, 158]. This begs the question whether indeed spin transport can fully explain
the observed demagnetization in thin simple ferromagnetic films, as suggested by
Battiato et al. [20]. Answering this question will prove to be of crucial importance for
the interpretation of many experiments on femtosecond demagnetization reported
in the literature.
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9.2 methods

In this Chapter we perform a simple experiment to distinguish between the contri-
butions of heating, i.e. local dissipation of angular momentum, and spin transport to
the ultrafast demagnetization of a Ni thin film. The basic concept of our experiments
is depicted in Figure 46. The demagnetization of a Ni film on an insulating sapphire
substrate is measured while exciting the film with a laser pulse from the front and
from the back of the sample. In case of heating, the magnetization of the film is de-
creased throughout the whole film, hence in both the front-pump and back-pump
scenario a demagnetization is expected to occur. In case of transport, when pump-
ing from the front a demagnetization should be observed, as majority spins move
away from the probe spot. However, when pumping from the back these majority
spins travel toward the probe spot, effectively increasing the probed magnetization.
This means that comparing front-pump and back-pump experiments allows us to
unambiguously pinpoint the main contributor to ultrafast demagnetization.

The ultrafast magnetization dynamics are measured by the Time-Resolved
Magneto-Optical Kerr-Efect (TRMOKE) using a non-amplified Tsunami Ti:Sapphire
laser with a repetition rate of 80 MHz and a pulse length characterized by a FWHM
of 75 fs. Before focussing the light on the substrate to a spotsize of ≈ 8 µm the laser
pulse power was ≈ 0.5 nJ, which assures that measurements are performed in the
small fluence regime where contributions due to superdiffusive spin transport is
not yet saturated [20, 21]. The Ni films are grown by DC magnetron sputtering on a
sapphire substrate, which is transparent for the used 780 nm laser pulses, but fully
blocks electron transport due to the bandgap of 10 eV. No capping layer is used,
thus a native oxide layer caps the sample. The Ni thickness dNi is wedged between
0 and 30 nm by a masking technique.

9.3 results

9.3.1 Back pump on Ni wedges

Demagnetization traces for front-pump and back-pump configurations are depicted
in Fig 47(a) and (b) respectively. In both scenarios a rapid demagnetization on the
timescale of ≈ 100 fs is observed for all dNi, followed by a slower remagnetization
on a picosecond timescale. This behavior is identical to earlier measurements on Ni
films for small laser fluences while probing and pumping from the front [13, 82, 113].
More importantly, the fact that for all Ni thicknesses a demagnetization is observed
in the back-pump scenario means that contributions due to superdiffusive transport
have to be smaller than thermal effects in all our measurements.

To see whether there are any traces of spin transport in the measurements, the
demagnetization curves in Fig 47(a) and (b) are investigated in more detail. A quick
qualitative inspection of the raw data indicates that there is no substantial difference
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Figure 47: Magnetization as a function of time after pulsed laser excitation from the front (a)
and from the back (b) for various thicknesses of the Ni film dNi. The insets shows
the extracted demagnetization times as a function of dNi.

between both de- and remagnetization rates and demagnetization amplitude. For
a more quantitative analysis, the data is fitted by a phenomenological fit function
[159], and the resulting fits are plotted as lines in Fig 47(a) and (b). After decon-
volution of the fitted traces the timescale for demagnetization τm can be obtained
by determining the delay time where the magnetization reaches 1− 1/e times its
maximum quenching. The insets of Fig 47(a) and (b) display τm as a function of
dNi for front and back pumping respectively. Both show no significant dependence
on dNi. Averaging τm over the measured thicknesses yields τm = (61± 4) fs for the
front pump configuration and τm = (64± 2), hence there is no significant difference
between the two scenarios.

For both configurations a clear decrease of the maximum magneto-optical quench-
ing qmax is observed on increasing dNi. This decrease can be attributed to a decrease
in absorption when increasing the Ni thickness. To substantiate this claim the ab-
sorption profile for back and front-pumping is calculated using a transfer matrix
method [160–162], and the resulting profile for front-pumping is shown as an exam-
ple in Figure 48(a). Clearly the amount of absorbed light per volume is decreased
on increasing dNi, caused by the increasing reflectivity of the film. On assuming
that the maximum demagnetization scales linearly with the absorbed light, which
experimentally has been verified for small laser fluences [82], it is expected that
qmax in the front-pump and back-pump configuration is proportional to:

qmax,front ∝

∫ dNi
0 |Efront (x)|2 |Efront (x)|2dx∫ dNi

0 |Efront (x)|2dx
, (94)

qmax,back ∝

∫ dNi
0 |Efront (x)|2 |Eback (x)|2dx∫ dNi

0 |Efront (x)|2dx
, (95)
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Figure 48: (a) Absorption rate as a function of position relative to the surface x for Ni films
up to a thickness of 30 nm. (b) Measured and calculated values for qnorm as a
function of dNi for both the front-pump and back-pump configurations.

where Efront (x) and Eback (x) are the electric fields in the Ni film for front-pumping
and back-pumping respectively. Fig 48(b) displays experimental and calculated val-
ues for the normalized maximum quenching qnorm. The measurements are normal-
ized at dNi = 6 nm, as the exact fluences for front- and back-pumping can vary due
to for example differences in focus or the influence of the substrate. The experimen-
tal values of qnorm correspond reasonably well to the transfer matrix calculations,
showing that the thickness dependence of qmax for both front- and back-pumping
can be fully attributed to a difference in absorption. Concluding, the measurements
on the Ni film on an insulating substrate show no traces of any spin transport effects,
hence the observed ultrafast demagnetization in ferromagnetic films on insulating
substrates can only be interpreted by ultrafast local angular momentum transfer
to another subsystem. That such an ultrafast transfer can be expected to occur on
the timescales measured in the presented experiments has already been shown by
various theoretical approaches [103, 113]. Finally, note that our measurements do
not exclude that ultrafast transport of heat by hot electrons plays an important role
in the demagnetization process, which can alter the distribution of the locally de-
posited energy in the spin system.

9.3.2 Demagnetization with a conductive Al buffer layer

In the foregoing measurements spin transport can only induce a change in the
magneto-optical signal due to an altered distribution of spins in the magnetic thin
film, as the film is deposited on an insulating substrate. However, calculations by
Battiato et al. show that the effect of superdiffusive spin transport should be signifi-
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Figure 49: (a) TRMOKE traces for a Ni film on an Al buffer layer of varying thickness. The
inset shows a schematic overview of the sample. (b) Demagnetization time as a
function of dAl. The line denotes the average value. (c) Normalized quenching as
a function of dAl, where the dots denote the measured values and the line the
calculated values using the transfer matrix method.

cantly enhanced on adding a conducting buffer layer, which allows for transport of
spins outside of the magnetic layer [21]. To test this prediction a 10 nm thick Ni film
is grown on top of an Al wedge, where the Ni layer is deposited directly after the Al
wedge, preventing oxidation of the Ni/Al interface. Front-pump measurements are
performed for a varying thickness of the Al buffer layer dAl. A schematical overview
of the performed experiment is depicted in the inset of Figure 49(a).

Figure 49(a) shows the measured TRMOKE traces for varying dAl. Measurements
are only shown for Al thicknesses up to 7 nm, as for thicker layers the demagnetiza-
tion signal became too small to detect. At first sight the demagnetization traces are
very similar to the ones in Figure 47(a) and (b); a rapid demagnetization is followed
by a more slow remagnetization. There is no apparent enhancement of the demag-
netization due to the addition of the conducting buffer layer. This observation is
supported by the data in Figure 49(b), where τm is plotted as a function of dAl. τm
does not change within the experimental accuracy on adding an Al bottom layer,
and the demagnetization times are almost identical to the values obtained on the
samples with only the Ni film on the insulating substrate.

The normalized maximum quenching, shown in Figure 49(c), follows approxi-
mately the same trend as expected from the transfer matrix calculations. Again a
thicker metallic layer increases the reflectivity and decreases the absorption per vol-
ume, and thus also the maximum quenching. A slight deviation in the experimental
trend is visible for very small values of dAl, where up to 2 nm an increase of the
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maximum quenching is observed. The origin of this slight increase could be spec-
ulated to be superdiffusive transport of majority charge carriers into the Al buffer
layer. However, a more likely explanation is the altered growth of the Ni film on
a thin Al film, yielding a smaller absorption or larger disorder, which results in
slightly different magnetization dynamics. Nonetheless, it can be concluded that no
significant enhancement of demagnetization due to superdiffusive spin transport is
observed on adding the conducting buffer layer.

9.3.3 Conclusions

In conclusion, we studied the influence of superdiffusive transport on ultrafast laser-
induced magnetization dynamics in Ni. By comparing front-pump with back-pump
measurements we concluded that transport plays no significant role in the demag-
netization process of ferromagnetic thin films on insulating substrates. Furthermore,
adding a conductive buffer layer did not show a significant enhancement of the de-
magnetization rate due to superdiffusive transport. This means that laser-induced
demagnetization in the investigated films is dominated by an ultrafast local transfer
of angular momentum away from the spin system. The measurements do not ex-
clude the presence of superdiffusive spin transport in laser-induced magnetization
dynamics, like in for example more complex stacks, but do show that it is not the
dominant effect in simple ferromagnetic films.
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abstract

In this Chapter we report a pilot study on the role of superdiffusive spin currents during
ultrafast demagnetization in magnetic bilayers. By using the depth-resolved TR-MOKE
technique presented in Chapter 3, we measure the individual ultrafast magnetization dy-
namics of thin Fe and Ni films separated by a Ru spacer layer. The measurements indicate
that the demagnetization of the Ni layer is for 30% governed by superdiffusive spin currents
originating from the Fe layer. However, unlike the reported enhancement of the magnetiza-
tion of Fe in the literature, a demagnetization of Fe is detected for all configurations of the
bilayer structure. The results show that depth-resolved MOKE could be an important tool
for future research on transport effects during ultrafast demagnetization. The presented data
demonstrates that the latter remain far from understood (to be submitted).

10.1 introduction

The discovery of the sub-picosecond loss of magnetic order in Ni after femtosecond
(fs) pulsed laser excitation has demonstrated the feasibility of magnetic control over
orders of magnitude faster than possible using conventional techniques, such as
applied fields or currents [13]. To be able to tailor the response of a ferromagnetic
material to fs laser pulses it is required to understand the microscopic mechanisms
governing the triggered magnetization dynamics. Many different mechanisms have
been suggested to play a role during ultrafast demagnetization, ranging from coher-
ent interactions of the spins with the electric field of the laser [87, 88], to spin-flip
scattering [89–91] or superdiffusive spin transport [20, 21]. However, their relative
importance is still heavily debated.

Lately, the role of non-equilibrium spin transport after optical excitation of fer-
romagnets has received much attention from the scientific community. It has first
been shown by Malinowski et al. that the demagnetization efficiency of a magnetic
bilayer is altered by spin transport between the magnetic layers [149], as already
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discussed in detail in Section 8.1. This observation triggered a theoretical investiga-
tion by Battiato et al. [20], who concluded that spin transport could fully explain the
ultrafast demagnetization of Ni, casting doubt upon the former consensus that lo-
cal dissipation of angular momentum dominates the dynamics. Although we have
shown in Chapter 9 and Ref. [157] that for simple ferromagnetic films on insulating
substrates demagnetization is not governed by spin transport, this might not be the
case for magnetic heterostructures. Indeed, recent experiments on multilayer struc-
tures, employing novel experimental techniques such as x-rays or THz emission via
the inverse spin Hall effect to trace the spin currents [22–24], reveal the importance
of transport during ultrafast demagnetization.

Besides the verification that in some cases large spin currents are present during
ultrafast demagnetization, also other surprising phenomena were revealed in these
measurements. Using soft x-rays created by table-top higher harmonic generation
(HHG), it was shown that superdiffusive spin currents could not only increase or
decrease the rate at which the spins equilibrate with the hot electron system, but
that such spin currents can actually bring the magnetic system further out of equi-
librium. By measuring the magnetization dynamics of a magnetic bilayer consisting
of a Ni and Fe film, an increase of the magnetization of Fe has been observed after
pulsed laser heating. This observation was attributed to superdiffusive spin cur-
rents coming from the Ni film [22], as already explained in Section 8.3. After this
enhancement of the magnetization, the Fe film remains in a strong non-equilibrium
state for at least 10 ps. This is rather surprising considering the fact that in the same
experiments thermalization of the spin system takes place on a timescale of ≈ 200
fs, meaning that a rapid decay back to equilibrium is to be expected.

Next to the measurements using HHG, no enhancement of the magnetization
to significantly larger values than the saturation magnetization has ever been ob-
served. To confirm that indeed such a controversial enhancement of the magnetiza-
tion takes place, we will investigate the ultrafast magnetization dynamics of similar
Fe/Ni bilayers with a complementary technique, being depth-resolved TR-MOKE
(see Chapter 3). The main concept of the experiments is similar to Ref. [22], and is
depicted in Figure 50(a) and (b). A Ni and Fe film are separated by a thin spacer
layer. By exciting the film with a laser pulse hot electrons are created, which can lead
to spin-polarized currents from Ni to Fe and vice versa. Depending on the mutual
orientation of the layers, such spin currents can increase or decrease the demagneti-
zation efficiency. By measuring the dynamics of Ni and Fe for both the parallel (P)
and anti-parallel (AP) alignment, the contributions of superdiffusive spin currents
can be traced. Contrary to Ref. [22], low laser fluences are used to remain in the
linear regime of magnetization dynamics.

In this Chapter, we will first give some details about the investigated samples and
experimental setup, wherafter the static properties and the method for separation
of the magneto-optical (MO) signals will be discussed. Finally, some time-resolved
measurements will be presented, showing that although spin currents play a large
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Figure 50: (a) and (b) show the basic concept of the experiments performed in this Chapter.
Fs laser pulses induce spin currents between Ni and Fe. By measuring the mag-
netization dynamics of the Ni and Fe layer for parallel (a) and anti-parallel (b)
alignment, the contributions of these spin currents to the demagnetization process
can be determined. (c) Typical hysteresis loop for the bilayer under investigation.
The direction of the magnetization in the Ni and Fe layers are denoted by the
arrows, displaying four different configurations of the bilayer structure.

role in the demagnetization process, in the present experiment they do not lead to
an enhancement of the magnetization.

10.2 experimental details

The exact structure investigated in the remainder of this Chapter is a magnetic
bilayer, consisting of Pt(4)/Fe(5)/Ru(1.2)/Ni(5)/Pt(1). Here, the numbers denote
the layer thickness in nm. The films are deposited by DC magnetron sputtering on
a boron doped Si substrate, capped by a native oxide layer. The Pt bottom layer
serves a buffer layer to induce proper growth of the magnetic bilayer structure,
whereas the top Pt layer simply prevents oxidation of Ni after deposition. More
importantly, the thickness of the Ru spacer layer is chosen such that Fe and Ni
couple anti-ferromagnetically due to the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction [163].

For the time-resolved MOKE measurements we use the setup introduced in Chap-
ter 3, but we will briefly recap its most important features. The sample is excited
by a 75 fs pump beam coming from a Ti:Sapphire laser, which is modulated by a
chopper (≈ 60 Hz). Unlike in Chapter 9, no compensation line is used to correct
for the group velocity dispersion of the pulses by the optical elements in the setup,
which increases the available power by a factor of four. However, it does result in
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a rather long laser pulse of ≈ 150 fs at the sample, limiting the temporal resolu-
tion of the experiments. The magnetization is measured by a probe beam, which
is modulated by a photo-elastic modulator (PEM) (≈ 50 kHz). After reflection off
the sample, the signal is sent through an analyzing polarizer to a detector, where
the 1st harmonic signal V1f is measured with a lock-in amplifier. Before entering the
PEM, the probe beam is sent through a polarizer oriented at 45

◦ with respect to the
PEM main axis, and a quarter wave plate (QWP) oriented at a variable angle α. The
relative contribution of the ellepticity and rotation to the measured signal can be
tuned by varying α, rotating the projection axis in the complex Kerr plane. Because
Fe and Ni do not have the same Kerr angles, they can be effectively isolated in the
MO signal, as explained in Chapter 3. Finally, all measurements are performed in
the longitudinal MOKE configuration, and external magnetic fields are applied in
the film plane.

10.3 results

10.3.1 Static measurements

Before measuring the magnetization dynamics, first static MOKE measurements
are performed. This is done to check the magnetic properties of the samples, and
to obtain the values of α at which only Ni or Fe contributes to the MO signal. A
typical static MOKE measurement is shown in Figure 50(c), where the applied field
Happl is swept from positive to negative values. The lines are fits of the data with
three error functions. For small applied fields where the exchange energy exceeds
the Zeeman energy of the Ni film, i.e. for |Happl| < 40 mT, the bilayer will be in the
AP configuration, and the magnetization of Fe will be parallel to Happl. For larger
fields, both Ni and Fe align to the field, and the P configuration is obtained. This
means that four different configurations can be reached, as denoted by the arrows
in Figure 50(c).

We will now proceed to obtain the values of α where either Fe or Ni is effectively
removed from the MO signal. To this extent, hysteresis loops like in Figure 50(c) are
measured for various α. Again, the data is fitted by error functions to obtain the
contributions of Ni and Fe to the 1st harmonic V1f, which we denote as V1f,Ni and
V1f,Fe, respectively. The results are depicted in Figure 51(a), and fitted with Equation
22. Reasonable agreement between the data and the fits is obtained. The values of
α where, according to the fits, one of the layers vanishes from the MO signal are
indicated by vertical dashed lines.

To make sure that for the final time-resolved measurements the correct values of
α are used, hysteresis loops are taken right before the measurements around the
values of α indicated in Figure 51(a). The loops show that V1f,Ni is virtually zero at
α = −7◦, and V1f,Fe is zero at α = 68◦. To illustrate this, the hysteresis loops for
these angles are plotted in Figure 51(b) and (c), including the fits with the error
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Figure 51: (a) Measured values of V1f for Fe and Ni as obtained from fitting hysteresis loops
as a function of α. The lines are fits to Equation 22. The dashed lines correspond
to the QWP angles for which one of the layers vanishes from the MO signal, ac-
cording to the fits. In (b) a hysteresis loop are shown for α = −7◦, showing only
a contribution from Fe to the MO contrast. In (c) the same is shown at α = −68◦,
where only a contribution from Ni is seen.

functions. In Figure 51(b), where the contribution from Ni should be absent in the
MO signal, only one switch of the magnetization is visible, which is because Fe
switches its magnetization only once when sweeping Happl from positive to nega-
tive. In Figure 51(c) three steps are visible in the magnetization which are of equal
size, corresponding to switching of the Ni layer.

10.3.2 Time-resolved measurements

Now that we have determined the values of α were only Ni or Fe contributes to
the MO signal, the dynamics of the individual layers can be measured. For both Ni
and Fe this is done for the four configurations of the magnetic bilayer. For the P
configuration Happl = ±60 mT is used, while for the AP configuration Happl = ±20
mT. To remove any non-magnetic contributions from the signal, the measurements
at positive and negative fields are sub tracted from each other, resulting in a purely
magnetic time-resolved signal from either the Ni or Fe layer.

Before presenting the demagnetization curves, first state filling effects are re-
moved by fitting the raw data with an analytical solution of the 3 Temperature
Model (3TM, see Section 4.2 for more details) in the low fluence limit [55]. The
resulting demagnetization curves are plotted in Figure 52(a) and (b) for Ni and Fe
respectively, where the lines denote fits with the same analytical solution of the 3TM.
Let us first discuss the data for Ni in Figure 52(a), where a very clear difference be-
tween the P and AP configuration is observed. In case of P alignment, the maximum
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Figure 52: Demagnetization traces of Ni (a) and Fe (b) for the P and AP configuration of the
magnetic bilayer. The lines are fits with an analytical solution of the 3 Tempera-
ture Model [55], while the upper bounds for the errors due to mixing of the Ni
and Fe signals are indicated by the shaded areas. For Ni the time for maximum
demagnetization is indicated by vertical bars. While for Ni a significant change in
the demagnetization properties is observed between the P and AP configuration,
the traces for Fe are almost identical.

demagnetization is 45% larger than in the AP case. Furthermore, the delay time at
which the maximum demagnetization is reached, indicated by the vertical bars, is
350 fs for AP alignment compared to the 580 fs for P alignment. In other words, the
demagnetization in the P alignment is slower and less effective. This corresponds
to the observations by Rudolf et al. [22], and could be caused by superdiffusive spin
transport from the Fe to the Ni layer, slowing down or speeding up the demagneti-
zation process. From the measurements it can be estimated that roughly 30 % of the
observed demagnetization of Ni is caused by superdiffusive spin currents from the
Fe layer. A large difference between the measurements presented in the literature
[22], is that after 1.5 ps the demagnetization is approximately equal for the P and
AP configuration, showing that the system returns to thermal equilibrium rapidly
after the non-equilibrium spin currents have vanished.

