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Abstract
For the development of new spintronic devices there is currently a great interest
in influencing the magnetic state of a system by means of an electric current.
An good example of such a device is the ’racetrack memory’ as introduced
by S. Parkin [Science, vol. 320, pp 190 2008]. An ultrathin Pt/CoFeB/Ptstructure is a prominent candidate as basic material for these kind of devices,
because of its amorphous character, which limits the amount of pinning sites,
and its possibly perpendicular magnetization, which decreases the size of the
magnetic domain walls. A key parameter for the magnetization dynamics of
such devices is the Gilbert damping parameter α.
The aim of the performed experiments is to obtain α for Pt/CoFeB/Ptstructures by measuring the precessional magnetization dynamics. The experiments are carried out using a time resolved MOKE setup, which combines a
sub-picosecond time resolution with a noise free signal.
From the measurements, we determine that the intrinsic Gilbert damping
constant of these ultrathin films is roughly ten times larger than the bulk
damping constant of the same material. Secondly, we show that the Gilbert
damping constant is inversely related to the thickness of the CoFeB-layer,
which is well described by the spin pumping effect. Finally, we show that
the measured Gilbert damping constant is dependent on the magnitude of the
applied field. This field dependency is caused by a dispersion the effective
magneto-crystalline and surface anisotropy constant, which determines the
magnitude of the perpendicular magnetization of the Pt/CoFeB/Pt-structure.
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Chapter 1
Introduction
We start this thesis with a little journey through history. The starting point
lies just over 150 years ago: in 1857 to be exact. In that year, Lord Kelvin
published an article about the effect that the electrical resistance of a material
can change, if an external magnetic field is applied to it. This effect goes
nowadays by the name of anisotropic magnetoresistance (AMR).
To put this in perspective, J.J. Thomson discovered the electron, the fundamental building block of an electric current, 40 years later in 1897. The
electron was given an extra property, being its self-rotation, in 1925 by G.
Uhlenbeck, S. Goudsmit and P. Ehrenfest. This intrinsic property is known as
the spin angular momentum and is characterized by quantum number s = 21 .
Subsequently in 1936, Sir Neville Mott suggested that an electric current in a
metal could be regarded as two independent spin channels.
However, we had to wait until the late eighties, before the effect of Kelvin
and the idea of Mott were combined to discover the giant magnetoresistance
(GMR). Both Peter Grünberg and Albert Fert are regarded to be responsible
for this discovery as they discovered the effect independently. The first official
publication of the effect was by Fert in 1988 [2] followed by Grünberg in 1989
[3], despite submitting the initial work earlier than Fert.
GMR also gave birth to a total new field of research: spintronics. In this
field, not only current strength (small or large), but also the net spin of the
current (up or down), is used to attach information to. Probably, the most
well known and prominent device making use of GMR, is the read head of a
hard drive introduced by IBM in 1997. Finally in 2007, Grünberg and Fert
were awarded the Nobel Prize for their discovery of GMR and further work in
the field of spintronics.
For the development of new spintronic devices, there is currently a great
interest in influencing the magnetic state of a system by means of an electric current. Based on this novel concept, S. Parkin et al. [1] introduced
a revolutionary new concept, called ’racetrack memory’, which is expected
to substitute the hard drive as mass storage device eventually. These new
1
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spintronic devices, however, require new types of ferromagnetic materials exhibiting totally different kind of both static as well as dynamic magnetic properties. In particular, compositions of cobalt, iron and boron (CoFeB) seem to
fulfill most of these new demands and are thus prominent candidates to be
used in these new spintronic devices. In this thesis, we try to determine the
so-called Gilbert damping constant of Pt/CoFeB/Pt-samples experimentally.
This damping constant characterizes the dynamic behavior to a large extend
and is thus one of the key parameters in the development of new spintronic
devices.
In this introductory, we firstly introduce and discuss GMR in more detail.
Then, we show the importance of knowledge about the magnetization dynamics by means of the example of precessional switching and domain wall motion.
This section is followed by two experimental techniques that can be used to
determine the Gilbert damping constant. We conclude this chapter by a scope
of this master thesis.