We now turn our attention to the response of the Fe layer in Figure 52(b). Unlike
earlier reports, a clear demagnetization is observed for the P configuration, instead
of the surprising enhancement. More strongly, qualitatively the observed demagne-
tization traces are virtually identical, and only a slightly larger demagnetization is
observed in the P alignment. This change in the demagnetization of the Fe layer
cannot be attributed to spin currents from the Ni layer, as this would yield a larger
demagnetization in the AP case. Instead, we believe that the small differences be-
tween the traces are caused rather by a measurement artifact than by a physical
phenomenon. Because the demagnetization of the Ni layer is much larger than that
of the Fe layer (≈ 5x), a very small contribution from Ni to the MO signal could
fully explain the differences between the AP and P configuration. Therefore, the
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upper boundaries of the errors due to mixing of the signals are estimated from the
hysteresis loops, and depicted by shaded areas in Figure 52(a) and (b). While for Ni
the errors are so small that the areas are hardly visible, for Fe they overlap for the
AP and P case. This means that the observed differences could indeed be caused by
a small (V1f,Ni ≈ 1

40 V1f,Fe) contribution of Ni to the Fe signal.
The significance of the problems with the direct contributions of Ni to the signal

of Fe can be investigated by slowly varying α, however, this is beyond the scope
of the present work. Finally, one might argue that the contributions of Ni to the
measurements of Fe hide a possible enhancement of the magnetization. However,
the maximum contributions of Ni to Fe, as indicated by the shaded areas in Figure
52(b), should be four times larger than estimated, which is extremely unlikely.

10.4 discussion and conclusions

The measurements presented in this Chapter using all-optical depth-resolved
MOKE do not confirm that a long-lived ferromagnetic state is present after fs pulsed
laser excitation of a magnetic bilayer, contrary to observations with other techniques.
We will now speculate on possible reasons for these differences. First of all, the sam-
ples used in the present measurements were not identical to the ones investigated
by higher harmonic generation by Rudolf et al. [22]. Most importantly, instead of a
Ta buffer layer a Pt buffer layer was used, however, this is not expected to signifi-
cantly change the observed dynamics, as the spin diffusion lengths in both materials
are approximately equal [164]. Another difference which might be important, is the
laser fluence. Here, the magnetization of Ni is only quenched by ∼ 10%, while
Rudolf et al. used fluences to quench the magnetization up to 60%. Although it was
claimed that superdiffusive spin transport is especially effective in the low-fluence
regime [20], recent experiments on CoFeB/MgO/CoFeBo show that the relative con-
tributions of transport increase for larger laser fluences [165]. We therefore plan to
perform a systematic study as a function of fluence using an amplified laser system
in the near future. Finally, the surprising long-lived enhancement of the magnetiza-
tion in Ref. [22] could also have been caused by a measurement artifact of the used
complex HHG setup.

So concluding, with the presented measurements on laser-induced demagneti-
zation of a Ni/Fe bilayer we have demonstrated that the depth-resolved MOKE
technique introduced in this Thesis can be successfully applied to study superdif-
fusive spin currents during ultrafast demagnetization. Although transport effects
are shown to play a large role in the investigated samples (up to 30% for Ni), the
enhancement of the magnetization of the Fe film could not be reproduced. This
shows that the role of transport during ultrafast demagnetization is yet far from
understood. We believe that depth-resolved MOKE will prove to be an important
tool for future studies on spin transport during ultrafast demagnetization.
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abstract

Spin currents play an important role in many proposed spintronic devices as they govern the
switching process of magnetic bits in random access memories or drive domain wall motion
in magnetic shift registers. The generation of these spin currents has to be fast and energy
efficient for realization of these envisioned devices. Recently it has been shown that femtosec-
ond pulsed laser excitation of thin magnetic films creates intense and ultrafast spin currents.
Here, we utilize this method to change the orientation of the magnetization in a magnetic
bilayer by spin-transfer torque on sub-picosecond timescales. By analyzing the dynamics of
the magnetic bilayer after laser excitation the rich physics governing ultrafast spin-transfer
torque are elucidated, opening up new pathways to ultrafast magnetization reversal, but
also providing a new method to quantify spin currents generated on femtosecond timescales
(submitted).

11.1 introduction

Ever since the discovery of the giant magnetoresistance effect by Fert and Grünberg
[166, 167], spin dependent transport phenomena have received growing attention
due to the prospect of improving the efficiency and functionality of electronic de-
vices by exploiting the electron spin [168]. A prime example of such a spintronic
device is the spin-transfer torque (STT) magnetic random access memory, where
a spin current is used to exert a torque on a magnetic bit, ultimately switching
its direction [5, 6, 169–171]. Recently various novel schemes of STT switching have
been proposed and demonstrated in the literature, ranging from using the spin-
orbit interaction [172–174] or thermal gradients [175, 176] to create spin currents
and subsequently switch magnetic bits.

A fascinating new approach to generate large spin currents on extremely short
timescales is femtosecond (fs) pulsed laser excitation of ferromagnetic thin films
[20, 21]. On absorption of a fs laser pulse hot electrons are created that travel at
high velocities and over tens of nanometers through the films. Because in a ferro-
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Figure 53: Basic concept of the measurements to investigate pulsed-laser driven STT. A de-
scription of the used symbols is given at the bottom of the image. (a) Non-collinear
magnetic bilayer before pulsed laser excitation. (b) Excitation of the bilayer by a
fs laser pulse, resulting in angular momentum exchange between the two layers.
(c) Change of the orientation of the magnetization in both layers due to the STT
exerted by the excited electrons. (d) Precessional motion back to equilibrium after
the STT pulse.

magnet the lifetimes and velocities of excited majority and minority electrons differ,
mobile majority electrons leave the ferromagnetic thin film after excitation, leading
to superdiffusive spin currents on fs timescales. Furthermore, the absorption of the
laser pulse leads to huge thermal gradients, which also induce spin currents due
to the spin-dependent Seebeck effect [176, 177]. Although the role these spin cur-
rents play in ultrafast demagnetization is being heavily debated [23, 178], the fact
that laser induced spin currents are present has been confirmed by several stud-
ies where the magnitude of the magnetization in a ferromagnetic layer is altered
[22, 24, 65, 71, 149, 158]. However, to ultimately switch a magnetic bit it is crucial to
actually change the orientation of the magnetic layer, i.e. a torque has to be applied.

In this Chapter we demonstrate control over the orientation of the magnetization
in a non-collinear magnetic bilayer by pulsed-laser induced STT, as theoretically
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predicted by Hatami et al. [175]. The basic concept of our experiments is explained
in Fig. 53. Figure 53(a) displays the used non-collinear bilayer, which consists of
an in-plane (IP) and an out-of-plane (OOP) magnetized film separated by a non-
magnetic spacer. During the experiments a small in-plane magnetic field Happl is
applied (black arrow), fixing the direction of the magnetization M (white-arrow) of
the IP film.

Fig. 53(b) shows the initial response of the magnetic bilayer to laser excitation.
The laser pulse excites conduction electrons throughout the whole stack, leading
to an IP spin current from top to bottom and an OOP spin current from bottom
to top. When these spin-polarized conduction electrons reach the neighboring mag-
netic layer, as shown in Fig. 53(c), their transverse angular momentum is absorbed
almost instantly by the local magnetization [179, 180], leading to a STT on the mag-
netic layer. The STT pulse thus changes the orientation of M away from the original
equilibrium direction. This means that after excitation the magnetization does no
longer point along the effective magnetic field Heff, and will start a damped preces-
sional motion around this field, as depicted in Fig. 53(d). The characteristics of the
precession, such as its amplitude, frequency and phase, contain information on the
excitation mechanism, and can thus be used to distinguish between ultrafast STT or
other effects (see also Appendix 11a). Furthermore, changing the direction of one
of the layers switches the polarization of the generated spin currents, and hereby
also the precessional phase, again allowing for the identification of ultrafast STT.
Therefore, we will examine the laser-induced precessional dynamics for different
configurations, applied fields and spacer materials, in order to reveal the presence
of ultrafast STT in the non-collinear bilayer.

11.2 results

11.2.1 Static magnetic properties

Pt4/ [Co0.2/Ni0.6]x4 /Co0.2/Xtspacer /Co3/Pt1 samples are used for the measurements
presented in this Chapter, where the numbers represent the layer thicknesses in nm.
A schematic overview of the sample is displayed in Fig. 54(a). The bottom Pt layer
is required for inducing the perpendicular anisotropy in the Co/Ni multilayer, and
the top Pt layer prevents oxidation of the sample. X (= Cu,Pt) is the spacer layer
material with thickness tspacer.

Before performing any time-resolved measurements, the static magnetic proper-
ties of the fabricated samples were investigated by means of the magneto-optical
Kerr effect (MOKE). A typical hysteresis loop is shown in Fig. 54(b), where the Kerr
ellipticity ηKerr is plotted as a function of Happl for a Cu spacer layer thickness of 5

nm. Happl was rotated 30
◦ with respect to the film plane, in order to reverse both

layers. The measurements clearly show two independently switching layers, where
the film with the small(large) coercivity is the IP(OOP) film. The minimum values
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Figure 54: Sample characteristics. (a) Structure used to investigate ultrafast STT. An in-plane
magnetized Co film and a Cu or Pt spacer layer are deposited on a perpendicularly
magnetized Co/Ni multilayer. (b) MOKE measurements for a 5 nm Cu spacer layer
while applying an external field at an angle of 30

◦ with respect to the film plane.
The black lines denote the inner-loops, revealing four stable configurations at zero
field.

of tspacer for complete decoupling were determined to be 2 nm and 4 nm for Cu
and Pt, respectively. Furthermore, four different remanent states at zero field can be
distinguished, as indicated by the arrows in the image.

11.2.2 TR-MOKE measurements for all configurations

In the remainder of this Chapter we will address the time-dependent response of
the magnetic bilayer to femtosecond laser-pulse excitation. To measure M as a func-
tion of time, a time-resolved MOKE (TR-MOKE) setup is used (see Appendix 11b)
in the polar MOKE geometry, hence the OOP component of M is measured. As
we are solely interested in the precessional dynamics, de- and subsequent remag-
netization traces have been subtracted from the raw data before presentation. This
is accomplished by fitting the data with a phenomenological fit function (see Ap-
pendix 11b), isolating the (damped) precessional motion sin (ωt + ϕ). Before each
measurement, the direction of the OOP film is set by applying a field perpendicular
to the film plane. During the measurements Happl is applied parallel to the film
plane, which determines the orientation of the IP layer. Note that this IP field can
trigger a precession of the OOP film, even in the absence of any spin currents. The
origin of this precession is a sudden change in the anisotropy ∆K on pulsed laser
heating, resulting in a change of the direction of Heff [81]. Therefore, care has to be
taken on analyzing the dynamics of the OOP film.
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Figure 55: Time-resolved measurements for the four different configurations of the bilayer.
The Kerr rotation θKerr is plotted as a function of delay time after pulsed laser
excitation for the magnetic bilayer with tCu = 5 nm, while applying an in-plane
magnetic field Happl of 70 mT. For clarity the thermal background has been sub-
stracted from the raw data. In the top graph also the two fitted precessions are
plotted.

We start our investigation of ultrafast STT by measuring the laser-induced preces-
sions for the four different configurations depicted in Fig. 54(b). This is motivated
by the notion that the expected precessional phase of the IP layer depends on the
orientation of the OOP layer, simply because the latter influences the sign of the
generated spin current. The measurements for a Cu spacer (tspacer = 5 nm) and
Happl = 70 mT are displayed in Fig. 55, where the lines are fits with two exponen-
tially damped sines. The data and fits clearly reveal two precessions with different
frequencies, of which the individual contributions are drawn as lines in the top
panel of Fig. 55 for one configuration of the bilayer. We attribute the high frequency
long-lived precession to the IP layer, while the low frequency highly damped pre-
cession originates from the OOP layer. This assumption will further on be verified
by analyzing the precession frequencies as a function of Happl, which show a dis-
tinctly different behavior for the IP and OOP layer. The most important conclusion
from Fig. 55 is that the precessional phase of the IP layer is solely determined by
the orientation of the OOP layer, which is fully consistent with our expectations of
an ultrafast laser-induced STT. Note that due to hysteresis in the magnet Happl is
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Figure 56: Spacer layer dependence of the laser-induced precessions. (a) Angular momentum
exchange between the IP and OOP layer through a Cu spacer layer. (b) Spin scatter-
ing in Pt, suppressing the exchange of angular momentum. Precessional dynamics
of a Cu (c) and Pt (d) spacer layer of 5 nm thick, revealing that the Pt spacer layer
quenches the precessional motion of one of the layers. The lines are fits with a
phenomenological fit function (see Appendix 11b) (e) Percentage of spins partici-
pating in the demagnetization of the OOP layer that are absorbed by the IP layer
as a function of spacer layer thickness, as deduced from measurements at 25 mT
(Cu) and 5 mT (Pt).

slightly different for each configuration, resulting in small differences in the preces-
sion frequency of the IP layer.

11.2.3 Influence of the spacer layer

We now continue by comparing the laser-induced magnetization dynamics between
a sample with a Cu spacer and a Pt spacer. For the Cu spacer we expect that the cre-
ated spin currents can reach the adjacent magnetic layer, as schematically depicted
in Fig. 56(a). However, for the strong spin scatterer Pt the spin current is most likely
severely attenuated by spin-flip scattering, as shown by Fig. 56(b), resulting in a
heavily reduced precessional amplitude. In case of the Cu spacer layer again two
precessions are visible in the data. However, Fig. 56(d) shows that only the pre-
cession of the OOP layer is visible in case of a Pt spacer layer, meaning that the
other precession is quenched. We attribute this to a reduced spin current flow be-
tween the layers, indicating that the oscillations of the IP layer seen in Fig. 56(c) are
caused by a femtosecond laser induced spin transfer. On the other hand, this also
means that the precessions of the OOP layer has a different origin, which is most
likely the aforementioned ∆K mechanism. In Fig. 53(d) it was shown that a STT
pulse should in principle also induce a precession in the OOP layer, however, we
have calculated that the expected STT effects to the magneto-optical signal should
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be relatively small (see Appendix 11c), and thereby easily overwhelmed by the ∆K
mechanism.

We will now proceed to quantify the amount of spin transport as a function of
Cu and Pt spacer layer thickness. To this extent, time-resolved measurements were
performed as a function of tspacer for both a Cu and Pt spacer layer. The precession
amplitudes were obtained by fitting the time-resolved traces, like in Fig. 56(c) and
(d). From the fits the amount of angular momentum transferred from the OOP
to the IP layer is calculated as a fraction of the angular momentum lost due to
demagnetization of the OOP layer (Appendix 11d). The results are depicted in Fig.
56(e). Note that for the Pt spacer layer a much smaller field was applied during
the measurements, this to reduce the precessions caused by the ∆K-mechanism.
As expected, the angular momentum transfer shows a decrease on increasing tCu
or tPt. By fitting the data with an exponential decay the spin transfer length λ is
determined for both layers. The fits, depicted as lines in Fig. 56(e), yield λCu = 13
nm and λPt = 3.3 nm, showing that indeed the spin transfer length in a strong spin
scatterer like Pt is limited.

11.2.4 Detailed analysis or precessional characteristics

As already mentioned, the frequencies, amplitudes and phases of the precessions
reveal information on the type of excitation mechanism, but also on its duration (see
Appendix 11e). Therefore, the precessional frequencies, amplitudes, and phases are
measured as a function of both the magnitude and direction of Happl in the samples
with a 5 nm Cu spacer layer. By comparing the results to expectations based on
macro-spin calculations, we can verify that indeed the precession in the IP layer
is caused by a short spin current pulse, and the precession in the OOP layer by a
change in anisotropy ∆K. The results for the configuration where the OOP layer is
pointing downwards (-z direction) are depicted in Fig. 57.

Figure 57(a) shows the fitted precession frequencies as a function of µ0Happl. For
µ0Happl < 50 mT the two precessions could not be separated, hence the lack of data
points in this region. For larger values of the field the data points for the IP and
OOP layer can be easilly separated due to their distinctly different field dependence:

the in-plane layer follows the Kittel relation ωIP = µ0γ
√

Happl(Happl + Msat) [181],

whereas the out-of-plane layer is governed by ωOOP = µ0γ
√

H2
K − H2

appl for small

Happl [182], with HK the effective perpendicular anisotropy field. The lines in Fig.
57(a) are fits of the data to these relations and result in a value of 1.1×106 A/m for
Msat of the in-plane Co layer, which is reasonable compared to the bulk value of
1.4×106 A/m, and µ0HK of 250 mT.

The amplitude and phase of both precessions are plotted as a function of the
magnitude of Happl in Fig. 57(b) and 57(c) respectively, where the lines in the graphs
correspond to macro-spin calculations. In the calculations, it is assumed that the IP
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Figure 57: Detailed investigation of precessional characteristics. The precession frequency,
amplitude and phase of the IP and OOP layer for tCu = 5 nm are measured
as a function of the magnitude and direction of Happl. All the data is obtained
by fitting the raw TR-MOKE traces with a phenomenological fitting function. In
the measurements where the applied field strength is varied, i.e. (a)) to (c), the
field is applied at an angle of 0◦ with respect to the film plane, whereas the angle-
dependent measurements ((d)-(f)) are performed for a field strength of 25 mT. The
solid lines in (a) are fits to analytical expressions derived from the LLG equation,
whereas the solid lines in (b) to (f) are calculated using a macrospin model with an
ultrafast STT pulse for the in-plane layer and a step-like change in the anisotropy
∆K for the OOP layer.

layer is excited by a very short STT pulse, such that tpulse � 2π/ω. Furthermore, it
is assumed that the OOP layer is excited by a step-like decrease in the anisotopy ∆K.
The excellent agreement between the measurements and the calculations validate
these assumptions. Next, measurements on the IP layer where the angle of Happl
is varied, are compared to macro-spin calculations in Fig. 57(d), (e), and (f). Again,
assuming excitation by a short STT pulse yields good correspondence to the data,
verifying that the orientation of the IP is changed by ultrafast laser-induced spin
currents.
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11.3 discussion

It has already been mentioned that the observed spin currents can potentially be
generated by both superdiffusive transport and the spin-dependent Seebeck effect.
In the following we will discuss whether these mechanisms can quantitatively ac-
count for the experimentally observed ultrafast transfer of angular momentum. First
of all, from the magnitude of the spin transfer in Fig. 56(e) it can be concluded that
superdiffusive spin currents provide a realistic scenario for the observed ultrafast
STT. Only ≈2 % of the spins participating in the demagnetization of the OOP layer
are transferred to the IP layer, indeed not exceeding the theoretical predictions [20]
and experimental observations [22, 23].

Second, we performed simulations of the dynamical temperature profile to calcu-
late the temperature gradients present during the experiments. These temperature
gradients are used as input for a simple drift-diffusion model to calculate the spin-
dependent Seebeck currents, from which the amplitude and phase of the induced
precessions can be deduced. Details of the calculations can be found in Appendix
11f, and show that the spin-dependent Seebeck effect is over an order of magnitude
too weak to explain the experimental observations. In principle the phase of the pre-
cession can be used to distinguish the spin-dependent Seebeck contributions from
superdiffusive spin currents. However, unfortunately, the analysis shows that in
the present case the difference is too small to separate them within the uncertainty
margins.

Finally, we rule out magneto-static coupling, being either an exchange [183, 184]
or dipolar (Néel) coupling [185], as the mechanism that could have induced the pre-
cessions in the measurements. Both coupling mechanisms contribute to Heff, and
depend linearly on M of the neighboring layer. As pulsed laser excitation induces a
change in the magnetization ∆M on ultrafast timescales, it hereby also affects Heff.
However, based on estimates of the required coupling strengths and the depen-
dence of the precession amplitude on the spacer layer thickness and material, it can
be concluded that magneto-static coupling cannot explain the induced precessions
(Appendix 11f). Altogether, the observed fs STT can unambiguously be assigned to
superdiffusive spin currents generated by ultrashort intense laser pules.

11.4 conclusion

In conclusion, we have experimentally demonstrated control of the orientation of
a magnetic thin film by spin currents generated by pulsed laser excitation on un-
precedented timescales. By careful analysis of the experimental data superdiffusive
spin currents have been identified as the main contributor to the observed STT. The
control of the orientation of the magnetization in thin films by superdiffusive spin
currents could potentially be used for all-optical switching of the magnetization in
future magnetic storage devices. Furthermore, the here presented experiments on a
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non-collinear bilayer provide an accurate probe for the amount of angular momen-
tum transferred on ultrafast laser heating, contributing to the recent debate on the
competition between spin-flip scattering and spin transport as a driving force for
ultrafast demagnetization.

appendix 11a : precession phase for various excitation mechanisms

Maybe the most important fingerprint of the excitation mechanism responsible for
the induced precessions is the phase of the oscillation sin (ωt + ϕ). Both the type of
excitation and its temporal profile contribute strongly to the final observed phase
ϕ. In this section we will discuss exactly what information can be extracted based
on the measured phase of the oscillation of both layers. Globally there are two
mechanisms that can induce a precession in the magnetic bilayer after pulsed laser
excitation: a time dependent effective field Heff or a time-dependent spin current
density Js. We will first focus on how Heff and a STT pulse influence the precession
phase for the IP layer in a typical experiment, whereafter an overview is given of
the expected phases of both layers for various excitation mechanisms.

For the IP layer, we assume a field applied in the xz-plane, tilting B slightly out
of plane. A schematic representation of the configuration is depicted in Figure 58(a).
On absorption of the laser pulse the magnetization becomes smaller, hereby decreas-
ing the shape anisotropy, resulting in an equilibrium direction of the magnetization
that is more out-of-plane. This process is schematically depicted in Figure 58(b),
where the cartoon sketches the movement of Heff and M in the yz-plane. Here it
is shown that the length of the anisotropy pulse determines the final phase of the
precession. If the pulse is a relatively long step-like function, or an exponential
decay with τ � 1

ω , the magnetization simply starts precessing around the new
equilibrium direction, yielding a phase φ = −π

2 for the z-comonent of M. For very

short pulses
(

τ � 1
ω

)
the magnetization also starts precessing around the same

new equilibrium direction, however, only for a very short period. During this pe-
riod M is displaced in the y-direction. After this small displacement Heff points in
its original direction again, and M starts its precession with a phase φ = 0. In Figure
58(c) the temporal profiles of both the long and short pulse are plotted, including
the corresponding induced precessions. The latter have been calculated using the
macrospin simulations as outlined in Appendix 11b.

For a STT pulse a similar analysis is performed, which is schematically depicted
in Figure 59. The most important difference with a laser-induced change in the
anisotropy is that the STT term acts as a change of Heff parallel to σ ×m. For the
in-plane layer and an out-of-plane spin current this means that ∆Heff points in the
y-direction, yielding a phase of π

2 for the ultrashort pulse and a phase of 0 for the
slow pulse.

In Table 5 an overview is given of the expected phase for various excitation mech-
anisms and the magnetization of the OOP layer pointing in the positive z-direction.
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Figure 58: (a) Schematic drawing of the studied configuration before pulsed laser excitation.
(b) Motion of Heff (black dot) and M (red dot) in the yz-plane for the in-plane
layer and a change of Heff in the z-direction. On the left(right) the induced pre-
cessional motion for a long(short) field pulse is depicted. (c) Temporal profile of
the field pulses (top) and corresponding precessions of the z-component of the
magnetization (bottom). More details are provided in the text.

All phases change by π when the OOP layer points in the -z-direction. Table 1 does
show that it is not possible to pinpoint the exact excitation mechanism by only con-
sidering the phase of the excitation, as also the length of the excitation plays a role.
However, it does make it possible to distinguish between short and long STT pulses
or short and long anisotropy pulses. Furthermore, by combining the phase with the
angle and field dependence of the precession amplitude, the dominant mechanism
can be identified, as discussed in the main text.

In Section 11.2 it is argued that the precession of the IP layer is caused by a STT
pulse. The measured phase of ±π

2 corresponds to a short STT pulse according to
Table 5. This means that from the measurements we can conclude that the STT pulse
experienced by the top layer is much faster than its precession period, which is what
is expected from the relatively short duration of the laser pulse. The precession in
the OOP layer is induced by the ∆K mechanism, and its measured phase of ±π

2
corresponds to a long pulse duration. This is also what can be expected, as the
change in anisotropy is caused by heating of the film. The film is rapidly heated,
but cooling to the substrate occurs on a timescale of ≈ 1 ns, which is much longer
than a typical precession period. This means that the temperature profile, and thus
also the change in anisotropy, resembles more a Heaviside function.
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Figure 59: (a) Motion of Heff (black dot) and M (red dot) in the yz-plane for the in-plane
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precessional motion for a long(short) field pulse is depicted. (b) Temporal profile
of the the field pulses (top) and corresponding precessions of the z-component of
the magnetization (bottom).

appendix 11b : methods

Time-resolved measurements

The dynamics of the magnetic bilayer after pulsed laser excitation were studied
with a time-resolved MOKE (TR-MOKE) setup, where a pump and probe beam
from an 80 MHz Ti:Sapphire laser with a wavelength of 790 nm are focused to an
8 µm diameter spot. Before each measurement the orientation of the magnetization
in the OOP layer is set by applying a positive or negative field in the perpendicular

Table 5: Precession phases ϕ of the IP and OOP layers for various excitation mechanisms and
the magnetization of the OOP layer pointing in the positive z-direction. ϕ is obtained
from a detailed analysis including macro-spin simulations (Appendix 11a). For the
STT pulse a majority(minority) spin current is assumed, while for the ∆K mechanism
the phase is given for a decrease(increase) of the shape anisotropy.

STT short STT long ∆K short ∆K long

IP π
2
(
−π

2
)

0 (π) 0 (π) −π
2
(

π
2
)

OOP −π
2
(

π
2
)

π (0) 0 (π) −π
2
(

π
2
)
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(z) direction. During the measurement an IP field is applied to fix the orientation of
the IP layer.

Data analysis

To analyze the precessional data quantitatively, all TR-MOKE remagnetization traces
are fitted with the following phenomenological function [178]:

∆Mz

Mz
= A1e−t/τep + A2/

√
1 + t/t0 + A3e−t/τh+

A4e−t/τd,1 sin(ω1t + ϕ1) + A5e−t/τd,2 sin(ω2t + ϕ2),
(96)

where t is the delay time between arrival of the probe beam with respect to the
probe. The first term represents remagnetization due to electron-phonon equilibra-
tion, the second and third term model cooling due to heat flow through a thin
insulating layer into the substrate. The fourth and fifth term resemble the preces-
sions of the IP and OOP layers, where td is the typical timescale for the damping,
ω is the angular velocity of the precession, and ϕ is the phase.

Macro-spin simulations

For the calculations on the induced precessional dynamics the following form of
the Landau-Lifschitz-Gilbert equation is used:

dm
dt

= −γm×Heff + αm× dm
dt

+ γ
Js

Mst
m (σ ×m) , (97)

where m is the normalized magnetization M/M, γ the gyromagnetic ratio, α the
Gilbert damping constant, Js the spin current density, t the thickness of the magnetic
thin film, and σ the unit vector along the polarization direction of the spin current.
Both Js and Heff are time-dependent due to excitation by the laser pulse. In the
calculations œ points along MOOP for the IP layer and vice versa.

Material parameters used in the calculations are 0.02 and 0.2 for the damping
constants and Msat = 1400 A/m and 776 A/m for the IP and OOP films respectively.
Furthermore, Heff consists of two contributions, being the applied field B and the
anisotropy field HK, which is equal to −Mzêz for the IP and (HK,zêz for the OOP
layer.

appendix 11c : relative efficiency stt

In this section we estimate the precession amplitude of the top layer with respect to
the bottom layer on excitation with identical spin current pulses. First, the relative
magneto-optical sensitivity is determined, as this determines to what extent the
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Figure 60: (a) Polar MOKE loops for tcu = 5 nm while Happ is applied perpendicular to the
sample plane. The lines are fits with a linear function to fit the contribution of the
in-plane layer, while an error function is used to fit the out-of-plane contribution.
(b) Ratio of magneto-optical signal between the top and bottom layer as a function
of Cu spacer thickness. The line is an exponential fit of the data.

precessions are visible in the measurements. Second, macro-spin calculations are
performed to calculate the precession amplitude for both layers assuming identical
spin currents.

Determining the relative magneto-optical sensitivity

To calculate the relative magneto-optical sensitivity perpendicular MOKE measure-
ments have been performed in the polar Kerr setup with the external field applied
perpendicular to the sample plane. An example for tCu = 5 nm is depicted in Figure
60(a).

The effective field experienced by the in-plane layer, is given by:

Heff =

 0

0

Happ −Mz

 , (98)

The effective field is thus pointing in the z-direction and is a competition between
the applied and demagnetization field. In equilibrium Heff and M are parallel,
meaning that Heff,zMx = Heff,xMz. Realizing that Mx = Msat for small angles and
that Heff,x = 0 yields the following expression for the normalized z-component of
the magnetization:

mz =
Mz

Msat
=

Happ

Msat
. (99)
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Now the data in Figure 60 is fitted using a linear function for the in-plane contribu-
tion plus an error function (erf) for the out-of-plane contribution. The fit function is
thus the following:

F
(

Happ
)
= A1 + B1Happ + A2erf

[(
Happ ± Hc

)
/w
]

, (100)

where Hc is the coercive field of the out-of-plane layer and w determines the width
of the out-of-plane switch. Now the ratio of the magneto-optical sensitivity between
the top and bottom layer can be calculated as follows:

fMO =
MsatB1

A2
. (101)

For the measurement in Figure 60(a) fMO = 11.2 is found. Now this fraction can
also be expressed as a ratio of magneto-optical signal per spin between the top
and bottom layer by normalizing to the magnetic moment of both layers. Using
Msat,Co = 1400× 103 A/M and Msat,Ni = 517× 103 A/M, yields a ratio between
the magnetic moments of 1.6, finally resulting in a 7.0 times larger sensitivity to
the magnetic moment of the top layer. We used this procedure to to determine this
factor as a function of Cu spacer layer thickness. The results are depicted in Figure
60(b), where the line is an exponential fit to the data. There is good agreement
between the data and the fit, as expected from the exponential decay of the laser
pulse in the Cu spacer layer.

Relative amplitudes STT

In this section macrospin calculations, as described in Appendix 11a, are performed
to compare the efficiency of a STT pulse between the IP and OOP layer. For the
calculations the spin current entering both layers is assumed to be equal and an
in-plane external magnetic field of 150 mT is applied. The results are depicted in
Figure 61(a).

From the calculations it can be seen that the precessions induced in both layers are
of comparable magnitude. However, because the magneto-optical sensitivity to the
top IP layer is about 11 times larger than to the bottom OOP layer, for the same spin
current an 11x larger precession amplitude is expected in the top layer. Therefore, it
is expected that the effects of ultrafast spin current pulses are negligible in the OOP
layer.

appendix 11d : quantitative analysis canting angle and spin trans-
fer

To calculate the amount of spins transferred from the bottom to top layer the am-
plitudes of the induced precession and demagnetization have to be compared. In
Figure 61(b) the magnetization dynamics are plotted as measured for B ≈ 100 mT
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Figure 61: (a) Mz as a function of delay time for the IP and OOP layer as calculated from
a macro-spin model. The value of Mz before pulsed laser exciation, i.e. Mz,0 is
subtracted from the data to readily compare the two traces. (b) Normalized mag-
netization as a function of delay time after pulsed laser excitation for B ≈ 100 mT
and tCu = 5 nm. To extract the maximum demagnetization and the precession am-
plitudes the traces are fitted by two phenomenological fitting functions for short
and long delay times (solid lines).

and tCu = 5 nm, where the Kerr signal is processed and normalized to the magne-
tization of the top layer for negative delay time M0.

The signal during the first picoseconds can be fitted by the following phenomeno-
logical relation, which is an analytical solution of the Three-Temperature Model in
the low fluence regime on neglecting the spin specific heat [159]:

M
M0

= 1−
[(

A1
1√

t/τ0 + 1
− (A2τe − A1τM) exp−

1
τm

τe − τm
−

τe (A1 − A2) exp−
1

τm

τe − τm

)
Θ (t) + A3δ(t)

]
? Γ (t) ,

(102)

where A1, A2, and A3 correspond to the demagnetization amplitude after electron-
phonon-spin (e-p-s) equilibration, the demagnetization amplitude by the initial rise
in electron temperature and the state filling amplitude respectively. τe and τm are
the e-p and spin relaxation times respectively, whereas τ0 is the time scale for heat
diffusion to the substrate. Θ (t) is the Heaviside function, while ?Γ (t) represents
a convolution with a Gaussian laser pulse. The data after the break in Figure 61(b)
is fitted with the phenomenological fitting function as introduced in Appendix 11a.
From the fits the ratio between the demagnetization amplitude of the top layer and
the precession amplitude of the bottom layer can be obtained, which for tCu = 5
nm is equal to 0.10. With fMO = 11.7 as obtained in Section S2, this means that
the canting angle of the top layer is 60 mdeg. Furthermore, 1.5% of the spins par-
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ticipating in the demagnetization process of the bottom layer exert a torque on the
top layer. The amount of spin transfer is given as a function of Cu and Pt spacer
layer thickness in Figure 56(e), and is obtained by performing the aforementioned
procedure for varying thicknesses. Note that the data in Figure 56(e) is measured
for different field strengths Happl, however, it is demonstrated by the data in Figure
57(b) that the precession amplitude, and thus the amount of spin transfer, is not
influenced by Happl.

appendix 11e : estimate of spin-dependent seebeck contributions

In this section we estimate the spin currents produced by the spin-dependent See-
beck effect. First the time-resolved temperature profile is obtained using the micro-
scopic three temperature model (M3TM) by fitting the experimental demagnetiza-
tion traces. The thermal gradient in the ferromagnetic layer can be obtained from
the temperature profile, which is used as an input for drift-diffusion equations to
finally calculate the induced spin currents.

Calculation of time-resolved temperature profile

It was argued in Section 11.1 that there are two mechanisms that can generate spin
currents due to pulsed laser excitation, being superdiffusive spin transport and the
spin-dependent Seebeck effect. In the first approach spin currents are created by
an excited electron system, i.e. there is no Fermi-Dirac distribution of the electron
occupation. In the latter effect, the electron system is considered to be locally in
internal equilibrium but spin currents are created by diffusion under influence of a
temperature gradient in the sample. To estimate the size of the generated spin cur-
rents it is thus required to obtain the dynamical temperature profile. In this section
the temperature profile is calculated as a function of time by assuming that heat
transport in metals is governed by diffusion of electrons. Although it is unknown
whether a diffusive approach is completely valid on these short length and time
scales, there is no theory available that correctly describes transport for both the ex-
cited and thermalized electron system on equal footing. Since the spin-dependent
Seebeck effect is a diffusive effect, we will here adopt a diffusive description.

As a starting point the absorption profile is calculated using the transfer matrix
framework [160, 162]. The optical constants are taken from Ref. [186] and Ref. [187]
for a wavelength of ≈ 790 nm, corresponding to the laser frequency used in the
experiments. The results of the calculations for tCu = 5 nm are depicted in Figure
62.

To estimate the evolution of the temperature profile in time the M3TM is used
[113]. To this extent it is assumed that that the sample is isotropic in the film plane,
and is divided in thin slabs in the direction normal to the film plane (z-direction.
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Figure 62: (a) Absorption profile for tCu = 5 nm as calculated with the transfer matrix ap-
proach. (b) Ultrafast demagnetization of the OOP layer for tCu = 5 nm fitted by
the M3TM model.

The slabs are 0.2 to 0.5 nm thick, and for each slab the evolution of the electron and
phonon temperatures Te and Tp and the normalized magnetization m are given by:

Ce [Te]
dTe

dt
= gep

(
Tp − Te

)
+∇z (κ∇zTe) + P (t) , (103)

Cp
[
Tp
] dTp

dt
= gep

(
Te − Tp

)
, (104)

dm
dt

= Rm
Tp

TC

(
1−m coth

(
mTC

Te

))
, (105)

where Ce and Cp are the heat capacities of the e and p systems respectively, κ is the
material dependent heat conductivity, ∇zTe is the electron temperature gradient
normal to the film, TC is the Curie temperature of the out-of-plane layer, gep the
e-p coupling constant and R a material constant that determines the efficiency of
demagnetization. A microscopic description of the coupling constants gep and R can
be found in Ref. [113]. The equations of motion for each slab thus describe heating
of the electron system by a Gaussian laser pulse, heat diffusion by electrons to
neighboring slabs, e-p equilibration, and finally the evolution of the magnetization
due to e-p spin-flip scattering.

The non-magnetic material parameters that enter the model are taken from Ref.
[188], whereas the magnetic parameters are taken from Ref. [113]. Note that the
Co/Ni multilayer is treated as a single effective material. The data depicted in Fig-
ure 62 is fitted with the M3TM for t < 2.5 ps, i.e. for values of the delay time where
the oscillations do not contribute to the time-resolved signal. The results are shown
in Figure 62. The values of two of the three unknown experimental parameters, be-
ing TC and the laser fluence, are obtained in the fitting process, yielding TC = 674
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Figure 63: (a) Calculated electron temperature profile for various delay times after pulsed
laser excitation. (b) Electron temperature gradient (left) and integrated electron
temperature gradient in the Co/Ni multilayer (right) as a function of delay time.

K, reasonably close to the literature value on taking a weighted average of Ni and
Co.

For longer time-scales heat flow into the substrate becomes important. In the cal-
culations it is assumed that the substrate is an ideal heat sink, i.e. it remains at
ambient temperature at all times. The amount of heat transfer between the sam-
ple and substrate is chosen such that it approximately matches the experimentally
observed timescale for remagnetization of the out-of-plane layer, fixing the final
unknown material parameter. With all parameters describing the experiment either
obtained from the literature or from fitting the experimental data, the temperature
profile as a function of time can be calculated with the M3TM.

The calculated temperature profile is depicted in Figure 63a for various delay
times. What can be observed is that before laser pulse heating the whole sample
is at 300 K, i.e. room temperature. At t = 0 ps, thus when the laser pulse reaches
its maximum intensity, the electron temperature is raised to approximately 500 K.
What is important to note, is that although there are large discontinuïties in the ab-
sorption profile, as shown in Figure 63(a), these discontinuïties are not visible in the
temperature profile due to rapid heat diffusion. Still, large temperature gradients
are present right after laser excitation, as shown in Figure 63b, where the tempera-
ture gradient in the Co/Ni multilayer is plotted as a function of delay. A large spike
is visible right after laser excitation due to the non-homogeneous absorption of the
laser pulse. After approximately a ps the metal film has equilibrated, but there still
remains a small gradient due to slow heat leakage to the substrate. Figure 63(b) also
shows the integrated temperature gradient in the middle of the OOP Co/Ni multi-
layer, clearly showing a step right after pulsed laser excitation, and a slow increase
for longer time delays.
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Drift-diffusion calculations

In this section we estimate the canting angle of the top layer induced by the spin-
dependent Seebeck effect in the bottom layer. To this extent drift-diffusion equations
are solved for the sample under investigation, and the temperature gradients calcu-
lated in the previous section are used as an input for the calculations. Again, a diffu-
sive approach is probably an oversimplification for the small length- and timescales
investigated in the experiments. However, it can at least provide an estimate for the
amount of spin transport in the presence of a temperature gradient.

Diffusive spin and charge transport in the experiments are described by the fol-
lowing continuity equations [177]:

∇2
zµs (z) = µs(z)

λ2 , (106)

J↑ (z) + J↓ (z) = 0, (107)

where µs (z) is the difference between the chemical potential for spin up (↑, parallel
to MOOP) and spin down (↓, anti-parallel to MOOP) µ↑ (z) − µ↓ (z), λ is the spin
diffusion length and J↑ (z) and J↓ (z) are the spin up and spin down currents re-
spectively. The spin-dependent current J↑(↓) in the presence of a thermal gradient is
given by:

J↑(↓) (z) = −σ↑(↓)

(
1
e∇zµ↑(↓) + S↑(↓)∇zT

)
, (108)

where σ↑(↓) is the spin-dependent conductivity and S↑(↓) the spin-dependent See-
beck coefficient.

To calculate the spin currents the continuity equations are solved, with the bound-
ary conditions that the current, spin current and chemical potential are continuous
at each interface. Furthermore, no (spin)currents are allowed to leave the sample.
Because the regular Seebeck effect is about an order of magnitude larger than its
spin-dependent counterpart, it is assumed that S↑ + S↓ = 0 for all materials. This
makes the relative spin-dependent effect more pronounced but does not alter the
generated spin currents. Furthermore, the Co/Ni layer is assumed to be a single
effective material, and the 1 nm Pt capping layer is not taken into account in the
modeling since it has an almost negligible influence on thermal spin transport from
the Co/Ni to the Co layer. Material parameters are taken from Ref. [189]. For the
Co/Ni layer the Co material parameters are used, since the spin-dependent Seebeck
coefficient of Ni is not known.

Results of the calculations are shown in Figure 64(a), where in the top part the
chemical potential for spin up and spin down is plotted as a function of position
z inside the sample. From the chemical potential the spin accumulation, which
scales with µ↑ − µ↓, can be calculated, and is plotted in Figure 64(b). What can be
observed is that due to the negative sign of the spin-dependent Seebeck coefficient
and temperature gradient in Co/Ni up spins accumulate at the top of the sample,
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Figure 64: Numerically calculated µ↑ and µ↓, µ↑-µ↓ and Js/∇zTe as a function of the depth z
in the magnetic bilayer. Note that due to the chosen units on the y-axes the graphs
are valid for every t.

whereas down spins accumulate in the bottom layer. Finally, the spin current in the
stack can be calculated via Equation 108, which is also depicted in Figure 64(b),
normalized to the thermal gradient in the Co/Ni layer. A positive sign of Js/∇zTe
means that in the case of a negative temperature gradient, as mainly observed in
the experiments, a positive spin current is flowing from bottom to top.

The canting angle due to the spin-dependent Seebeck effect can be obtained by
calculating the total angular momentum transfer from the data in Figure 63(b) and
Figure 64(b), and is determined to be 2.9 mdeg, which is over an order of magnitude
smaller than in the experiments (60 mdeg). When not using the Co spin-dependent
Seebeck coefficient and spin diffusion length for the Co/Ni multilayer, but the ones
for permalloy, a canting angle of -8.2 mdeg is found, which is still too small and has
the opposite sign with respect to the experiments.