1.1

Giant Magnetoresistance

After introducing the term giant magnetoresistance (GMR) previously, we
now explain what is meant by GMR and how it works. As mentioned before,
an electron can either have a spin up or down. In a ferromagnetic material,
one of these directions is energetically more favorable than the other leading
to a natural imbalance between the amount of electrons having spin-up and
spin-down, or in other words a net magnetization. Furthermore, when current
is applied to a ferromagnetic material, the electrons are guided through the
material depending on their spin. More specifically, the electrons, whose spins
are parallel to the net magnetization (majority spins), are transported more
easily than the ones with opposite spin.
We now can explain the mechanism of GMR using figure 1.1(a). We start
with the picture on the left-hand side, i.e. the parallel configuration. We
observe an electric current that travels from left to right and consists of two
equally large independent spin channels. When it enters the ferromagnetic
layer, the spin-up channel experiences a relatively low resistance (RL ) as it is
the majority spin channel. The spin-down channel, on the other hand, experiences a high resistance (RH ). The current then passes through a nonmagnetic,
but conductive, layer, before passing through another ferromagnetic layer with
a majority of spin-up electrons. Once again, the spin-up channel experiences a
lower resistance than the spin-down channel. Using a simple resistor network,
RH
.
we can write down the overall resistance of both channels as RP = RRLL+R
H
The overall resistance changes, when the two ferromagnetic layers are in the
anti-parallel configuration. In this case, both the spin-up and spin-down channels experience once a low as well as a high resistance. This leads, again using
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Figure 1.1: (a) schematic representation of GMR using a simple resistor
model. On the left-hand side, the parallel configuration is shown. In this
case the spin-up channels experiences twice a low resistivity in contrast to the
spin-down channel. In the right-hand side, both the spin channels experience
once a high and a low resistance, leading to an overall higher resistance than
in the parallel configuration. (b) areal density of a hard drive versus date.
Since the introduction of the GMR read head, the increase of the areal density
has become larger than the overall trend till 1997 [4].

H
a resistor network model, to an overall resistance of RAP = RL +R
. Hence, the
2
overall resistance of the device is dependent on the magnetic configuration; the
effect is called giant magnetoresistance. Its magnitude is usually expressed as

RAP − RP
∆R
(RH − RL )2
=
=
.
R
RP
4RH RL

(1.1)

When multi-layers instead of simple bi-layers are used, the magnitude of
the GMR effect can easily exceed 100%. Another way of increasing the effect
is the use of an insulating layer between the ferromagnetic layers instead of a
metal one. The electrons must tunnel now from one ferromagnetic layer to the
other. However, this effect is normally referred to as tunnel magnetoresistance
(TMR) and the physics in these TMR devices is different from those in the
GMR devices.
Finally in figure 1.1(b), the enormous impact of the GMR read head is
shown, considering the huge increase in areal density since its introduction in
1997 by IBM [4]. The principle used in these first read heads is rather simple.
The read head consists of in total three layers. The top two layers are antiferromagnetically coupled and have a fixed magnetization. These layers are
insensitive to magnetic field coming from the bits on the hard drive and are
used as a reference layer. Under these two layers, a third layer is put whose
magnetization direction is altered by the magnetic field coming from the hard
drive. Hence, the overall resistance of the total stack changes dependently on
whether the bit under the read head equals a ”0” or a ”1”.

4
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Magnetization Dynamics

Still, as mentioned at the beginning of this thesis, we are merely interested
in the magnetization dynamics of a ferromagnetic system instead of the static
magnetic properties of for example a GMR device. Moreover, we want to
determine the Gilbert damping constant as defined in the so-called LandauLifshitz-Gilbert equation. This equation describes the motion of the magnetization under influence of a magnetic field, i.e.
!


~
~
α
d
M
dM
~ ×H
~ +
~ ×
= −γµ0 M
,
(1.2)
M
dt
M
dt
~ the
with γ = gµh̄B > 0 the gyromagnetic ratio, µ0 the vacuum permeability, M
~ the magnetic field and, finally, α the dimensionless Gilbert
magnetization, H
damping constant.
Equation (1.2) is discussed in more detail in theory section 2.1.1. For
the moment, it suffices to state that the first term defines the magnitude and
direction of the torque τ exerted by the magnetic field onto the magnetization.
This torque results in an oscillatory motion of the magnetization around the
magnetic field. The second term being proportional to α determines the rate
at which the oscillation damps out and the magnetization eventually aligns
with the magnetic field. To emphasize the importance of knowledge about the
magnetization dynamics, we discuss two examples, in which dynamics play an
important role.

1.2.1

Magnetization Switching Dynamics

In this section, we show that the precessional motion of magnetization can
effectively be used to switch the magnetization from one direction to the opposite. For the moment, we assume that all individual spins in the considered
ferromagnetic material are constantly aligned with each other and thus coherently point into the same direction. The material is then uniformly magnetized
and we can substitute all separate spins by a single spin, i.e. macro-spin.
Ordinary Switching
The first example of magnetization dynamics is the ordinary principle of
switching the direction of the magnetization. We consider a film in the xyplane having its preferred magnetization direction in the film plane along the
x-axis. This means that it is energetically more favorable for the magnetization
to be in the film plane along the x-direction, in the absence of an externally
applied magnetic field.
When we now consider the magnetization M to be in the +x-direction,
we can switch it to the −x-direction by simply applying a magnetic field in
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Figure 1.2: schematic representation of two precessional switching methods
with (a) the field applied perpendicular to the film plane causing precession
in the xy-plane. (b) the magnetic field pulse in the −x-direction pulls the
magnetization out-of-plane in the −z-direction causing a demagnetization
field in the +z-direction.

the −x-direction. This applied field forces the magnetization to reverse its
direction. During the reversal process, the magnetization are no longer parallel
anymore and thus a precessional motion of the magnetization around the xaxis is generated. The total switching time tswitch is now limited by the typical
time needed to damp out this precessional motion. When the magnitude of
the applied field is relatively small in comparison with the magnetization of
the sample, this switching time equals
tswitch =

2
,
αγM

(1.3)

which is thus directly related to the Gilbert damping constant. In the regime
H  M and α ∼ 0.01, the total switching time can be of the order of 10 ns
[5].
Precessional Switching
A more effective way of switching the magnetization is shown in figure 1.2(a).
We now make use of the torque that magnetic field exerts upon the magnetization. In this case the magnetization, initially pointing in the +x-direction, Mi ,
is switched into the −x-direction, Mf , by applying a magnetic field pulse Hp in
the +z-direction. Due to the torque, the magnetization start to precess in the
film plane around the applied field. The magnetization can now be switched,
provided that the duration of the magnetic field pulse tp is sufficient to rotate
the magnetization over an angle of 180◦ , which is derived to be related as
tp =

π
,
γµ0 Hp

(1.4)

which is thus limited by the magnitude of the applied field pulse only. Kaka
et al. [6] reported on field pulses with a tp between 230 and 325 ps with a
magnitude of 17.2 kA/m in order to switch the magnetization successfully.

6
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Another effective way of switching the magnetization is shown in figure
1.2(b). In contrast to (a), the magnetic field pulse now is applied along the
y-direction. In this case, the magnetization starts to precess around the field
pulse in the yz-plane and pulls the magnetization out of the film plane as
shown by the small arrow in the −z-direction. However, this direction is not
energetically favorable and as a consequence the film reacts on this by creating
an out-of-plane demagnetization field Hdemag in the opposite direction of the
precession. This demagnetizing field now acts as the magnetic field pulse as
shown in 1.2(a) and can have a maximum magnitude equal to the saturation
magnetization. The magnetization now precesses around the effective field
of the magnetic pulse and the demagnetizing field. Hence, we now use both
the magnitude of the applied field as well as the magnetization to alter the
direction of the magnetization. To switch the magnetization successfully, the
magnetic field pulse tp needs to satisfy the condition
tp ≈

γµ0

p

π
.
Hp (Hp + M )

(1.5)

Back et al. reported about successfully switching the magnetization using
magnetic field pulses with a duration of 2 ps and an magnitude of 184 kA/m
[8].