Finally, the phase of precession is calculated from the obtained temperature gra-
dient in Figure 63(b). This is done by using the time-resolved spin current as an
input for the macrospin simulations outlined in Appendix 11a. However, for the
field range of the measurements the almost the same phase (±1.46) is obtained as
for an ultrafast superdiffusive spin current, making it impossible to discriminate
between the effects based on the phase of the precession within the experimental
accuracy.
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In conclusion, purely diffusive spin currents generated by the spin-dependent
Seebeck effect are unlikely to cause the oscillations observed in the top Co layer
after pulsed laser excitation. Even though severe approximations have been made
in the calculations, the fact that for superdiffusive spin transport much larger effects
are expected shows that they are most likely the cause of the ultrafast STT observed
in the experiments.

appendix 11f : magnetostatic coupling

In the main text it is argued that an ultrafast STT can explain the induced preces-
sions in the top IP layer. There is another excitation mechanism that can potentially
excite a precession in the magnetic bilayer due to pulsed laser heating, which is
a magnetostatic coupling of the two layers. There are two possible contributors to
such a magnetostatic coupling, being a Néel-type of dipole coupling, also called
Orange Peel coupling, or an exchange coupling. A sudden change in this coupling
due to absorption of the laser pulse would result in a sudden change in Heff, induc-
ing a precession. Contributions of an exchange coupling can be disregarded from
the data in Figure 56(b), because an exchange coupling is expected to decay on a
length scale of typically a few monolayers (≈ 1 nm) and should show an oscillatory
dependence on tspacer.

A dipole coupling between the two layers could still be a possible origin of the
observed precessions. Due to correlated roughness in the magnetic bilayer a net
dipole field Hdip is experienced by the top layer stemming from the bottom layer.
By looking at the symmetry of the system this Hdip has to point along the z-axis,
inducing a small canting of the IP layer out of the film plane. Now if the magnetiza-
tion of the OOP film is decreased due to the laser pulse, also the equilibrium angle
of the top angle changes, inducing a precession. The amplitude of the precession is
approximately the difference between the equilibrium angle before and after pulsed
laser excitation. For small Hdip the canting angle θ with respect to the film plane is
given by:

θ =
Hdip

Msat,IP
. (109)

Hdip scales linearly with the magnetic moment of the out-of-plane layer. This yields
the following relation for the precession amplitude:

A = |θt>0 − θt<0| ≈
Hdip

Msat,IP
∆m, (110)

where ∆m is the average demagnetization during a precession period. In Section
3 it is shown that for tCu = 5 nm ∆m ≈ 4%. Furthermore, the change in canting
angle |θt>0 − θt<0| for this thickness is shown to be 60 mdeg in Appendix 11d. Sub-
stituting these number in Equation 110 yields Hdip = 46 mT, which is more than an
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order of magnitude larger than values typically measured in experiments [190, 191].
This means that it is unlikely that a dipole coupling is at the origin of the observed
precessions. This conclusion is substantiated by the observation of a decreased am-
plitude and faster decay of the precessions on substituting the Cu spacer layer by
a Pt spacer layer, which is not expected to significantly alter the dipole coupling
between the layers. Altogether, this means that a laser-induced change of the mag-
netostatic interactions is not at the origin of the observed precessions in the top IP
layer.





12
O B S E RVAT I O N O F T H E U LT R A FA S T G I A N T
M A G N E T O - T H E R M A L R E S I S TA N C E E F F E C T

Heat transport in a metallic spin valve can be controlled by changing the configuration of the
magnetic bilayer. In this Chapter we demonstrate that this effect can be used to manipulate
heat flow after femtosecond pulsed laser excitation on unprecedented timescales. It is shown
that the amount of demagnetization of a ferromagnetic layer after ultrafast laser heating is
influenced by the orientation of a neighboring but orthogonal spin valve. The observation
of this so called ultrafast giant magneto-thermal resistance effect could lead to magnetic
control of heat transport in future (spin-)caloritronic devices, but can also be used as a tool
to study the heavily debated effects of heat and spin transport after pulsed laser excitation
(to be submitted).

12.1 introduction

In 1853 Gustav Wiedemann and Rudolph Franz reported that the fraction of the
thermal conductivity over the electrical conductivity κ/σ is approximately the same
in various metals [192]. The reason for this is that both heat and charge transport are
governed by the free electrons. Later it was found by Ludvig Lorentz that κ/σ also
depends on the temperature T, which lead to the well known Wiedemann-Franz
law for metals:

κ

σ
= LT, (111)

where L is the Lorentz number, which is approximately 2.45·10
−8 V2K−2. As demon-

strated by Albert Fert and Peter Grünberg the electrical conductivity of a metallic
spin valve depends on the mutual orientation of the magnetic layers [166, 167]. Now
according to the Wiedemann-Franz law one would expect that also κ depends on
the orientation. This has indeed been experimentally observed [193–197], and is -
due to its similarities to GMR- called the giant magneto-thermal resistance (GMTR)
effect.

The GMTR effect is schematically depicted in Figure 65. In Figure 65(a) the heat
flow through an all-metallic spin valve is depicted for a parallel alignment of the
ferromagnetic layers. In this case the down electrons scatter heavily in both layers

141
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Figure 65: Schematic representation of the GMTR effect. In a magnetic spin valve the heat
conductivity depends on the mutual orientation of the layers. In case of parallel
alignment (a) the thermal conductivity is high, whereas in the anti-parallel align-
ment (b) heat conductivity is low.

due to a large amount of spin down d-states around the Fermi level, but the majority
electrons are allowed to flow through, meaning that the electrical and thermal con-
ductivity are large. In Figure 65(b) the case for anti-parallel alignment is depicted.
Here both spin up and spin down electrons scatter effectively in one of the two
layers, yielding small electrical and thermal conductivities.

Not much research has been focused on GMTR with respect to GMR. One of
the reasons might be the experimental difficulties. While measuring the GMR ef-
fect on thin films is rather trivial in a current-in-plane geometry [166, 167], these
simple structures cannot be used due to heat leakage through the substrate. Hence,
complicated sample structures and measurement techniques are required. Second,
while applications for the GMR effect became immediately clear to the scientific
community, magnetic control of heat transport did not seem to serve any purpose
other than gaining fundamental insight in spin-dependent transport in magnetic
heterostructures. However, the rising interest in spin-caloritronics, including its pos-
sible applications [198], demonstrates the importance of controlling heat currents
with spins and vice versa. Furthermore, there has been a renewed interest from
the scientific community in transport in magnetic heterostructures, motivated by
the surprising non-equilibrium effects observed after fs pulsed laser excitation of
ferromagnets [22].

In this Chapter we experimentally demonstrate magnetic control of heat transport
via the GMTR effect after fs pulsed laser excitation. The work is motivated by the
desire to bring (spin-)caloritronics to the femtosecond timescales, but also to get fur-
ther insight into the highly controversial contributions of superdiffusive transport
to ultrafast demagnetization of ferromagnets [20, 23, 157]. We start by describing the
basic concept of the performed experiments, whereafter we introduce an alternative
double modulation TR-MOKE setup for an accurate determination of the GMTR ef-
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Figure 66: Basic concept of the main experiments performed in this Chapter. A fs laser pulse
is absorbed by the top magnetic layer, virtually instantaneously heating the top
part of the stack. The demagnetization of the heated perpendicularly magnetized
layer is measured while changing the orientation of a neighboring spin valve. In
case of parallel alignment (right) a large heat flow from top to bottom is expected,
resulting in a smaller demagnetization, while for anti-parallel alignment (left) heat
flow from the top layer is blocked, resulting in a large demagnetization.

fect. This is followed by the first experimental observation of the GMTR effect on fs
timescales, whereafter we will end this Chapter by a short conclusion and outlook.

12.2 methods

12.2.1 Basic concept

To observe the GMTR effect on ultrafast timescales we need to measure the tempo-
ral temperature profile of a thin metallic film with a large accuracy. To this extent
the experiment schematically depicted in Figure 66 is performed. On the left(right)
the sample stack is shown with an in-plane spin valve in the anti-parallel(parallel)
configuration. On top of the spin valve a thin out-of-plane (OOP) magnetized sens-
ing layer is deposited, which is excited by a fs laser pulse. In case of anti-parallel
alignment (left) heat flow away from the top layer is limited, resulting in a larger
demagnetization amplitude due to higher temperatures in the top layer. For paral-
lel alignment (right) heat transport towards the colder bottom part of the stack is
larger, resulting in a smaller demagnetization. The difference in demagnetization
between the parallel and anti-parallel configuration is caused by the GMTR effect.
The reason for using a thin perpendicularly magnetized film as a sensing layer, is
that the demagnetization is relatively large in such a film, and can thus be accurately
measured. Second, the time-resolved dynamics of such an out-of-plane film can be
easily distinguished from that of the spin-valve, due to the large magneto-optical
sensitivity to such a film in the polar MOKE configuration.



144 observation of the ultrafast giant magneto-thermal resistance effect

}

∆t

p

ad

pem

in out ref

in out ref

v+v-

ref
2 Hz
~

l1

l2

F

Figure 67: Double modulation scheme for determination of the GMTR effect.

12.2.2 Modified time-resolved setup

To be sensitive to the changes in the demagnetization of the OOP layer on switch-
ing the spin valve structure, the double modulation TR-MOKE setup presented in
Chapter 2 is slightly adapted. An overview of the setup is depicted in Figure 67.
Just like in the regular TR-MOKE setup, the polarization of the probe beam is mod-
ulated by a photo-elastic modulator (PEM), which allows an accurate determination
of the magneto-optical contrast with lock-in amplifier L1. However, contrary to the
regular double-modulation setup, not the pump intensity but the magnitude of the
in-plane field is modulated. By using a function generator F at a frequency of ≈
2 Hz, the current through the electromagnet is modulated, resulting in periodic
switching of the spin-valve structure. By feeding the magneto-optical signal from
L1 to a second lock-in amplifier L2, which is locked to the frequency of the function
generator, only the changes in the magneto-optical signal due to switching of the
spin valve structure are detected. Because the measurements are performed in the
polar MOKE geometry, the altered demagnetization of the top OOP sensing layer is
measured.
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Figure 68: (a) Typical hysteresis loop of a magnetic spin valve structure. The inset shows
the structure used for the measurements. (b) CIP-MR measurements for the same
structure as in (b). In both images the thin arrows denote the sweep direction of the
magnetic field, whereas the thick arrows denote the orientation of the individual
magnetic layers.

12.3 results

12.3.1 Static magnetic properties

For the experimental observation of the GMTR effect it is required to have a func-
tioning magnetic GMR stack. There are two requirements that such a stack should
meet: i) the parallel and anti-parallel states should be available by changing the
applied field Happl, and ii) the samples should display a magnetoresistance. Here
we choose for a magnetic Co bilayer separated by a conductive Cu spacer layer, as
depicted in the inset of Figure 68(a). Co/Cu multilayers are known for their large
GMR value (up to 60% at room temperature [199]). However, it proves difficult
in practice to obtain an anti-ferromagnetic coupling between the Co layers due to
growth problems. Therefore, we use a more robust Co/Cu/Co spin valve structure
with an anti-ferromagnetic IrMn layer to pin the direction of one of the Co layers.

All investigated samples are grown by DC magnetron sputtering. To obtain ex-
change bias, an external magnetic field is applied during growth. Typical longitu-
dinal MOKE measurements on a Pt(2)/Co(5)/Cu(2.3)/Co(5)/IrMn(10)/Pt(2) stack
are shown in Figure 68(a), where the numbers denote the thicknesses of the layers
in nm. The thickness of the Cu layer is optimized for maximum GMR values. The
measurements clearly show two individually switching magnetic films due to the
exchange biased top Co layer, with an exchange bias field HEB of approximately 12

mT. This means that both the parallel (P) and the anti-parallel (AP) configurations
can be reached by applying the correct external field. Furthermore, the coercive field
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Figure 69: (a) Sample used to investigate the GMTR effect. (b) Longitudinal hysteresis loop
on applying the magnetic field under an angle θ ∼ 45◦ with respect to the film
plane.

HC of the IP layer is indicated in Figure 68(b), which will prove to be of importance
for the time-resolved measurements.

Corresponding current-in-plane (CIP) magnetoresistance (MR) measurements are
depicted in Figure 68(b). Here a clear increase in the resistance is observed of ap-
proximately 2.3 % in the AP configuration. Unfortunately, this value is more than
an order of magnitude smaller than observed in the Co/Cu multilayers [199]. One
reason for this is that shunting through the IrMn and Pt plays a relatively important
role in the measured stacks compared to the multilayers. Furthermore, details like
growth conditions could play a role. The observed GMR effect of 2.3 % in Figure
68(b), however, should be enough to observe the GMTR effect. First of all, the mea-
surements of the GMR value are performed in the CIP configuration. In contrast,
the physics governing the GMTR effect in the measurement depend on the conduc-
tivity perpendicular to the plane, which is often much larger [200, 201]. Second,
the GMTR effect has been shown to be larger than the GMR effect in some cases
[196]. These considerations indicate that the GMTR effect in our samples may be
larger than 10 %, which should be more than enough to detect in the time-resolved
measurements.

12.3.2 Time-resolved measurements

The main experiments presented in this Chapter are performed with the time-
resolved MOKE (TR-MOKE) setup displayed in Figure 67. In the remainder of this
Chapter we investigate a Pt(4)/IrMn(7)/Co(3)/Cu(2.3)/Co(3)/Pt(3)/Co(0.5)/Pt(2)
stack, which is depicted in Figure 69(a). The big difference between this structure
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Figure 70: First observation of the GMTR effect. (a) and (b) show how the modulation field
changes in time. The black arrows denote the orientation of the spin valve. In (a)
Hmod is smaller than the coercive field of the bottom layer, hence the spin valve
configuration is not modulated. In (b) the free in-plane layer continuously switches
its orientation. (c) Measured change in demagnetization of the OOP layer due to
the modulation schemes depicted in (a) and (b). The inset shows a schematical
overview of the used modulation fields.

and the one from the static measurements is that the IrMn layer is now on the bot-
tom. In this way the sensing layer is as close as possible to the GMR stack, and
the IrMn can act as an effective heat sink. However, to obtain exchange bias it does
no longer suffice to grow the structure in an external field. Therefore, the samples
were heated in situ to above the blocking temperature of the IrMn (∼200

◦ C) after
deposition of the second Pt layer. During this process an external field was applied
to set the exchange bias direction.

The static magnetic properties of the sample are investigated by longitudinal
MOKE, and the results are plotted in Figure 69(b). The external field was applied at
an angle of ∼ 45◦ to observe switching of both the in-plane and out-of-plane mag-
netized films. In the image indeed the three magnetic layers switch independently,
and a clear exchange bias of the bottom Co layer is observed.

We now continue to measure the time-resolved response of the top ferromagnetic
layer while continuously applying an in-plane modulation field Hmod. We choose
the magnitude of Hmod such that in one case it is slightly smaller than the coercive
field of the free layer HC, as depicted in Figure 70(a). Here, the configuration of the
spin valve is not switched, hence we expect no change in the demagnetization of
the OOP layer, and thus no signal on L2. In the other case we set Hmod > HC, hence
the configuration of the spin valve is modulated, as shown in Figure 70(b).

The results of the measurements are plotted in Figure 70(c). Here the normalized
change in demagnetization of the OOP layer ∆M/Msat is plotted as a function of
delay time. In the case that the modulation field is not strong enough to switch the
in-plane layer, no response to the pump pulse is observed within the experimental
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Figure 71: Symmetry check of the GMTR effect. In (a) three scenarios are sketched, where
Hmod modulates the direction of the free layer (scenario A), the fixed layer (sce-
nario B) or no layer at all (scenario C). (b) Time-resolved measurements of ∆M for
the modulation scheme shown in (a).

accuracy. However, the measurements show that when the spin valve configuration
is modulated, the demagnetization of the top layer is altered. The negative sign of
the signal means that the demagnetization is enhanced when the spin valve is in the
anti-parallel configuration, corresponding to the situation sketched in Figure 66. In
this case hot electrons are trapped in the top part of the sample, which leads to an
increased demagnetization. The absolute observed GMTR effect is approximately 1

%, whereas the total demagnetization of the OOP layer is 15 %. This means that the
demagnetization of the top OOP layer is changed by 7 % on changing the configu-
ration of the spin valve.

The fact that there is a sudden onset of the time-resolved signal on increasing
Hmod to above HC indicates that indeed the GMTR effect is at play. However, to
verify that the effect we measure is the ultrafast GMTR effect, we use a different
modulation scheme in Figure 71(a). Here, three different scenarios are sketched. In
scenario A again the free layer is modulated like in Figure 70. In scenario B the
direction of the fixed layer is modulated by applying a large negative modulation
field. Finally, scenario C is a reference measurement where the same modulation
field is used as in scenario A, only with opposite polarity. This means that the spin
valve will not change its orientation during the measurement.

The results of the measurements are depicted in Figure 71(b). Two important ob-
servations can be made. First, indeed the reference measurement shows no response
within the experimental accuracy. Second, the modulation field used in scenario B
yields a positive GMTR effect, while in scenario A a negative effect is observed. As
can be seen in Figure 71(a), the modulation of the spin valve configuration is ex-
actly opposite in the two cases, i.e. there is a 180

◦ phase difference. This leads to an
inverted signal on the lock-in amplifier, which is thus exactly conform the expecta-
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tions. Furthermore, the magnitude of the observed effect is similar in both scenarios,
giving further confidence in the interpretation of the measurements. Although the
GMTR effect in scenario A en B are in quantitative agreement, the traces do show
some qualitative differences. This might be because of the rather large uncertainty
in the measurements, as witnessed by relatively large fluctuations in the reference
signal C.

12.4 discussion

In the introduction it was mentioned that the GMTR effect is interesting from two
different perspectives. First of all, the effect can be used to study the physics govern-
ing hot electron transport in magnetic heterostructures. An initial step can be made
by comparing the measurements presented here with transport calculations. Unfor-
tunately, there is not yet a general theoretical framework which rigorously takes
both the non-equilibrium and the equilibrium character of laser-induced transport
into account. On the other hand, by performing calculations for purely ballistic
and diffusive transport, and comparing the results to the measurements, it might
be possible to distinguish between them. We have indeed performed such calcula-
tions, however, as both approaches did not yield significantly different results, we
will here focus on the experimental observations. For a detailed discussion on the
expected effects of different transport mechanisms we refer to Ref. [202].

Second, the ultrafast GMTR effect could be of interest for future (spin-
)caloritronic devices, where there is a need for the control of heat currents. The
change in demagnetization efficiency by 7% observed in the experiments indicates
that in the investigated structures the GMTR effect is not large enough to have any
value in real applications. However, the relatively small GMR values in the investi-
gated samples leave ample room for improvement. For example, using half-metallic
Heusler alloys instead of the Co bilayer should theoretically lead to a complete
blocking of hot electron transport in the anti-parallel configuration [203].

12.5 conclusions

In conclusion, we have experimentally demonstrated the feasibility of magnetic con-
trol of hot electron transport after pulsed laser excitation via the GMTR effect. This
has been accomplished by measuring the demagnetization of a thin probe layer on
top of a GMR stack. It was shown that the demagnetization efficiency of the probe
layer is altered on switching the spin valve from a parallel to an anti-parallel con-
figuration, which can be explained by a change in hot electron transport through
the spin valve structure. We expect that the here presented ultrafast GMTR effect
could be used in future (spin-)caloritronic devices, where control of heat transport
is required. Furthermore, the GMTR effect could provide to be a powerful tool to
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study transport effects in magnetic heterostructures after pulsed laser excitation,
contributing to the understanding of the involved physical processes.
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D E T E R M I N I N G T H E G I L B E RT D A M P I N G I N
P E R P E N D I C U L A R LY M A G N E T I Z E D P T / C O / A L O x F I L M S

abstract

The Gilbert damping in perpendicularly magnetized Pt/Co/AlOx films is studied by means
of the time-resolved magneto-optical Kerr effect. The Gilbert damping constant is observed
to depend strongly on the AlOx layer thickness and the applied magnetic field. The magnetic
field dependence is explained by extrinsic contributions to the damping due to inhomogeini-
ties in the thin films. The intrinsic Gilbert damping is found to vary between 0.11 and 0.28
as a function of the AlOx thickness, which can be attributed to spin pumping from Co into
the adjecent Pt film.

This Chapter has been published in Applied Physics Letters [178].

13.1 introduction

Magnetic thin films with perpendicular magnetic anisotropy (PMA) have poten-
tial applications in next-generation, high density information storage technology
due to their good thermal stability. In the intensively studied systems with PMA,
Pt/Co/AlOx thin films have attracted much interest recently due to the large spin-
orbit torques [172, 204]. For example, it has been argued that the Rashba spin orbit
torque could enhance domain wall velocities [205], and switching by means of the
Spin Hall Effect has also been demonstrated to be very effective in this material
[173]. An important parameter determining the magnetization dynamics in these
thin films is the Gilbert damping parameter, which governs the relaxation rate to
equilibrium. In particular, the domain wall velocity below the Walker breakdown
field [206] and the switching speed of magnetic bits are both determined by the
Gilbert damping constant. Besides the important role the Gilbert damping plays in
magnetization dynamics, damping in thin films is also of interest from a more fun-
damental point of view. In thin magnetic films many mechanisms can potentially
contribute to the damping, such as spin pumping [207], two-magnon scattering
[208], and inhomogeneous broadening [209]. Understanding which contributions
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Figure 72: (a) Coercive fields of a Pt/Co/AlOx crosswedge as obtained by perpendicular
MOKE measurements. (b) Examples of perpendicular MOKE measurements for
an Al thickness of 1 nm and varying Co thicknesses. The dots in (a) correspond to
the MOKE measurements depicted in (b).

are dominant in particular systems allows for control of the damping parameter by
material engineering.

13.2 methods

Here, we study the damping constant in the intensively studied Pt/Co/AlOx thin
films by using the time-resolved magneto-optical Kerr effect (TRMOKE). We do so
by bringing the magnetic system out of equilibrium with an intense pump laser
pulse, while a probe laser pulse measures the subsequent relaxation back to equi-
librium. For information on this technique the reader is referred to the work by
van Kampen et al. [81, 210] The TRMOKE measurements were performed using a
pulsed Ti:Sapphire laser with central wavelength of 780 nm, pulse width of 70 fs
and repetition rate of 80 MHz. Both pump and probe beams were focused onto the
sample at almost normal incidence, hence the measured TRMOKE signal is most
sensitive to the out-of-plane component of the magnetization. In the TRMOKE mea-
surements, the external magnetic field was applied at an angle β ∼ 15

◦ from the
film plane, in order to suppress domain formation.

13.3 results & analysis

13.3.1 Static properties

To characterize our samples, Pt (4 nm)/Co (0-2 nm)/Al (0-2 nm) crosswedges were
grown by DC sputtering and subsequent oxidation for 200 s at 15 W and an oxygen
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Figure 73: Examples of TRMOKE traces as a function of delay time after laser pulse excitation
for varying applied fields and tAl = 1.29 nm (a), and varying Al thicknesses and an
applied field of 758 mT (b). The lines are fits with a phenomenological fit function,
Eq. (112).

pressure of 0.1 mbar. Perpendicular hysteresis loops were recorded using MOKE,
and the results are depicted in Figure 72. In Figure 72(a) the measured coercive
fields are shown as a function of Co and Al thickness. Examples of hysteresis loops
are shown in Figure 72(b). Three regions can be clearly distinguished. For thin
Co and Al layers the oxidation process fully oxidizes the Co, hence there is no
ferromagnetic layer left. For thick Al and Co layers the sample has an in-plane easy
axis. Only for a narrow range of Co and Al thicknesses the sample shows PMA.
Surprisingly, very thick Co layers (up to 2 nm) show PMA when the Al thickness is
made sufficiently thin. The only way to explain this, is by assuming that part of the
Co film is oxidized due to the thin Al capping layer, leaving only a thin magnetic
Co layer. The surface anisotropy of the Pt/Co and Co/CoOx interfaces must be
large enough to induce the perpendicular anisotropy. Effectively, this means that
decreasing the Co thickness has an identical effect on the magnetic anisotropy as
decreasing the Al thickness.

13.3.2 Time-resolved measurements

The Gilbert damping constant is determined for a Pt (4 nm)/Co (1 nm)/Al (0-2 nm)
wedge, where the measurements are only performed for Al thicknesses that show
100% remanence. Note that this sample is not identical to the one in the MOKE mea-
surements in Figure 72, hence a direct comparison between the magnetic properties
of these samples is not possible. Examples of TRMOKE traces as a function of ap-
plied magnetic field Happl and Al thickness tAl are shown in Figure 73(a) and 73(b),
respectively. First of all, the oscillations observed in the measurements are homoge-
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Figure 74: Fitted values for the precession frequency (a) and Gilbert damping parameter (b)
as a function of applied field for different values of tAl. Lines are fits with a model
accounting for an inhomogeneous distribution of the anisotropy in the probed
region.

neous precessions of the magnetization, as the precession frequencies of standing
spin waves in these thin films are orders of magnitude larger than observed in Fig-
ure 73(a) and 73(b). Second, the precession frequency increases for increasing Happl
and decreasing tAl. The former is expected, since a larger applied field increases
the effective field, and thus also the precession frequency. The latter is caused by
an increase in PMA, caused by the fact that for thinner Al thicknesses more Co is
oxidized. Since the surface anisotropy is inversely proportional to the effective Co
thickness, the anisotropy becomes larger for smaller Al thicknesses.

To analyze the data quantitatively, all TRMOKE traces are fitted with the follow-
ing phenomenological fitting formula [81, 210]:

−∆Mz

Mz
= A1 + A2e−∆t/τe + A3/

√
1 + ∆t/t0

A4e−∆t/τd sin(ω∆t + ϕ),
(112)

where ∆t is the delay time between arrival of the probe beam with respect to the
probe. The first term is the non-magnetic background. The second term represents
relaxation of the electron temperature, and τe is the corresponding equilibration
time. The third term gives the one dimensional heat diffusion contribution. The
constant t0 takes the initial absorption profile into account. The long term, oscil-
lating magnetization dynamics is included in the fourth term. Examples of fitted
curves are depicted in Figure 73(a) and Figure 73(b), where the lines denote the fits.
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From the fits the damping parameter can be obtained. For films with a perpendic-
ular anisotropy the relation between the Gilbert damping constant α, the precession
frequency ω, and the decay time of the oscillation τd, is shown to be given by [211]:

α =
1

ωτd
. (113)

In Figure 74(a) and Figure 74(b) the fitted values for ω and α are plotted as a
function of the applied magnetic field for four thicknesses of the Al top layer. The
precession frequency in Figure 74(a) shows the expected increasing behavior as a
function of applied field, where the cut-off frequency at zero field can be related to
the magnitude of the perpendicular anisotropy.

13.3.3 Analysis with multi-spin model

From the Landau-Lifschitz-Gilbert (LLG) equation [2, 212] it is expected that α does
not depend on the applied magnetic field. However, the measurements in Figure
74(b) show that this is not the case for the investigated Pt/Co/AlOx samples. A
few reasons for a field dependent damping in thin films exhibiting strong PMA
have been suggested, being an anisotropic intrinsic damping due to the spin-orbit
coupling [213, 214], two magnon-scattering [208], and inhomogeneous broadening
[209]. As anisotropic damping is mainly expected to occur at low temperatures, and
contributions due to two-magnon scattering should vanish for small applied fields,
inhomogeneous broadening is most likely to explain the observed field dependence.
Therefore, we fit the data with a simple model [211] for inhomogeneous broaden-
ing, where the effective perpendicular anisotropy field Heff, which is the difference
between the surface anisotropy field Hsur f and the demagnetization field Hdemag,
is not homogeneous over the probed area. We assume that Hsur f shows a square
distribution between (1− σ) Hsurf and (1 + σ) Hsurf. The magnetization dynamics
of such a distribution is calculated by numerically solving the LLG equation for a
distribution of macrospins and averaging over the results. For the saturation mag-
netization Msat of Co a value of 1400 kA/m is used. The data in Figure 74(a) Figure
74(b) is then fitted by equation (112) to obtain the intrinsic damping αintr, effective
anisotropy field Heff, and the spread in anisotropy field σ as a function of tAl. Note
that in the limit of large applied fields, the model predicts that αfit = αintr.

The field dependence of α and ω are simultaneously fitted by the model, and
the results are depicted as lines in Figure 74(a) and Figure 74(b). First of all, it can
be observed that the model fits both the field dependence of α and ω with reason-
able accuracy. This shows that inhomogeneous broadening can in fact fully explain
the field dependence of the measurements. A remarkable observation from the fits
is that inhomogeneous broadening seems more pronounced for samples with a
smaller perpendicular anisotropy. The reason is that in this region the demagneti-
zation field and surface anisotropy almost cancel, hence a small change in one of
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Figure 75: Heff (a) and αintr (b) as a function of tAl. The lines are fits to a simple model for
inhomogeneous broadening. The inset of (b) shows the coercive field as a function
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tAl where the effective Co thickness becomes zero.

both contributions yields a large relative change in the net anisotropy, resulting in
a relatively large spread in precession frequencies.

The free fit parameters are depicted in Figure 4 as a function of tAl. Note that σ is
used as a global fit parameter, yielding a value of the spread in surface anisotropy
of 6.0 %. Figure 4(a) displays the fitted effective perpendicular anisotropy field Heff
as a function of tAl. First of all, we note that the fitted anisotropy fields are compa-
rable to values obtained from hard-axis MOKE measurements on similar structures.
The increase of Heff for decreasing tAl is in line with the observation of the static
MOKE measurements in Figure 72(a), where it is shown that more of the magnetic
Co film is oxidized when the Al capping layer is thinner, effectively making the
magnetic film thinner. Since the contributions of the surface anisotropy become rel-
atively larger when decreasing the film thickness, a larger perpendicular anisotropy
is observed for small tAl. To quantify this effect, we assume that tCo scales linearly
with tAl and fit the data with Heff = A/ (tAl − tAl,0) + B, where A and B are scaling
parameters and tAl,0 is the Al thickness for which the effective Co thickness is zero.
tAl − tAl,0 is thus a measure for the Co thickness. Aforementioned relation yields
excellent fits for tAl,0 = (0.97± 0.02) nm.

Figure 4(b) displays the fitted intrinsic damping parameter αintr as a function
of tAl, where, as mentioned previously, αintr corresponds to the values of αfit in
large applied fields. As the intrinsic damping in these thin films is often domi-
nated by spin pumping [211, 215], which should be inversely proportional to the
Co thickness, we fit the data with αintr = A/ (tAl − tAl,0), where A is again a scal-
ing parameter and tAl − tAl,0 resembles the Co thickness. The fit is depicted as a
line in Figure 4(b), and is in good agreement with the data. Furthermore, the fit
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yields tAl,0 = (0.99± 0.01). This corresponds to the value obtained from fitting the
anisotropy, showing that the fitting procedure of the data with the simple macro-
spin model to account for inhomogeneous broadening is appropriate. Although the
inverse proportionality of the damping on tCo suggests that spin pumping domi-
nates the Gilbert damping in Pt/Co/AlOx thin films, also intrinsic bulk-like con-
tributions due to spin-orbit coupling should be present. However, as the Gilbert
damping parameter of bulk Co is rather small (≈0.01), it is impossibe to disentan-
gle this contribution from the relatively large spin pumping effects.

Finally, we can compare the fitted value for tAl,0, i.e. the Al thickness where the
effective Co thickness is zero, to measurements of the static magnetic properties of
the sample. In the inset of Figure 4(b) the coercive field Hc of the magnetic stack
is plotted as a function of Al thickness. Indeed a sharp drop in the coercive field
is observed around the fitted value of tAl,0, which is indicated by the dotted line,
corresponding to the point where over-oxidation of the magnetic layer takes place,
destroying the magnetic properties.

13.4 conclusions

Concluding, we have determined the Gilbert damping constant for Pt/Co/AlOx
by measuring laser induced precession of the magnetization. By fitting the field
dependence of the damping with a model for inhomogeneous broadening, an in-
trinsic Gilbert damping constant between 0.11 and 0.28 is found, depending on the
effective Co thickness. The origin of this large intrinsic Gilbert damping could be
attributed to spin pumping into the Pt bottom layer. The large value for the Gilbert
damping constant could be important in experiments studying the magnetization
dynamics, such as for example experiments on DW motion or switching by spin-
orbit torques.





Part III

V O LTA G E C O N T R O L O F D O M A I N WA L L M O T I O N

In the third Part of this thesis we introduce an entirely new applica-
tion of electric-field control of magnetism, namely the control of domain
wall (DW) motion. Until recently, control of DWs has only been possible
by application of magnetic fields or currents. Here, we experimentally
demonstrate that by applying an electric field perpendicular to a thin
cobalt film, the DW velocity can be altered over an order of magnitude.
The demonstrated technique to control DW motion could have a large
impact on future technology, as it provides an important step towards
realization of memory and logic devices based on propagation of DWs.

The results presented in this Part have been published in Nature Com-
munications [156].





14
I N T R O D U C T I O N T O PA RT I I I : V O LTA G E C O N T R O L O F
D O M A I N WA L L M O T I O N

This Chapter serves as an introduction to the work presented in Part III on voltage control
of domain wall motion, which bridges the gap between two hot topics in contemporary spin-
tronics, being electric field control of magnetism and domain wall motion. We will start by
discussing the first experimental observation of electric field control of magnetism in metal-
lic ferromagnets, whereafter we introduce a simple toy model to explain the observed effects
quantitatively. This also gives insight in the microscopic mechanisms at play. Hereafter, an
introduction to magnetization reversal by domain wall motion is presented, focused on the
perpendicularly magnetized materials studied in Chapter 15.

14.1 electric field control of magnetism

14.1.1 Experimental demonstration of electric-field control of metallic ferromagnets

The magnetization direction of magnetic bits has generally been controlled by the
application of magnetic fields or spin polarized currents. Both of these methods
require an electrical current, which leads to energy dissipation. As already outlined
in Section 1.2.2, a novel method has been introduced to energy-efficiently control
the magnetization of a thin magnetic film, which is the application of an electric
field. With an electric field charges can be added or removed from a ferromagnet,
changing the magnetic properties. For semiconducting films this effect can be very
pronounced, as the free carrier concentration that is responsible for the ferromag-
netic ordering can be easily tuned by application of a gate voltage, as shown in
Figure 5 or Ref. [26].

Unfortunately, in metallic ferromagnets, which are the most suitable for applica-
tions, the electric field is effectively screened by the free electrons, hence it is not
possible to change the bulk properties. However, it was shown by Maruyama et al.
that when making the ferromagnet sufficiently thin, the charge accumulated at the
interface by application of a gate voltage can change the orientation of the magne-
tization [28]. Maruyama et al. used the Au/Fe(0.45 nm)/MgO structure depicted in
Figure 76(a), where the Fe has an in-plane magnetic easy axis. The MgO barrier has
a large electrical resistance, hence applying a voltage over the whole stack will lead
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Figure 76: First demonstration of electric-field control in a solid state device by Maruyama
et al. [28]. (a) Sketch of the used sample. A thin Fe film is sandwiched by a Au
electrode and a MgO barrier. (b) Out-of-plane component of the magnetization as
a function of applied field for 200 V and -200 V applied over the MgO barrier. A
negative voltage tilts the magnetization out-of-the film plane, as indicated by the
inset. Image adapted from Ref. [28].

to charging of the Fe/MgO interface. The outcome of the experiment is summarized
in Figure 76(b), where perpendicular hysteresis loops are measured while applying
a gate voltage. The data shows that the magnetization is tilted more out-of-plane
by the application of a negative voltage, allowing for electric-field control of the
magnetization.

Maruyama et al. explain the observed change of the orientation of the magnetiza-
tion on applying a gate voltage to an electric-field induced change of the magnetic
anisotropy. In the next Section we will introduce the different contributions to the
magnetic anisotropy in thin metallic films, and explain where the sensitivity for the
electric field comes from. This will be illustrated by a simple microscopic model for
magnetic anisotropy in thin films, which allows us to estimate the size of the effect
in typical devices.

14.1.2 Magnetic anisotropy in thin metallic ferromagnetic films

In general the magnetic anisotropy in thin metallic films contains multiple contribu-
tions. In this Section we will discuss the two most important ones for the specific
materials studied in this Part. The first is the shape anisotropy, which is simply
caused by the dipole coupling of the spins in a material. The second contribution is
the surface anisotropy, where the presence of the interface changes the preferential
orientation of the magnetization.
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Figure 77: (a) Four configurations of two dipoles, where the number indicates the dipolar

energy of the system in multiples of µ0m2

4πr3 . (b) Stray field of a single spin in a
magnetic thin film.

Shape anisotropy

A ferromagnetic material contains an ensemble of spins, where each spin has its
own magnetic moment. The magnetic moments of these spins are coupled by the
dipolar interaction; each spin feels the magnetic field generated by the other spins.
For two spins the potential energy associated with the dipolar interaction Edip is
given by:

Edip = − µ0

4πr3 [m1 ·m1 − 3 (m2 · r̂) (m2 · r̂)] , (114)

where mi is the magnetic moment associated with the spin, and r the vector con-
necting the two moments in space. Equation 114 leads to an anisotropic coupling,
which is schematically depicted in Figure 77(a). Here the energy of a dipole pair
is displayed for four different configurations. The configurations where the spins
are anti-parallel will not occur in ferromagnets, as the energy penalty due to the
exchange interaction, the strongest interaction in magnetism, is large. This means
that in general the magnetization of a ferromagnetic thin film will point in the film
plane (corresponding the first panel in 77(a)), as in such a configuration the dipolar
energy is minimized and the spins are aligned parallel.

Macroscopically the dipolar coupling of the whole ensemble of spins can be cap-
tured by a single effective magnetic field, which we call the demagnetizing field HD,
with the general shape:

HD = −NM, (115)

where N is the demagnetizing factor, which is a tensor that depends on the ge-
ometry of the sample. As we are investigating thin magnetic films, one can from
symmetry consideration show that only Nzz is non-zero. More specifically, Nzz is
shown to equal to one, resulting in HD = −Mzêz. Intuitively, this relation can be
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Figure 78: Classical intuitive picture of the origin of surface anisotropy. (a) and (b): an electron
orbiting a nucleus has its orbital angular momentum pointing in the direction
perpendicular to the orbiting plane. (c) Electron in an in-plane orbit in the presence
of the crystal field. Due to the charges the electron cannot orbit around the nucleus
and thus the orbital angular momentum is quenched. (d) When the electron is in
an out-of-plane orbit, it does not feel the crystal field, hence, the electron has a
finite angular momentum. Image adapted from [221].

explained by the dipole field generated by a single spin, which is experienced by
the other spins as a magnetic field in the opposite direction. This is schematically
illustrated in Figure 77(b) for a thin film, clearly favouring an in-plane orientation
of the magnetization.

Surface anisotropy

In the previous Section we have shown that the magnetization of a thin magnetic
film prefers to point in the film plane due to the shape anisotropy. However, experi-
mentally it has been demonstrated that in some cases the magnetization points out
of the film plane [216–219], i.e. the film has a perpendicular magnetic anisotropy
(PMA), which must be caused by the presence of an interface. In principle the spin
and electronic degrees of freedom are separated, hence, the presence of an inter-
face should only induce an in-plane shape anisotropy. It was realized by Van Vleck
[220] that it had to be the spin orbit coupling (SOC), which couples the spin and
electronic degrees of freedom, that gives rise to surface anisotropy. How SOC re-
sults in a surface anisotropy is schematically depicted in Figure 78, and will now be
discussed in more detail.

The motion of an electron around a nucleus induces a magnetic dipole moment,
referred to as the orbital moment L. This is depicted in Figure 78(a) and (b), show-
ing that L points perpendicular to the plane of the orbiting electron, and its sign
depends on the direction of rotation. According to Hund’s rules electrons in free
atoms occupy orbitals such that L is maximized. In a solid, however, the orbital mo-
tion of an electron can be hindered by the presence of neighboring charges, which is
called the crystal field. In the absence of SOC this crystal field completely quenches
the orbital magnetic moment. Hence, the electrons occupy the eigenstates of the
crystal field Hamiltonian with zero orbital angular momentum, which are gener-
ally referred as dxy, dxz, dyz, dx2−y2 , and d3z2−R2 .
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However, if an electron has a finite orbital momentum, due to special relativity
the potential of the nucleus is partially transformed to a magnetic field in the rest
frame of the electron. When the electron spin is (anti-)parallel to this magnetic field,
the energy of the electron is lower (higher), yielding a coupling between the electron
spin and its orbital moment. The Hamiltonian for SOC is the following:

HSOC = ξL · S, (116)

where ξ is a constant determining the strength of the coupling, and is particularly
large for heavy elements. From Equation 116 the following relation for the surface
anisotropy energy density Esurf can be obtained:

Esurf =
ξ

4h̄
(〈Lz〉 − 〈Lx〉) , (117)

where 〈Lz〉 and 〈Lx〉 are the expectation values for the orbital moment when the
spins are pointing out of the film plane and in the film plane, respectively. When
treating the SOC as a perturbation to the crystal field, it can be derived that
〈L〉 ∼ ξ/∆, where ∆ is the strength of the crystal field splitting [60]. Since ∆ ≈ 1
eV and ξ ≈ 0.05 eV in the 3d transition metals, 〈L〉 is rather small. However, in
thin films these small orbital moments lead to a surface anisotropy, as shown in
Figure 78(c) and (d). Here, the orbitals responsible for the out-of-plane and in-plane
orbital moments experience a different crystal field, hence the energy gain due to
SO coupling depends on the orientation of the spin, yielding a preferred in-plane
or out-of-plane orientation of the magnetization.

The surface anisotropy is thus caused by SOC and an anisotropy in the bonding
parallel and perpendicular to the interface. In the case of large SOC, the surface
anisotropy can dominate the shape anisotropy and induce a perpendicular magne-
tization. In the next Section we introduce a quantitative toy model to calculate the
surface anisotropy of thin magnetic films, which we will use to estimate the effects
of a gate voltage.