1.2.2

Domain Wall Motion

Beside precessional switching, there exist totally different fields of research,
in which magnetization dynamics plays a crucial role. A nice example is the
field that studies the nucleation and motion of so-called domain walls. In the
previous case of precessional switching, we assumed that the direction of the
magnetization is uniform in the whole magnetic sample. As a result, the whole
magnetic sample switches by coherent rotation of the magnetization. However,
if the size of the magnetic material is increased to the order of micrometers
typically and there is little or no magnetic field applied, it becomes energetically more favorable to form magnetic domains. Within a domain, there is a
uniform magnetization, but the direction of the magnetization between separate domains varies. The individual domains are separated by domain walls.
These are areas, in which the magnetization is rotated from one direction into
the other.
We now consider the situation of a magnetic wire that is very long (order of
micrometers) compared to its width (order of hundreds of nanometers). This
nanowire lies in the xy-plane with a preferred magnetization direction along
the x-axis. The thickness of the nanowire (z-direction) is small (±20 nm)
with respect to its width and not considered in this analysis. The nanowire
is assumed to be uniformly magnetized in the −x-direction. When the magnetization of the nanowire is now switched by an applied magnetic field in

1.2. MAGNETIZATION DYNAMICS

D

(a) y x

7

(c)
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vDW

write
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m0HW
m0Happ

Figure 1.3: (a)schematic representation of a transverse domain wall in a
nanowire having a width ∆. The domain wall can move through the nanowire
under influence of magnetic field in the ±x-direction. The typical relation
between the magnitude of the applied field and the velocity of the domain wall
is shown in (b). A possible application using magnetic domains is shown in
(c) and is called the ’racetrack memory’ introduced by IBM. In this memory
the direction of the magnetization within a domain represents either a ”1” or
a ”0” (black or white in the figure). The entire pattern of domains can move
coherently along the length of the wire past the read and write elements
using a spin-polarized current [1].
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the x-direction, it normally happens by the nucleation of a domain having a
magnetization in the x-direction. Simultaneously, one domain wall is formed,
which subsequently propagates along the direction of the applied field in order
to switch the magnetization completely.
A common shape of the domain wall in this case of a nanowire is schematically shown in figure 1.3(a). It is called the transverse domain wall. Within
this wall the magnetization is turned over 180◦ , while remaining in the xyplane. The wall has a width of ∆ and can be moved through the wire by using
a magnetic field in the ±x-direction. The velocity of the domain wall is dependent on the magnitude of the applied field. Using the 1D model of Thiaville et
al. [9], it is possible to determine the domain wall velocity. Independently on
the actual properties of the used material, the velocity always shows the same
behavior. For small applied magnetic field strengths, the velocity vdw depends
linearly on the applied field Happ
vdw =

γµ0 ∆
Happ ,
α

(1.6)

with γ the gyromagnetic ratio, µ0 the vacuum permeability and α again the
Gilbert damping constant.
However, if the magnetic field is larger than the so-called Walker field HW ,
the motion of the domain wall is not constant anymore and the velocity quickly
drops. The average velocity is then defined as
q


2 − H2
H
app
W
γµ0 ∆ 
.
hvdw i =
Happ −
(1.7)
α
1 + α2
Strikingly, both equations (1.6) and (1.7) are dependent on the Gilbert damping constant as introduced in equation (1.2). Even the Walker field is directly
dependent on α and thus the whole figure is dominated by α and Happ . Hence,
we can not only influence the velocity of the domain wall by the magnitude
of the applied field, but also by varying α. For instance, by designing materials with a relatively large α, the velocity below the Walker field is generally
slow, but the magnitude of the Walker field will increase as well. As such, the
tunability of the domain wall motion is increased.
Domain walls can also be moved through the nanowire by using a socalled spin-polarized current. This is a current, in which an imbalance exists
between the amount of spin-up and -down electrons favoring the direction of
the magnetization. In the adiabatic limit, the flowing spins follow the local
direction of the magnetization, because the magnetization exerts a torque on
them. However, the spins also exerts a reaction torque upon the magnetization,
which simply leads to a translation of the domain wall in the direction of the
electron flow. This effect is normally referred to as current induced domain
wall motion (CIDWM).