14.1.3 Ligand field model for electric-field control of magnetism

In this Section we introduce a simple model to investigate the effect of an elec-
tric field on the magnetic anisotropy in thin films, adapted from Ref. [221]. Al-
though ab-initio calculations have been performed for various magnetic bilayers, the
physical interpretation of the results is often troubled by the complexity of these
electronic calculations. The here introduced model, which captures the essential
physics, might thus give a more intuïtive picture of how an electric field influences
the surface anisotropy.
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According to Equation 117 the only thing we need to calculate to obtain Esurf are
the expectation values for Lz and Lx. This can be done by perturbation theory:

〈Lα〉 =
2ξ

h̄2 ∑
n,m,j,k

〈φj
n (k) |Lα|φj

m (k)〉
En (k)− Em (k)

〈χj|Sz|χj〉, (118)

where we sum over the filled states n, the empty states m, the spin directions j, and
the wave numbers k. Lα is the orbital momentum operator along α = x,y, or z. The
matrix elements of Lα for the d orbitals can be found in Reference [222]. Here, we
can already see how an electric field can potentially influence the anisotropy, as it
can be used to tune the amount of filled and empty states.

Equation 118 can be analyzed for a detailed band structure obtained from ab-initio
calculations, however, here we will proceed by using a simple model for a mono-
layer of Co introduced by Stöhr [221]. First of all, only the 3d bands are considered,
since they carry the majority of the magnetic moment. Second, it is assumed that
the majority band is completely filled and the minority band half-filled. To account
for details in the band structure, summing over the Brillouine zone is approximated
by averaging over the Γ and M points, where according to ab-initio calculations the
minority d-bands are inverted around the Fermi level [223]. The last assumption is
that the in-plane and out-of-plane orbitals have different band widths V|| and V⊥
respectively. This leads to the simplified density of states depicted in Figure 79.

Evaluating Equation 118 for the simple density of states in Figure 79 yields the
following relation for Esurf:

Esurf =
ξ2

8V||

(
3
R
+

2
R + 1

− 4
)

, (119)

where R = V⊥/V||. We can now check whether this result compares well to ab-initio
calculations by Daalderop et al. on a free standing Co monolayer [224], who found
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Figure 80: Calculated surface anisotropy and shape anisotropy as a function of the amount
of electrons in the simple ligand field model for monolayer of Co sandwiched
between Au films. A positive energy corresponds to an in-plane easy axis, whereas
a negative energy has the magnetization pointing out of the film plane.

Esurf = 1.5 meV/atom. On evaluating Equation 120 for V⊥ = 0.5 eV and V|| = 1.0
eV, which corresponds reasonably well to the ab-initio values for the band widths,
we find Esurf = 2.0 meV/atom. For a Co monolayer sandwiched between Au the
out-of-plane band width is increased yielding R = 1.53 [223]. This results in a value
for Esurf of -0.7 meV/atom, which is again close the theoretical literature value of
-1.0 meV/atom [225]. Although this very simple model cannot be used to directly
estimate the surface anisotropy of any magnetic multilayer structure, as details in
the band structure can be very important, this qualitative agreement shows that
it does capture the essential physics of SO-coupling induced surface anisotropy in
magnetic thin films.

The aforementioned ligand field model has been introduced by Stöhr [221]. We
will now use this model to estimate the electric field induced modification of the
anisotropy. An electric field applied to a magnetic thin film effectively adds or re-
moves charges to the film. This results in two effects: i) the shape anisotropy is
altered if addition/removal of electrons decreases/increases the spin magnetic mo-
ment, and ii) a shift of the Fermi level changes the summation in Equation 118,
hereby altering the magnetocrystalline surface anisotropy.

Because the samples investigated in this Part are perpendicularly magnetized,
we calculate the influence of an electric field for a Co monolayer sandwiched be-
tween Au, which has a perpendicular easy axis. The SO-induced surface anisotropy
is calculated by evaluating the orbital moment with Equation 118 for a minority
band filling of two to three electrons, and using Equation 117 to calculate the sur-
face anisotropy. Furthermore, the changes in the shape anisotropy are taken into
account by evaluating Eshape of 1/2µ0M2

sat and realizing that Msat depends on the
electron filling. It is for simplicity assumed that the atomic magnetic moment of Co
corresponds to its experimental value of 1.715 µB at half band filling [59].
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The results of the calculations with and without including the shape anisotropy
are displayed in Figure 80, where the slope of the curves determine the sign and
magnitude of the electric field effects. First of all, it can be concluded that changes in
the shape anisotropy by electric field effects are rather small, as witnessed from the
marginal changes of the slope on adding ED. Second, at half band filling a negative
anisotropy energy is observed, corresponding to a perpendicular easy axis, which
is characteristic of thin Co films sandwiched between Au [218].

From the slopes in Figure 80 the magnitude of the electric-field effect can be
estimated for a typical device. On applying a voltage V over a barrier with dielectric
constant ε and thickness d, the number of added electrons/surface atom is:

∆ne =
1
q

α2ε
V
d

, (120)

where q is the elementary charge and α the interatomic distance, which is 0.25 nm
for Co. For a typical dielectric used in this Part ε ≈ 10ε0, yielding ∆ne = 0.035

electrons/atom per V/nm. This corresponds to a change in magnetic anisotropy
energy of 0.12 meV/atom per V/nm, which is 20% of the total anisotropy. Consid-
ering that in a real device only one interface is charged (like in Figure 76), yields
∆Esurf = 30 fJV−1m−1. This is in excellent correspondence with experimental values
for Au/FeCo/MgO films, where a value of 31 fJV−1m−1 is measured [35]. We can
thus conclude that the extended ligand field model captures the essential physics
of voltage-controlled anisotropy changes, and provides an estimate for the electric
field effects on the surface anisotropy in thin ferromagnetic films.

14.2 magnetization reversal in perpendicularly magnetized mate-
rials

In Chapter 15 we study how a perpendicularly magnetized wire reverses its direc-
tion by DW propagation under the influence of an external field. Where in the pre-
vious Section the effect of an electric field on the anisotropy of a thin magnetic film
was addressed, we will here focus on DW motion. First, we briefly describe how
magnetization reversal typically occurs in materials with PMA, whereafter more
details are given regarding the type of DW motion observed in the experiments in
Chapter 15.

Magnetization reversal of a thin magnetic film can be achieved by applying a
magnetic field Happl opposite to the direction of the magnetization M. When the
Zeeman energy -¯0Happl ·M becomes larger than the magnetic anisotropy energy,
the magnetic film will homogeneously reverse its direction. In reality, however, the
anisotropy of a magnetic film is not uniform, therefore, some parts will switch
earlier than others. When applying a field opposite to M, first the parts of the
sample where there is a low anisotropy, being either local defects or the edges
of the film, will switch. This process is called nucleation. After nucleation of the
initial domains two different scenarios of magnetization reversal are possible: i)
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Figure 81: Schematic illustration of magnetization reversal due to nucleation and DW propa-
gation in perpendicularly magnetized thin films. Image taken from [226].

reversal will continue to be governed by nucleation of small domains, eventually
reversing the whole film, or ii) the domains start to expand due to DW motion.
Both scenarios are schematically sketched in Figure 81. Which of the two scenarios
will occur depends on whether the minimum DW propagation field Hprop is smaller
or larger than the nucleation field Hnuc.

14.2.1 Domain wall creep motion

In the wires studied in Chapter 15 DW nucleation will occur at the edges of the wire,
whereafter two large DWs propagate through the wire untill full reversal occurs. De-
pending on the size of the driving field Happl and the studied materials, DW prop-
agation will either occur by thermal activation (small B) or will deterministically
flow through the film (large Happl). For the studied perpendicularly magnetized
materials and small experimental driving fields used in the experiments in Chap-
ter 15, DW motion is a result of thermally assisted creep. Creep is the motion of
an interface through a disordered potential landscape, resulting in a discontinuous,
thermally activated movement. Creep theory applies to a wide range of phenomena
in solid state physics, and was first introduced to describe the motion of vortices in
Type-II superconductors [227]. Later, the theory was adapted by Lemerle et. al. to
derive a creep law for DW propagation in thin films [228]. Here, we will give a brief
qualitative analysis of DW creep motion to get an intuïtive picture of the physics
involved.

In thin magnetic films a DW can be considered as a 1-dimensional string in a
2-dimensional plane. As the DW is a frustration and costs energy, it tends to min-
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Figure 82: DW, as indicated by the blue lines, in a random potential landscape. The next sta-
ble energy minimum depends on the driving force of the DW. For small driving
forces, the typical required hops (red arrows) become larger, increasing the typ-
ical length of the DW segment involved in the hop and the total energy barrier,
hindering DW motion.

imize its length. However, due to disorder in the films a random frozen potential
landscape, or quenched disorder, is experienced by the DW, as sketched in Figure
82. The DW will therefore optimize its shape so that the sum of the internal energy
and potential energy is minimized. This means that rather stiff DWs will be rather
smooth, while for small internal energies the DW will adapt itself to the potential
landscape and becomes relatively rough.

Now, due to thermal movement the domain wall will find the state with mini-
mum energy among neighboring metastable states. On applying a larger driving
force, being either a field or a current, another neighboring metastable state will
become lower in energy, leading to motion of the domain wall over a typical energy
barrier U. For very large driving forces, the first neighboring metastable state will
already be lower in energy, as indicated by the small red arrow in Figure 82. This
means that the typical distances and energy barriers involved in the movement are
rather small. However, for small driving forces the next metastable state lower in
energy might be far away, as indicated by the large red arrow in Figure 82, leading
to large energy barriers. Furthermore, also the typical length of the DW segment in-
volved in the movement depends on the driving force, which is also schematically
depicted in Figure 82.

For simple thermally activated motion of a DW one expects to find an Arhenius
law for the DW velocity vDW , i.e. vDW = v0 exp (−U/kBT). As already discussed,
this energy barrier depends non-linearly on the driving force. Creep theory shows
that the energy barrier U scales with Uc (Hc/H)µ, where Hc is the minimum driving
field for DW motion at T = 0, Uc is a scaling parameter of the energy, and µ is given
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by the dimensionality of the problem. For a 1-dimensional interface moving through
a 2-dimensional medium, µ = 1

4 . This yields the following well known equation of
motion for DWs in the creep regime:

vDW = v0 exp

[
− Uc

kBT

(
H
Hc

)−1/4
]

. (121)

In Appendix 14A the dependence of Uc and Hc on the perpendicular anisotropy
K of the thin films is investigated. This results in an exponential dependence of
the DW velocity on the perpendicular anisotropy. This means that slightly altering
the anisotropy by electrically gating the samples could potentially result in a very
large change of vDW , depending on the size of the energy barrier, which is indeed
experimentally observed in Chapter 15.
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abstract

Domain wall motion in materials exhibiting perpendicular magnetic anisotropy has been
the subject of intensive research because of its large potential for future spintronic devices.
Recently, it has been shown that perpendicular anisotropy of thin films can be influenced
by electric fields. Voltage-controlled magnetic switching has already been realized, which is
envisioned to lead to low-power logic and memory devices. Here we demonstrate a radically
new application of this effect, namely control of domain wall motion by electric fields. We
show that an applied voltage perpendicular to a Co or CoB wire can significantly increase or
decrease domain wall velocities. Velocity modification over an order of magnitude is demon-
strated (from 0.4 to 4µms−1), providing a first step towards electrical control of domain wall
devices. This opens up possibilities of real-time and local control of domain wall motion by
electric fields at extremely low power cost.

This Chapter has been published in Nature Communications [156].

15.1 introduction

Domain wall (DW) motion in materials exhibiting perpendicular magnetic
anisotropy (PMA) is a highly interesting phenomenon for future technology
[229, 230]. Both logic [231] and storage devices [7] have been proposed based on
the controlled propagation of magnetic DWs, achieved through the application of
a magnetic field or a current. These two methods, share a major disadvantage. For
applications, it is necessary to propagate DWs in a controlled manner through a
device. Local control of the DWs is therefore required, but none of these methods
can be used to accomplish this.

A new and promising method to control PMA in thin films is the application of
an electric field perpendicular to the film plane. This effect has first been demon-
strated in semiconducting magnetic materials at cryogenic temperatures [26], and
has more recently been demonstrated at room temperature in ferromagnetic metals

173
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[27, 28]. The prospect of low-power voltage-controlled magnetic switching has re-
cently led to a large number of experimental observations of the effect in various
materials [28–37, 51] demonstrating the manipulation of properties such as mag-
netic anisotropy [28], saturation magnetization [33], and Curie temperature [51].
Theoretical studies into the nature of the electric-field effect suggest that charging
of the ferromagnet/oxide interface changes the occupation of surface states, mod-
ifying the net anisotropy [43]. Very recently, the first experimental demonstrations
of voltage-induced switching have been reported, showing the large potential of
voltage controlled spintronics [38, 232].

Here we explore a novel application of electric field control of magnetism, namely
DW motion. Because of the low power costs and compatibility with contemporary
technology, controlling DWs with an electric field could be an important addition
to the toolbox of future spintronics. The concept of our experiments is schematically
depicted in Figure 83(a). By applying an electric field perpendicular to a thin film,
we aim to charge the interface and hereby locally change the anisotropy. As DW
motion is affected by the anisotropy, we measure the DW velocity modification due
to the electric field. Our measurements demonstrate that DW motion in materials
with PMA can be significantly increased or decreased by an electric field, and con-
trol of DW motion over an order of magnitude is observed. Detailed analysis of the
measurements shows that this large control of DW motion can be attributed to a
change of PMA in the creep regime. Our observations show that electric field con-
trolled DW motion could be an important tool for the realization of memory and
logic devices based on propagation of DWs.

15.2 experimental details

The samples prepared to study the influence of electric fields on DW propagation
are schematically depicted in Figure 83(a). A Pt(4nm)/Co(0.8nm) bottom electrode
is deposited on a Si(B)/SiOx substrate by DC sputtering using a contact mask tech-
nique. The wire is covered by two Al(1.5nm) sheets, which are both plasma oxidized
for 10 minutes at a pressure of 0.1 mbar and a current of 15 mA. Using two sheets
instead of one reduces the chance of pinholes and increases the breakdown voltage.
The nominal thickness of the two layers after plasma oxidation is ∼ 3.8 nm. Finally,
a Pt(4nm) cross bar electrode is sputtered on top, again using a contact mask. The
size of the junction area is approximately 220x180 µ. All prepared samples show
PMA with 100% remanence. Note that Pt/Co/AlOx is used for the magnetic thin
film for three reasons: (i) it shows large PMA at room temperature [233], (ii) the
material is extremely interesting for future DW devices, as current induced DW ve-
locities are reported up to 100 m/s [155], and (iii) thin AlOx films have proven to
be an excellent insulator in magnetic tunnel junctions [234, 235]. By applying a volt-
age over the two electrodes charges will be added to the Co/AlOx interface, hereby
altering the magnetic anisotropy and subsequently DW motion.
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Figure 83: (a) Schematic overview of the samples fabricated to investigate the influence of
electric fields on DW motion. A magnetic Pt/Co bottom electrode is electrically
isolated from the top metal Pt electrode by an insulating AlOx sheet. Applying
a voltage over the two electrodes charges the Co/AlOx interface. (b) Typical Kerr
image of the junction depicted in (a). DWs move from both sides of the magnetic
electrode to the center of the wire.

To investigate voltage controlled DW propagation, measurements were per-
formed using a Kerr microscope (see Section 2.3), with which the magnetization
reversal can be investigated in real time. During a measurement the magnetization
is saturated perpendicular to the plane. At t = 0 a magnetic field Happl is instantly
applied in the opposite direction. Kerr microscopy images are recorded at 16 frames
per second. A typical image from the Kerr microscope is displayed in Figure 83(b).
Two domain walls that are nucleated at the edges of the magnetic wire propagate
under influence of a perpendicular magnetic field to the center, where they will an-
nihilate. The reason that the DWs nucleate at the edges is the lower nucleation field
due to the deposition profile through the contact mask. By now tracking the DW
position as a function of time while applying a voltage to the junction, the influence
of electric fields on DW motion is investigated.

15.3 results

15.3.1 Voltage-dependent DW propagation in Pt/Co/AlOx

Typical results of voltage-controlled DW motion in Pt/Co/AlOx are depicted in
Figure 84(a) for Happl = 22 mT and three values of V. From these Kerr microscopy
images it becomes immediately clear that the DW velocity is sensitive to the bias
voltage. For a positive voltage the DW velocity is increased compared to zero bias,
whereas a negative voltage decreases the DW velocity. To quantify the observed
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Figure 84: (a) Kerr microscopy images of magnetization reversal in a constant magnetic field
of 23 mT. The reversal is followed as a function of time for three values of V. (b)
DW position as a function of time for the same conditions as in (a).

effect, we determine the DW position xDW for all Kerr images by fitting the intensity
profile of a specified region of interest with an error function.

In Figure 84(b) the DW distance to the center of the junction, xDW, is plotted as
a function of time after applying a magnetic field of 23 mT. Note that the enhance-
ment of the DW velocity near the edges of the sample is a direct result of the im-
perfect deposition profile, which in turn results from the used masking technique.
Again, clearly the influence of V on the DW motion can be observed. A positive
(negative) voltage is seen to increase (decrease) vDW across the entire sample. To
our knowledge, this is the first reported observation of electric-field controlled DW
motion. This demonstrates that DWs cannot only be controlled by a current and an
applied field, but also by a bias voltage, which is an important step towards future
applications.

The DW velocity vDW is calculated by differentiating xDW with respect to time.
The resulting vDW is shown in Figure 85(a) as a function of position on the junction.
Again, clearly the influence of V on the DW motion can be observed. A positive
(negative) voltage is seen to increase (decrease) vDW across the entire sample. An-
other observation is that vDW converges to some non-zero value for large xDW ,
indicating that the junction is homogeneous at the center. The relative change vDW
/ vDW,0 is plotted as a function of xDW in the inset of Figure 85(c), where vDW,0 is
vDW at zero bias. vDW / vDW,0 is observed to be constant over the junction, hence
the effect of the electric field on the velocity of the DW is not strongly affected by
the deposition profile.

The observation that the DW velocity is highly sensitive to the applied voltage
is of significant relevance for earlier reports, discussing electric field induced co-
ercivity changes [27, 36, 37]. In these experiments the coercive field of a magnetic
thin film is determined at one position of the sample. However, in such measure-
ments the microscopic origin of magnetization reversal is obscured, i.e. it is unclear
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Figure 85: (a) DW velocity as a function of position at Happl = 23 mT, obtained by differenti-
ating the data in Figure 84(b). (b) The relative change of vDW as a function of xDW .
Lines are a guide to the eye.

whether reversal occurs due to nucleation or DW propagation. The measurements
presented in this section show that a change in coercive field can potentially be
caused by a change in DW motion. As the relation between a change in DW motion
and the coercive field depends on all sorts of conditions, such as the time which
for the field sweep and the sample layout, care should be taken when using the
coercive field as a measure for the electric-field induced changes in PMA.

15.3.2 Exclusion of current-induced effects

While applying a voltage to the fabricated samples, a small leakage current flows
through the insulating barrier. From the literature three mechanisms are known
through which the current can alter DW propagation, namely Joule heating, spin-
transfer torque (STT) and Oersted fields. We will here show that all these effects
related to the current density can be excluded as the driving force of the observed
voltage-controlled DW motion.

From symmetry considerations all current-based effects can be excluded. Joule
heating can only increase DW velocities, however, in the measurements the DW
velocity can also be decreased by applying a voltage. The Oersted fields or spin-
transfer torque could potentially increase and decrease DW motion, depending on
the sign of the current. However, reversing the direction of the magnetization (thus
the polarity of the DW wall) and the applied driving field should change the sign
of the contribution of both these effects, as they depend on the direction of the
magnetization. It has been experimentally verified that reversal of the magnetization
and applied field does not influence the voltage-induced changes in the DW velocity,
showing that indeed a voltage-induced change of the magnetic properties causes the
altered DW velocities.
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Figure 86: Electric field effect after junction breakdown. (a) Current-voltage characteristic of
a CoB/TaOx junction, including current after irreversible junction breakdown (red
circles). (b) DW velocity as a function of applied voltage. After junction break-
down (red circle) the current increases significantly, but the change in DW motion
becomes smaller.

More evidence that current induced effects cannot explain the measurements, re-
sults from examining what happens after breakdown of the junction. Measurements
are depicted in Figure 86(a), where the current is measured until breakdown. After
breakdown, there is an irregular increase in the current, hence current-induced ef-
fects should be enhanced. However, from Figure 86(b) it can be concluded that the
effect becomes smaller after breakdown. This means that all current-induced effects
can be discarded as the possible origin of the observed control of DW motion. Al-
though the electric field in the junction should be smaller after junction breakdown,
there is a remaining voltage-induced change of DW motion. This is because the
junction still has a relatively large resistance compared to the contact leads.

Finally, we can discard STT and Oersted fields by estimating their relative
strength. First of all, the maximum current density in the measurements is calcu-
lated to be 9×108 A/m2, which is orders of magnitude smaller than the reported
values in the literature for current assisted DW motion. Furthermore, the maximum
generated Oersted field can be estimated, by assuming that the width of the wire is
much larger than its thickness, and subsequently using Ampere’s law. This yields a
maximum magnetic field of 5×10

−7 T, which is negligible compared to the applied
field, and orders of magnitude too small to account for the observed effect.