1.3. TECHNIQUES TO MEASURE MAGNETIZATION DYNAMICS
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Parkin et al. [1] introduced a totally new concept of storing information using magnetic domains. The main idea is that in a nanowire magnetic domains
are formed by creating domain walls near the write element as schematically
shown in figure 1.3(c). The direction of the magnetization within such a domain can be determined by a read element and represents either a ”1” or a ”0”.
The domain wall pattern as a whole is uniformly moved through the wire in
both directions using CIDWM. The total length of the wire is approximately
twice as long as the total stored domain wall pattern. This assures that all
the bits can be written and read.
A Pt/CoFeB/Pt-structure is an excellent candidate as basic material for
the racetrack memory, because of mainly two reasons. The first reason is that
due to the perpendicular magnetization of ultrathin Pt/CoFeB/Pt-layers (order of a few angstroms) the typical width of the domain wall decreases. Hence,
the ’bit density’ within a Pt/CoFeB/Pt-nanowire is relatively large. This same
perpendicular magnetization is also obtained in ordinary ultrathin Pt/Co/Ptstructures. However, the disadvantage of Co over a CoFeB-composition is that
Co-layers exhibit a polycrystalline structure. A domain wall is very sensitive
to defects in the polycrystalline structure, in such a way that it tends to be
trapped by such defects. On the other hand, CoFeB-layers are grown amorphously and thus the amount of pinning sites, the common name for these
trapping spots, is predicted to be significantly reduced.

1.3

Techniques to Measure Magnetization Dynamics

As shown in the previous section, knowledge about the magnetization dynamics is important for new application purposes. There are many techniques
available to investigate the magnetization dynamics of ferromagnetic materials. Nevertheless, the amount of techniques is limited, when focussing on
nanosecond timescale magnetization dynamics. More specifically, we want to
map magnetization dynamics of perpendicularly magnetized Pt/CoFeB/Ptfilms, i.e. films having a preferred magnetization perpendicularly to the film
plane.
The main goal of the performed experiments is now the determine the
Gilbert damping constant α and other typical parameters such as the precessional frequency ω as introduced in sections 1.2.1 and 1.2.2. In order to fully
characterize the precessional dynamics of CoFeB films, we also want to know
how these parameters depend on both the direction and the magnitude of the
externally applied magnetic field.
Considering these demands, two techniques, in particular, are of interest
with respect to this thesis. The first technique is the ferromagnetic resonance
technique (FMR). The other is known as the time-resolved magneto-optic Kerr

10
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a b s o r p t io n

µ0 ∆H

µ0

H

Figure 1.4: Ideal FMR absorption line. It has a Lorentzian shape and its
width is directly dependent on the Gilbert damping constant [11].

effect technique (TRMOKE). Both are discussed in more detail in the next
two sections.