15.3.3 Analysis in the creep regime

For the small DW velocities observed in the investigated PMA devices, motion is
governed by DW creep [236], i.e. the DW propagates by thermal activation through
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Figure 87: DW velocity close to the centre of the junction for a Co/AlOx. (a) vDW is plotted
against H−1/4

appl (a) and V (b). The lines in the graphs are fits with a creep law
allowing for a voltage dependence of the anisotropy.

a disordered potential landscape. In the creep regime, vDW is given by Equation 121.
In Appendix 15A we show that the exponent in Equation 121 scales approximately
linearly with the voltage, assuming that: i) the perpendicular anisotropy scales lin-
early with voltage, which is supported by the Shiota et al [35], and ii) pinning is
caused by variations in the anisotropy over the sample. The derivation shows that a
voltage-induced change in PMA, be it through a change of the surface anisotropy or
the saturation magnetization, should be at the origin of the demonstrated sensitivity
of vDW to the electric field.

To validate whether this creep analysis holds for our samples, the DW velocity
at a specific position on the junction (xDW = 20 µm) is plotted as a function of
H−1/4

appl in Figure 87(a) and as a function of V in Figure 87(b). Although the abso-
lute value of the anisotropy energy EPMA cannot be determined from this data, the
relative change can be derived by fitting both the field dependence and the voltage
dependence with Equation 121. First v0 and the typical energy barrier in absence of
an electric field are obtained by fitting the magnetic-field dependence from Figure
87(a). Hereafter, the relative change in PMA is obtained by fitting the voltage depen-
dence from Figure 87(a) while assuming that the barrier scales linearly with EPMA
and V, as derived in Appendix 15A. The fits yield a change of 1.9 ± 0.1 % nm/V,
which means that applying 1 V/nm alters the PMA by almost 2 %. To determine
the absolute change in anisotropy, hard-axis MOKE measurements were performed
to obtain EPMA, yielding a value of 0.7 ± 0.1 mJ/m−2. The electric field induced
change in PMA is thus 14 ± 2 fJV−1m−1, which is too small to accurately detect in
MOKE measurements. However, with this modest change in PMA we were able to
affect vDW by a factor of four by applying just a few volts.
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Figure 88: (a) Comparison of electric-field control DW motion between Co/AlOx and CoB/-
TaOx samples. (b) Example of an application for electrical control of DW motion in
a shift register. Current pulses propagate DWs by spin-transfer torque. Two arrays
of electrical gates are positioned on the magnetic wire. By using opposite polarities
for the voltages over the two arrays during the current pulse (1), the electric field
assists depinning at the starting location and pins the DW at the final location. At
the next current pulse (2) the polarities are switched, moving the DWs controllably
through the magnetic wire.

15.3.4 Increasing the effect by material engineering

From the creep law, we expect that vDW is affected by the relative change in PMA
rather than an absolute energy change. To increase the influence of the electric
field on vDW , junctions identical to Co/AlOx were fabricated, in which only the
magnetic and the insulating layer are replaced by different materials. To reduce
PMA and increase magnetic field driven DW velocities, we used Co68B32 as the
magnetic material [237]. For the barrier, TaOx is used, as the dielectric constant of
this material is three times larger than that of AlOx. A larger dielectric constant
results in larger charging effects at the interface and subsequently a larger change
in PMA.

The field and voltage dependences of vDW for a CoB(1 nm)/TaOx(7 nm) and
the aforementioned Co/AlOx junctions are depicted in Figure 88(a). In the graph
vDW is normalized to vDW at a bias voltage of -3 V. As expected, the DW velocity
modification is larger in the CoB/TaOx junction, and DW motion can be altered
over an order of magnitude in these junctions. Also for the CoB/TaOx sample the
relative change in PMA can be obtained from the measurements, giving 10 ± 0.5 %
nm V−1. This corresponds to an absolute change of 28 ± 4 fJV−1m−1. Although it
is difficult at this point to attribute the larger control of DW motion in CoB/TaOx
compared with Co/AlOx to a single changed material property, it demonstrates
that, by material engineering, the effect can be significantly increased.
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15.4 discussion

Finally, comparing the measured absolute change in EPMA to earlier reports, we see
that our values are comparable to measurements in Au/FeCo/MgO14. However,
one can also compare the result to theoretical calculations [35, 43], where values
are reported ranging from 100 to 200 fJV−1 m−1. If these values could be obtained
in real devices, we can extrapolate from our measurements a voltage-controlled
change in DW motion over five orders of magnitude. With such modifications, DWs
can be effectively pinned or depinned by the electric field, opening up unique op-
portunities to control DWs in experiments and devices. Note that to achieve this
in an experiment, more research is required to gain precise control of the magnetic
properties and the quality of the films, which does not lie within the scope of the
present work.

Many new devices can be imagined based on controlling DWs with an electric
field. An example of such an application is depicted in Figure 88(b). In the racetrack
memory proposed by Parkin et al. [7], which is a shift register based on DW motion,
DWs have to be moved in discrete steps, which is suggested to be accomplished
by locally pinning the DWs. Pinning by device geometry [238] or ion irradiation
[239] has shown to be viable, however, this effect is permanent. The advantage of
using an electric field to pin a DW, is that the pinning potential can be changed
by varying the applied voltage. In the device depicted in Figure 88(b), the DW is
depinned from its current location by a positive voltage, while a negative voltage
pins the DW at its new location. In this manner there is no potential barrier that
has to be overcome to depin the DW, significantly lowering the probability of DW
overshoot or that a DW will not move at all. We emphasize that by tuning material
parameters, it should be possible to switch between the flow and creep regime.

The proposed device is just one of many possible applications of E-controlled DW
motion. One major advantage of the approach is that it can be readily integrated
in existing technology. Furthermore, the technique is compatible with various new
spintronic devices based on DW motion. Finally, the intrinsic low power consump-
tion of controlling magnetism with an electric field enlarges its potential [240]. We
envision that the measurements presented in this Chapter will trigger efforts to
both increase the magnitude of the effect and to develop new applications, and is
thus an important first step towards a new type of low power room temperature
magnetic devices, where DWs can be locally controlled in real time by a voltage.

15.5 conclusions

In this Chapter we have experimentally demonstrated the ability to tune DW veloc-
ities by electric fields. By applying a voltage perpendicular to a Pt/Co/TaOx wire
we were able to alter the DW velocity over an order of magnitude. A detailed anal-
ysis reveals that the origin of the altered DW propagation is a change in the energy
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landscape experienced by the DW on gating the ferromagnetic material. Comparing
the measurements to ab-initio calculations indicates that control over many orders
of magnitude is feasible. The demonstrated technique to control DW motion could
have a large impact on future technology, as it provides an important step towards
realization of memory and logic devices based on propagation of DWs.

appendix 15a : derivation electric-field dependent creep law

To derive how a voltage influences DW motion in the creep regime we start with a
DW segment with length L and a displacement amplitude u in a 2D system with
quenched disorder, in the absence of a driving field. The free energy of the DW
consists of an elastic energy and a pinning energy:

F (u, L) = εel

(u
L

)2
L− Fpinξ, (122)

where εel is the DW energy density per unit of length, ξ is the characterisctic length-
scale for the disorder, and Fpin is the total pinning force accumulated on a DW
segment with length L, which consists of the sum of the pinning forces of individ-
ual pinning centers:

Fpin =
√

f 2
pinniξL, (123)

where fpin is the pinning force of a single pinning centre and ni is the density of
these pinning centers. The square root dependence of the pinning energy on the
segment length L originates from the fact that only fluctuations in position and am-
plitude of individual pinning centers contribute to the DW energy. For distances
L > Lc, where Lc is defined by Eel (Lc) = Epin (Lc), the DW can adjust itself elas-
tically to the local potential landscape. The DW then breaks up into individual
segments of length Lc that are pinned individually. This so-called collective pinning
length is given by:

Lc =

(
ξε2

el
f 2
pinni

)1/3

. (124)

We can now insert LC into the expression for the pinning energy to obtain the
collective pinning energy:

Uc = Epin (Lc) =
(

ξ5 f 2
pinniεel

)1/3
. (125)

Investigations of the statistical mechanics of elastic strings in quenched random
media found that without a driving field the distance u between two meta-stable
states depends on the length L through the following scaling law:

u (L) = ξ

[
L
Lc

]ζ

, (126)
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where ζ depends on the dimensionality of the problem, which is 2/3 for a one
dimensional surface moving in a single direction. Furthermore, the typical energy
barrier for a segment of length L is given by the following scaling law:

E (L) = Uc

[
L
Lc

]2ζ−1
. (127)

We can now introduce a magnetic field which drives the DW motion. In the qua-
sistatic approximation, the free energy of the DW is now the following:

F (L) = E (L)−MsatHtLξu (L) = Uc

[
L
Lc

]2ζ−1
−MsatHtLcξ

[
L
Lc

]ζ+1
, (128)

where t is the thickness and Msat is the magnetic moment of the film. The second
term in the free energy corresponds to the Zeeman energy. DW motion will occur
through hopping of segments with a length L0 for which the energy barrier is min-
imal. L0 can be obtained by minimizing the free energy, i.e. by solving ∂LF (L) = 0.
This yields the following expression for L0:

L0 = Lc

(
H
Hc

) 1
ζ−2
(

ζ + 1
2ζ − 1

) 1
ζ−2

, (129)

where we introduced the critical driving field Hc. Hc is the field for which the
Zeeman force on a DW segment with length Lc is identical to the pinning force.
The expression for Hc can thus be obtained by solving Fpin (Lc) = Fmag (Lc), which
yields:

Hc =
1

tMs

(
ξ f 2

pinn2
i

εel

)1/3

. (130)

By inserting L0 into the expression for the free energy we can calculate the optimal
energy barrier for DW motion:

E0 = Uc

(
2− ζ

1 + ζ

)(
Hc

H

)µ (2ζ − 1
ζ + 1

)µ

, (131)

where µ = 2ζ−1
2−ζ , yielding µ = 1/4 which is the well-known exponent for the field

dependence of DW creep. Now assuming an Arrhenius law for thermally activated
motion, gives the following expression for the DW velocity:

vDW = v0exp
[
− E0

kBT

]
, (132)

where kB is the Boltzmann constant and T the ambient temperature. To investigate
the voltage dependence we now assume that the anisotropy scales linearly with the
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voltage V, i.e. K (V) = K0 (1 + aV), where a is a constant determining the strength
of the voltage-induced anisotropy change. This linear relation has been experimen-
tally demonstrated by Shiota et al. [35]. There are two parameters in our system
which are influenced by the magnetic anisotropy, being εel and fpin. For a Bloch
wall εel is given by:

εel (V) = 4
√

AK (V)t = 4
√

1 + aV
√

AK0t. (133)

For calculating the pinning strength we assume that the quenched disorder is solely
caused by a locally fluctuating anisotropy with a coherence length ξ. Furthermore,
we assume that the relative voltage-induced change in K (V) is constant over the
sample. This gives the following expression for fpin:

fpin (V) =
(EDW,1 − EDW,2)

2δ
ξ, (134)

where EDW is the DW energy, which is for a Bloch DW equal to 4
√

AKt, and δ is the
average DW width, which scales with

√
A/K. Realizing that K (V) = K0 (1 + aV)

yields:

fpin (V) = 2 (1 + aV)
(√

K0,1 −
√

K0,2

)√
K0ξt. (135)

We can now calculate how the energy barrier in the Arrhenius law scales with the
applied voltage:

E (V) ∼ (1 + aV)9/8 ≈ 1 + aV, (136)

hence for small changes we can with only a small error margin assume that the
anisotropy scales linearly with the voltage.



S U M M A RY

manipulating spins

novel methods for controlling magnetization dynamics on the ul-
timate timescale

Since the discovery of the giant magneto-resistance (GMR) effect in the late eighties,
magnetic logic and storage devices have been used for a wide range of applications.
For example, the magnetic hard disk has been the most cost efficient storage de-
vice for over two decades. However, the increased performance of these hard disks
has for a large part been obtained by stretching contemporary technology to its
limits. Therefore, fundamentally different approaches to control magnetism have
to be explored in order to facilitate the ever growing demand for data storage. In
this Thesis, two novel and highly exciting methods to manipulate magnetization
dynamics are investigated, being ultrafast laser induced magnetization dynamics
and electric-field control of magnetism.

The first topic studied in this Thesis is ultrafast magnetization dynamics triggered
by femtosecond (fs) pulsed laser excitation, referred to as femtomagnetism. Not
only are the rich physics governing the ultrafast response of a ferromagnet of in-
terest from a fundamental point of view, it also addresses the ultimate timescales
for magnetic recording. The work performed in this Thesis on femtomagnetism is
divided in two parts. In Part I we address several key issues regarding the theo-
retical description of ultrafast magnetization dynamics, whereas Part II focuses on
understanding and controlling spin and heat transport on femtosecond timescales.

After almost two decades of research on laser-excitation of ferromagnetic ma-
terials, the governing microscopic mechanisms are is still poorly understood. The
reason for this, is that it is challenging to model a ferromagnetic material far from
equilibrium from a microscopic point of view. In Part I of this Thesis we take an
important step forwards by introducing an extended version of the Microscopic 3

Temperature Model (M3TM). Not only do we present a detailed derivation of the
model, but we also show that it can be used to investigate a multitude of magnetic
phenomena on pulsed laser excitation, ranging from ultrafast demagnetization of
a wide variety of ferromagnets under varying experimental conditions, to magneti-
zation reversal in an external bias field or by the inverse Faraday effect. Next, the
model is extended to provide a microscopic picture of the physics of multi-sublattice
magnets. The dynamics of these systems show complex behavior, such as all-optical
switching when the coupling of the sublattices is anti-ferromagnetic, or a delayed
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response of one of the sublattices in case of ferromagnetic coupling. We show that
our proposed model readily reproduces all these features, giving further insight in
the dynamics of such systems far from equilibrium.

Another issue we address in Part I is the recent controversy in the literature re-
garding the efficiency of a specific contributor to ultrafast demagnetization, being
the phonon-assisted Elliott-Yafet spin-flip mechanism. By performing calculations
in two different frameworks for finite-temperature magnetism, being a localized
and completely itinerant approach, it is shown that the different demagnetization
efficiencies reported on in the literature are mainly caused by the choice of model
for finite temperature magnetism, rather than the investigated microscopic mecha-
nism.

Part II of this Thesis is focused on the role of spin and heat transport on pulsed
laser excitation of ferromagnets. One of the most urgent questions in the field of
femtomagnetism is to which extent superdiffusive spin currents dominate the ob-
served ultrafast loss of magnetic order in nickel. In the literature it has been claimed
that demagnetization can be fully explained by these superdiffusive spin currents,
contesting the former consensus that local dissipation of angular momentum, by
for example heating, is at play. However, by utilizing a simple back-pump front-
probe technique we demonstrate unambiguously that local dissipation of angular
momentum dominates transport effects during ultrafast demagnetization in simple
ferromagnetic films on insulating substrates.

Next, the contribution of superdiffusive spin currents to ultrafast demagnetiza-
tion in more complex magnetic structures is investigated. To this end, we intro-
duce an all-optical method to measure magnetization dynamics with depth- and
material-specificity, without the need for large scale x-ray facilities or other com-
plex techniques. We use this technique to measure the layer-specific demagnetiza-
tion in a Ni/Fe bilayer structure. The measurements reveal that in these more com-
plex devices spin currents do play an important role. However, the controversial
enhancement of the magnetization of Fe above the saturation magnetization is not
observed, unlike earlier reports in the literature. Although the measurements show
that transport effects in magnetic multilayers are not yet completely understood,
it is demonstrated that the introduced technique to measure depth- and material-
specific ultrafast magnetization dynamics is a powerful and cost-effective tool for
tracing spin currents on pulsed laser excitation of magnetic heterostructures.

In the last Chapters of Part II, we demonstrate actual control of heat and spin
transport on unprecedented timescales. First, it is shown that spin currents, gener-
ated by excitation of a thin ferromagnetic film, can exert a torque on a neighboring
magnetic layer. Such an ultrafast spin-transfer torque can be used to all-optically
switch magnetic bits in future magnetic storage devices. Second, we for the first
time demonstrate proof of principle of magnetic control over heat flow on fem-
tosecond timescales. To accomplish this we use the so called giant magneto-thermal
resistance effect, which is the change of the thermal conductivity of a magnetic bi-
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layer on switching the mutual orientation of the magnetization in these layers. The
effect is detected by measuring the demagnetization of a thin ferromagnetic film,
revealing the possibility of magnetic control of ultrafast heat currents.

Part III of this Thesis focuses on electric-field control of magnetism. More specif-
ically, a novel method to control the propagation of magnetic domain walls in spin-
tronic devices is introduced. By electrically gating a ferromagnetic thin film its mag-
netic properties are altered, slowing down or speeding up the domain wall motion.
A detailed analysis reveals that the potential landscape experienced by the domain
wall is altered by the gate voltage, hereby changing the domain wall creep velocity.
The discovered effect could provide a new method to control domain walls locally
and with low power consumption in future domain wall storage or logic devices.
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Beste lezer,

Bij dezen zou ik je er graag op willen attenderen dat de resultaten beschreven in
deze Thesis niet tot stand hadden kunnen komen zonder de inzet van iedereen
om mij heen. Om dit even kracht bij te zetten: slechts twee metingen getoond in
deze Thesis (Fig. 60 en Fig. 61a resp.) zijn door mijzelf uitgevoerd, alle overige
metingen zijn gedaan door de verscheidene Bachelor- en Masterstudenten die mij
de afgelopen jaren hebben bijgestaan in mijn onderzoek. Daarom lijkt het me niet
meer dan terecht om jullie hier even persoonlijk te bedanken.

Laat ik maar even beginnen met Arno. Als eerste afstudeerder die ik begeleidde
begonnen we samen aan een avontuur; iets met elektrische velden en magnetisme
was het plan. Het project werd als “high-risk, high-gain” bestempeld door een an-
dere PhD in onze groep. Mede dankzij jouw inzet en ontegenzeggelijke kwaliteiten
als experimenteel fysicus is het project uiteindelijk een succes geworden, met een
prachtige publicatie als resultaat (Chapter 15). Naast het feit dat je experimenteel
zeer vaardig was en zonder moeite zelf data-analyse software schreef, zette je weten-
schappelijke nieuwsgierigheid mij aan het werk om de achterliggende theoretische
concepten tot in de puntjes te begrijpen, waarvan ik achteraf veel profijt heb gehad.
Dank daarvoor.

Taco, toen je bij mij kwam afstuderen hoorde ik geruchten dat je tijdens een stage in
Japan had laten zien dat je een tovenaar in het lab was. Eerst zien, dan geloven, was
natuurlijk mijn reactie, maar je hebt je reputatie meer dan waargemaakt. Het ogen-
schijnlijke gemak waarmee jij moeilijke opstellingen onder de knie kreeg maakte
mij af en toe een beetje jaloers. Toen je besloot om mijn geliefde TR-MOKE op-
stelling (Chapter 2) compleet overhoop te gooien om supersnelle spinstromen in Ni
te meten hield ik natuurlijk mijn hart vast, maar enkele maanden later stond er een
werkende opstelling en waren de resultaten daar (Chapter 11). Ik keek een beetje
aan de zijlijn toe hoe jij dit project coördineerde, en op het eindresultaat mag je trots
zijn.

Wouter, stille wateren hebben diepe gronden. Ik kan me niet herinneren dat ik met
jou in het lab ben geweest om je de opstellingen uit te leggen, maar toch had ik het
gevoel dat je na een half jaar afstuderen meer van de TR-MOKE setup afwist dan
ik. Je project was extreem lastig en ambitieus, en tot vlak voor je afstuderen had ik
niet het gevoel dat we zouden slagen. Het is volledig jouw doorzettingsvermogen
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dat ervoor heeft gezorgd dat we toch zo ver zijn gekomen (Chapter 13), bedankt
daarvoor.

Ruud, je project kende een valse start met baanbrekende metingen. De analyse van
de data heeft wat meer voeten in de aarde gehad, maar het uiteindelijke resultaat
is hoogwaardig onderzoek dat met veel impact gepubliceerd kan worden (Chapter
12). Zonder jouw inzet was mijn proefschrift 100% zeker een stukje korter geweest.

Frank en Lorenz, jullie begonnen je stage terwijl ik eigenlijk nog niet helemaal
wist waar ik mee bezig was. Desalniettemin hebben jullie als Bachelorstudenten
een nuttig stukje werk geleverd, wat uiteindelijk nog geleid heeft tot een publicatie
en een hoofdstuk in mijn thesis (Chapter 13). Juriaan, ook al hebben je experimenten
niet direct tot de gewenste resultaten geleid, de kennis en de ideeën die ik aan je
project heb overgehouden zijn van cruciaal belang geweest voor het succes van het
geheel optisch meten van materiaalspecifieke magnetizatiedynamica. Niels, jij hebt
me geholpen met het uitvoeren van die ideeën terwijl ik zelf aan het schrijven was
aan dit boekje. Met grote zelfstandigheid heb je meerdere doorbraken geforceerd
in dit project, wat heel bijzonder is voor een Bachelorstudent. Twee hoofdstukken
in dit boekje (Chapter 3 en Chapter 10) en hopelijk een mooie publicatie zullen het
resultaat zijn van dit baanbrekende werk.

Bert, ik kan je niet genoeg bedanken voor de begeesterde begeleiding als eerste
promotor de afgelopen jaren. Ondanks dat je het bij tijd en wijle razend druk had
met het managen van de groep, is je passie voor fysica zo groot dat er altijd tijd
was om even te sparren. Hoe complex de problemen ook waren, door je indruk-
wekkende fysische intuïtie had je altijd onmiddelijk een antwoord paraat. Ik heb
onze samenwerking de afgelopen jaren als uitermate prettig ervaren, en denk niet
dat ik me een betere promotor had kunnen wensen.

Natuurlijk wil ik iedereen van FNA bedanken die tijdens mijn promotie in de groep
rond heeft gelopen. Henk, als tweede promotor heb je de afgelopen jaren met een
eerlijke en kritische blik naar mijn manuscripten of presentaties gekeken, waar ik
veel van heb geleerd. Ook ben je als “peoples person” natuurlijk van onschatbare
waarde voor de sfeer in de groep. Jeroen, ongelooflijk dat je het vijf jaar hebt uit-
gehouden bij mij op kantoor, het zal even wennen worden zonder je. Geduldig
luisterde je naar mijn gezever en frustraties als me weer iets dwars zat. Als ik er-
gens niet uit kwam was jij ook altijd de eerste die ik lastig viel, niet alleen omdat
je tegenover me zat, maar vooral omdat de kans op een bevredigend antwoord bij
jou het grootst was. Ook nog bedankt voor alle Quiz-Battles, Quiz-Duels en Slim-
ste Mens Challenges die een aangename afleiding waren tijdens het schrijven van
mijn proefschrift! Feng, thanks for sharing an office for almost two years, and for
the Kong Fu moves you teached me. Jeroen en Gerrie, bedankt voor alle technische
support. Buiten het feit dat jullie ervoor gezorgd hebben dat de opstellingen bleven
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werken en verbeterd werden, heb ik ook veel van jullie kunnen leren. Karin, zoals
je wel gemerkt hebt de afgelopen jaren ben ik een administratieve ramp, heel erg
bedankt voor de support op dit vlak. Zonder jou was ik waarschijnlijk honderden
euro’s armer geweest door vergeten declaraties. Ook bedankt voor de gezelligheid
natuurlijk! Koen, bedankt voor de samenwerking in en buiten het lab. Vaak heb ik
geprofiteerd van de precisie waarmee je de laser uit kon lijnen, en van je kennis van
de opstelling. Ik denk dat we veel aan elkaar hebben gehad als ‘lone wolves’ in de
snelle spindynamica. Reinoud, bedankt voor het delen van je diepe kennis van de
verscheidene opstellingen in het lab.

Besides the support from people in our group, I would like to thank some col-
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the sometimes complex matter, which helped me a lot understanding what I have
been doing the past four years.
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my extensive manuscript and providing me of useful feedback.

Tenslotte zou ik mijn ouders, zusjes, en natuurlijk Milou willen bedanken voor de
onvoorwaardelijke steun, ook al heb ik niet altijd genoeg tijd gehad of genomen om
dit te laten blijken.





B I B L I O G R A P H Y

[1] L. Landau and E. Lifschitz, Phys. Z. Sowjet. 8, 153 (1935).

[2] T. Gilbert, IEEE Trans. on Magn. 40, 3443 (2004).

[3] I. Tudosa, C. Stamm, A. B. Kashuba, F. King, H. C. Siegmann, G. Ju, B. Lu,
D. Weller, and J. Stöhr, Nature 124, 831 (2004).

[4] C. H. Back and D. Pescia, Nature 408, 808 (2004).

[5] J. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996).

[6] L. Berger, Phys. Rev. B 54, 9353 (1996).

[7] S. Parkin, M. Hayashi, and L. Thomas, Science 320, 190 (2008).

[8] G. L. Eesley, Phys. Rev. Lett. 51, 2140 (1983).

[9] M. B. Agranat, S. I. Ashitkov, A. B. Granovskii, and G. I. Rukman, Zh. Eksp.
Teor. Fiz 86, 1376 (1984).

[10] A. Vaterlaus, D. Guarisco, M. Lutz, M. Aeschlimann, M. Stampanoni, and
F. Meier, J. Appl. Phys. 67, 5661 (1990).

[11] A. Vaterlaus, T. Beutler, and F. Meier, Phys. Rev. Lett. 67, 3314 (1991).

[12] A. Vaterlaus, T. Beutler, M. Lutz, and F. Meier, Phys. Rev. B 46, 5280 (1992).

[13] E. Beaurepaire, J. Merle, A. Daunois, and J. Bigot, Phys. Rev. Lett. 1 (1996).

[14] I. Radu, K. Vahaplar, C. Stamm, T. Kachel, N. Pontius, H. A. Dürr, T. A. Ostler,
J. Barker, R. F. L. Evans, R. W. Chantrell, A. Tsukamoto, A. Itoh, A. Kirilyuk,
T. Rasing, and A. V. Kimel, Nature 472, 7342 (2011).

[15] E. Abrahams and C. Kittel, Phys. Rev. 88, 1952 (1952).

[16] R. W. Schoenlein, S. Chattopadhyay, H. H. W. Chong, T. E. Glover, P. A.
Heimann, C. V. Shank, A. A. Zholents, and M. S. Zolotorev, Science 287,
2237 (2000).

[17] C. Stamm, T. Kachel, N. Pontius, R. Mitzner, T. Quast, K. Holldack, S. Khan,
C. Lupulescu, E. F. Aziz, M. Wietstruk, H. A. Dürr, and W. Eberhardt, Nat.
Mat. 6, 740 (2007).

197

http://dx.doi.org/10.1109/TMAG.2004.836740
http://www.nature.com/nature/journal/v428/n6985/full/nature02438.html
http://www.nature.com/nature/journal/v428/n6985/full/428808a.html
http://dx.doi.org/10.1016/0304-8853(96)00062-5
http://link.aps.org/doi/10.1103/PhysRevB.54.9353
http://dx.doi.org/10.1126/science.1145799
http://link.aps.org/doi/10.1103/PhysRevLett.51.2140
http://www.jetp.ac.ru/cgi-bin/dn/e_059_04_0804.pdf
http://www.jetp.ac.ru/cgi-bin/dn/e_059_04_0804.pdf
http://dx.doi.org/ 10.1063/1.345918
http://link.aps.org/doi/10.1103/PhysRevLett.67.3314
http://link.aps.org/doi/10.1103/PhysRevB.46.5280
http://prb.aps.org/showrefs/PRB/v87/i2/e020407
http://dx.doi.org/ 10.1038/nature09901
http://link.aps.org/doi/10.1103/PhysRev.88.1200
http://dx.doi.org/ 10.1126/science.287.5461.2237
http://dx.doi.org/ 10.1126/science.287.5461.2237
http://dx.doi.org/ 10.1038/nmat1985
http://dx.doi.org/ 10.1038/nmat1985


198 bibliography

[18] H. A. Dürr, C. Stamm, T. Kachel, N. Pontius, R. Mitzner, T. Quast, K. Holldack,
S. Khan, C. Lupulescu, E. F. Aziz, M. Wietstruk, and W. Eberhardt, IEEE Trans.
on Magn. , 1957 (2008).

[19] T. A. Ostler, J. Barker, R. F. L. Evans, R. W. Chantrell, U. Atxitia, O. Chubykalo-
Fesenko, S. El Moussaoui, L. Le Guyader, E. Mengotti, L. J. Heyderman,
F. Nolting, A. Tsukamoto, A. Itoh, D. Afanasiev, B. A. Ivanov, A. M. Kalash-
nikova, K. Vahaplar, J. Mentink, A. Kirilyuk, T. Rasing, and A. V. Kimel, Nat.
Comm. 3, 666 (2011).

[20] M. Battiato, K. Carva, and P. M. Oppeneer, Phys. Rev. Lett. 105, 027203 (2010).

[21] M. Battiato, K. Carva, and P. M. Oppeneer, Phys. Rev. B 86, 024404 (2012).

[22] D. Rudolf, C. La-o-vorakiat, M. Battiato, R. Adam, J. Shaw, E. Turgut, P. Mal-
donado, S. Mathias, P. Grychtol, H. T. Nembach, T. J. Silva, M. Aeschlimann,
H. C. Kapteyn, M. M. Murnane, C. M. Schneider, and P. M. Oppeneer, Nat.
Comm. 3, 1037 (2012).

[23] E. Turgut, C. La-o-vorakiat, J. M. Shaw, P. Grychtol, H. T. Nembach, D. Rudolf,
R. Adam, M. Aeschlimann, C. M. Schneider, T. J. Silva, M. M. Murnane, H. C.
Kapteyn, and S. Mathias, Phys. Rev. Lett. 110, 197201 (2013).

[24] T. Kampfrath, M. Battiato, P. Maldonado, G. Eilers, J. Nötzold, S. Mährlein,
V. Zbarsky, F. Freimuth, Y. Mokrousov, S. Blügel, M. Wolf, I. Radu, P. M. Op-
peneer, and M. Münzenberg, Nat. Nano. 8, 256 (2013).

[25] E. Beaurepaire, G. M. Turner, S. M. Harrel, M. C. Beard, J.-Y. Bigot, and C. A.
Schmuttenmaer, App. Phys. Lett. 84, 3465 (2004).

[26] H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, Y. Ohno, and
K. Ohtani, Nature 408, 944 (2000).

[27] M. Weisheit, S. Fähler, A. Marty, Y. Souche, C. Poinsignon, and D. Givord,
Science 315, 349 (2007).

[28] T. Maruyama, Y. Shiota, T. Nozaki, K. Ohta, N. Toda, M. Mizuguchi, A. A.
Tulapurkar, T. Shinjo, M. Shiraishi, S. Mizukami, Y. Ando, and Y. Suzuki, Nat.
Nano. 4, 158 (2009).

[29] Y. Shiota, T. Maruyama, T. Nozaki, T. Shinjo, M. Shiraishi, and Y. Suzuki,
Appl. Phys. Express , 063001 (2009).

[30] T. Nozaki, Y. Shiota, M. Shiraishi, T. Shinjo, and Y. Suzuki, Appl. Phys. Lett.
96, 022506 (2010).

[31] S.-S. Ha, N.-H. Kim, S. Lee, C.-Y. You, Y. Shiota, T. Maruyama, T. Nozaki, and
Y. Suzuki, Appl. Phys. Lett. 96, 142512 (2010).

http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4544906
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=4544906
http://www.nature.com/ncomms/journal/v3/n2/full/ncomms1666.html
http://www.nature.com/ncomms/journal/v3/n2/full/ncomms1666.html
http://dx.doi.org/10.1103/PhysRevLett.105.027203
http://dx.doi.org/10.1103/PhysRevB.86.024404
http://dx.doi.org/10.1038/ncomms2029
http://dx.doi.org/10.1038/ncomms2029
http://dx.doi.org/10.1103/PhysRevLett.110.197201
http://dx.doi.org/10.1038/nnano.2013.43
http://dx.doi.org/10.1063/1.1737467
http://dx.doi.org/10.1038/35050040
http://www.sciencemag.org/content/315/5810/349.short
http://dx.doi.org/10.1038/NNANO.2008.406
http://dx.doi.org/10.1038/NNANO.2008.406
http://dx.doi.org/ 10.1143/APEX.2.063001
http://dx.doi.org/ 10.1063/1.3279157
http://dx.doi.org/ 10.1063/1.3279157
http://dx.doi.org/10.1063/1.3385732


bibliography 199

[32] M. Endo, S. Kanai, S. Ikeda, F. Matsukura, and H. Ohno, Appl. Phys. Lett. 96,
212503 (2010).

[33] M. Zhernenkov, M. R. Fitzsimmons, J. Chlistunoff, J. Majewski, I. Tudosa, and
E. E. Fullerton, Phys. Rev. B 82, 024420 (2010).

[34] T. Seki, M. Kohda, J. Nitta, and K. Takanashi, Appl. Phys. Lett. 98, 212505

(2011).

[35] Y. Shiota, S. Murakami, F. Bonell, T. Nozaki, T. Shinjo, and Y. Suzuki, Appl.
Phys. Express 4, 043005 (2011).

[36] F. Bonell, S. Murakami, Y. Shiota, T. Nozaki, T. Shinjo, and Y. Suzuki, Appl.
Phys. Lett. 98, 232510 (2011).

[37] C. Fowley, K. Rode, K. Oguz, H. Kurt, and J. M. D. Coey, J. Phys. D Appl.
Phys. 44, 305001 (2011).

[38] Y. Shiota, T. Nozaki, F. Bonell, S. Murakami, T. Shinjo, and Y. Suzuki, Nat.
Mat. 11, 39 (2012).

[39] T. Wang et al., Phys. Rev. Lett. 108, 267403 (2012).

[40] K. Nakamura, R. Shimabukuro, Y. Fujiwara, T. Akiyama, and T. Ito, Phys.
Rev. Lett. 102, 187201 (2009).

[41] K. Nakamura, R. Shimabukuro, T. Akiyama, T. Ito, and A. Freeman, Phys.
Rev. B 80, 172402 (2009).

[42] M. Tsujikawa and T. Oda, Phys. Rev. Lett. 102, 247203 (2009).

[43] M. K. Niranjan, C.-G. Duan, S. S. Jaswal, and E. Y. Tsymbal, Appl. Phys. Lett.
96, 222504 (2010).

[44] R. Shimabukuro, K. Nakamura, T. Akiyama, and T. Ito, Physica E 42, 1014

(2010).

[45] K. Nakamura, T. Akiyama, T. Ito, A. J. Freeman, and T. Ito, Phys. Rev. B 81,
220409 (2010).

[46] I. Ovchinnikov and K. Wang, Phys. Rev. B 80, 012405 (2009).

[47] M. Tsujikawa, S. Haraguchi, T. Oda, Y. Miura, and M. Shirai, J. Appl. Phys.
109, 07C107 (2011).

[48] S. Haraguchi, M. Tsujikawa, J. Gotou, and T. Oda, J. Phys. D Appl. Phys. 44,
064005 (2011).

[49] S. Subkow and M. Fähnle, Phys. Rev. B 84, 054443 (2011).

http://dx.doi.org/ 10.1063/1.3429592
http://dx.doi.org/ 10.1063/1.3429592
http://dx.doi.org/10.1103/PhysRevB.82.024420
http://dx.doi.org/ 10.1063/1.3595318
http://dx.doi.org/ 10.1063/1.3595318
http://apex.jsap.jp/link?APEX/4/043005/
http://apex.jsap.jp/link?APEX/4/043005/
http://dx.doi.org/10.1063/1.3599492
http://dx.doi.org/10.1063/1.3599492
http://dx.doi.org/ 10.1088/0022-3727/44/30/305001
http://dx.doi.org/ 10.1088/0022-3727/44/30/305001
http://dx.doi.org/ 10.1038/nmat3172
http://dx.doi.org/ 10.1038/nmat3172
http://dx.doi.org/10.1103/PhysRevLett.108.267403
http://dx.doi.org/10.1103/PhysRevLett.102.187201
http://dx.doi.org/10.1103/PhysRevLett.102.187201
http://dx.doi.org/10.1103/PhysRevB.80.172402
http://dx.doi.org/10.1103/PhysRevB.80.172402
http://dx.doi.org/10.1103/PhysRevLett.102.247203
http://dx.doi.org/10.1063/1.3443658
http://dx.doi.org/10.1063/1.3443658
http://dx.doi.org/10.1016/j.physe.2009.11.110
http://dx.doi.org/10.1016/j.physe.2009.11.110
http://dx.doi.org/ 10.1103/PhysRevB.81.220409
http://dx.doi.org/ 10.1103/PhysRevB.81.220409
http://dx.doi.org/10.1103/PhysRevB.80.012405
http://dx.doi.org/ 10.1063/1.3540677
http://dx.doi.org/ 10.1063/1.3540677
http://dx.doi.org/10.1088/0022-3727/44/6/064005
http://dx.doi.org/10.1088/0022-3727/44/6/064005
http://dx.doi.org/10.1103/PhysRevB.84.054443


200 bibliography

[50] K. H. He, J. S. Chen, and Y. P. Feng, Appl. Phys. Lett. 99, 072503 (2011).

[51] D. Chiba, S. Fukami, K. Shimamura, N. Ishiwata, K. Kobayashi, and T. Ono,
Nat. Mat. 10, 853 (2011).

[52] X. He, Y. Wang, N. Wu, A. N. Caruso, E. Vescovo, K. D. Belashchenko, P. A.
Dowben, and C. Binek, Nat. Mat. 9, 579 (2010).

[53] M. Faraday, Trans. Roy. Soc. 5, 592 (1864).

[54] M. Faraday, Phil. Mag. 3, 339 (1877).

[55] F. Dalla-Longa, “Laser-induced magnetization dynamics,” PhD. Thesis, Eind-
hoven University of Technology (2008).

[56] M. Freiser, IEEE Trans. on Magn. 4, 152 (1968).

[57] P. Oppeneer, T. Maurer, J. Sticht, and J. Kübler, Phys. Rev. B 45, 10924 (1992).

[58] H. Ebert, Rep. Prog. Phys. 59, 1665 (1996).

[59] J. Stöhr and H. C. Siegmann, Magetism, from fundamentals to nanoscale dynamics
(Springer, 1964).

[60] P. Bruno, Phys. Rev. B 39, 865 (1989).

[61] R. Jones, J. Opt. Soc. Am. 31, 488 (1941).

[62] P. Lissberger, J. Opt. Soc. Am. 51, 948 (1961).

[63] W. Willekens, “Giant magnetoresistance in spin valves,” PhD. Thesis, Eind-
hoven University of Technology (1997).

[64] S. Brorson, J. Fujimoto, and E. Ippen, Phys. Rev. Lett. 59, 1962 (1987).

[65] A. Melnikov, I. Razdolski, T. O. Wehling, E. T. Papaioannou, V. Roddatis, P. Fu-
magalli, O. Aktsipetrov, A. I. Lichtenstein, and U. Bovensiepen, Phys. Rev.
Lett. 107, 076601 (2011).

[66] T. Ogitsu, Y. Ping, A. Correa, B.-I. Cho, P. Heimann, E. Schwegler, J. Cao, and
G. W. Collins, High Energy Density Phys. 8, 303 (2012).

[67] F. Schmidt, W. Rave, and A. Hubert, IEEE Trans. on Magn. 21, 1596 (1985).

[68] A. J. Moses, P. Williams, and O. Hoshtanar, IEEE Trans. on Magn. 41, 3736

(2005).

[69] R. Schäfer, M. Rührig, and A. Hubert, Phys. Stat. Sol. (a) 167, 167 (1994).

http://dx.doi.org/10.1063/1.3626598
http://dx.doi.org/10.1038/nmat3130
http://dx.doi.org/10.1038/nmat2785
http://dx.doi.org/10.1364/JOSA.51.000948
http://link.aps.org/doi/10.1103/PhysRevB.45.10924
http://stacks.iop.org/0034-4885/59/i=12/a=003?key=crossref.79f8ba3bac97c2cd2a436564332b4229
http://prb.aps.org/abstract/PRB/v39/i1/p865_1
http://dx.doi.org/10.1364/JOSA.31.000488
http://dx.doi.org/10.1364/JOSA.51.000948
http://link.aps.org/doi/10.1103/PhysRevLett.59.1962
http://dx.doi.org/ 10.1103/PhysRevLett.107.076601
http://dx.doi.org/ 10.1103/PhysRevLett.107.076601
http://dx.doi.org/10.1016/j.hedp.2012.01.002
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1064048
http://dx.doi.org/10.1109/TMAG.2005.854924
http://dx.doi.org/10.1109/TMAG.2005.854924
http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=1064048


bibliography 201

[70] S. Mathias, C. La-o-vorakiat, P. Grychtol, P. Granitzka, E. Turgut, J. M. Shaw,
M. Aeschlimann, M. M. Murnane, and H. C. Kapteyn, Proc. Natl. Acad. Sci.
USA 109, 4792 (2012).

[71] B. Pfau, C. Gutt, R. Delaunay, J. Geilhufe, E. Guehrs, R. Hawaldar, A. Kobs,
K. Li, H. Redlin, R. Treusch, and B. Vodungbo, Nat. Comm. 3, 1100 (2012).

[72] C. E. Graves et al., Nat. Mat. 12, 293 (2013).

[73] C. La-O-Vorakiat, E. Turgut, C. A. Teale, H. C. Kapteyn, M. M. Murnane,
S. Mathias, M. Aeschlimann, C. M. Schneider, J. M. Shaw, H. T. Nembach,
and T. J. Silva, Phys. Rev. X 2, 011005 (2012).

[74] S. Mathias, C. La-o-vorakiat, J. M. Shaw, E. Turgut, P. Grychtol, R. Adam,
D. Rudolf, H. T. Nembach, T. J. Silva, M. Aeschlimann, C. M. Schneider, H. C.
Kapteyn, and M. M. Murnane, J. Electron Spectrosc. Relat. Phenom. , 21

(2013).

[75] A. R. Khorsand, M. Savoini, A. Kirilyuk, A. V. Kimel, A. Tsukamoto, A. Itoh,
and T. Rasing, Phys. Rev. Lett. 110, 107205 (2013).

[76] J. Hamrle, J. Ferré, M. Nývlt, and Š. Višňovský, Phys. Rev. B 66, 224423 (2002).
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