1.3.1

Ferromagnetic Resonance

As already introduced in section 1.2.1, an externally applied magnetic field
exerts a torque upon an individual spin, whenever it has a perpendicular component to the spin. If the direction of the external field is kept constant, it
results in a precessional motion of the spins. We speak about a coherent or
uniform precession, when all spins in the region of interest precess with the
same phase and frequency. Then, all spins can be replaced by one macro-spin,
describing a uniform precession of the magnetization. FMR can be used to
determine this coherent precession frequency of certain ferromagnetic samples.
FMR makes use of two magnetic fields. The first field is a relatively strong
constant magnetic field HDC (BDC is typically 1T), which is for instance generated by an electromagnet. It is used to initialize the magnetization direction in
the sample. Perpendicular to this constant field, a second external field is applied. This field is an alternating magnetic field of the form Hrf = H exp(iωt)
with ω a microwave frequency (order of GHz) and H the amplitude being
significantly smaller than HDC .
The constant field HDC forms an effective magnetic field together with internal fields of the magnetic ferromagnetic sample. These internal fields determine the preferred direction of the magnetization such as the demagnetization
field of section 1.2.1. The uniform precessional frequency of a ferromagnetic
sample is now according to Kittel [10] equal to
p
ω = γµ0 Hy Hz ,
(1.8)
with Hy the in-plane and Hz the out-of-plane component of the effective static
magnetic field.
The rf-field constantly pumps energy into the uniform precessional frequency, under the condition that it has the same frequency. By adjusting the
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magnitude or direction of the static applied magnetic field, equation (1.8) can
be satisfied, leading to a resonating precessional magnetization. This resonance absorbs power from the rf-field and shows itself as an absorption line
centered around HDC . Its line width ∆H ideally has a Lorentzian shape as
shown in figure 1.4 and is correlated to the Gilbert damping by [12]
αω
.
(1.9)
∆H =
γµ0
Using FMR, we can determine both the Gilbert damping constant as well
as the uniform precession mode by measuring the absorbed power of the rffield. However, the problem with this technique is that the signal-to-noise
ratio decreases with increasing α and thus the technique is limited to certain
maximum value of α. One way to increase this limiting value is to increase the
sensitivity of FMR by applying a constant field, which is slightly modulated
in amplitude. This results in an absorption derivative spectrum. Hence, the
signal-to-noise ratio can now be increased using a lock-in amplifier.
Yet, there is another problem as in real magnetic materials, magnetic inhomogeneities, defects and local fields are apparent. These fields cause a
decoherence in the spin precession and show up as an artificial broadening of
the FMR line width. Hence, the Lorentzian shape of the peak is distorted and
a proper fit to the data can not be made anymore.
The signal-to-noise problem and the artificial line width broadening, limits
this technique to a maximum measurable α of the order 0.1. The perpendicularly magnetized CoFeB films are expected to have α ≥ 0.1 [13] and thus it
remains uncertain whether FMR can be used to investigate these CoFeB films.
Finally, we have to mention that using the FMR technique is a global technique
and, as a consequence, the ’average’ α of the whole sample is determined.

1.3.2

Time Resolved Magneto-Optic Kerr Effect

A more suitable way to measure the magnetization dynamics in case of perpendicularly magnetized CoFeB films, and maybe even nanostructures, is to use
an all-optical pump-probe technique based on the magneto-optic Kerr effect
(MOKE). The effect describes the change in light polarization upon reflection from a magnetized medium and was discovered by J. Kerr in 1877 [14].
It is similar to the Faraday effect in transmission through a magnetic field,
which was already discovered in 1846 [15]. We only discuss the pump-probe
technique rather briefly as it is discussed in more detail in chapter 3.
In a time resolved MOKE setup (TRMOKE), two sub-picosecond laser
pulses are used (typically < 100 fs). The first pulse, normally referred to as
the pump pulse, is an intense pulse of 1 nJ typically, which locally increases
the temperature of the sample by tens of degrees as it is focussed to a spot
size of approximately 10 µm. Due to this temperature rise, the magnitude of
the magnetization decreases.

12

CHAPTER 1. INTRODUCTION

Figure 1.5: Typical all-optical measurement on a sample consisting of
Al(2nm)/Py(15nm)/Ta(10nm)/SiO/Si. At negative time delay, the probe
pulse hits the sample surface before the pump pulse does and thus no change
in the magnetization is observed. Directly after the pump pulse hits the
surface, an ultrafast demagnetization occurs (200-300 fs). It is followed by a
remagnetization during the first picoseconds. Afterwards, the precession of
the magnetization around its equilibrium direction is visible as an oscillation
in the z-component of the magnetization on the sub-nanosecond timescale.
[11].

The intensity of the second pulse, i.e. probe pulse, is only a fraction of
the first pulse and is used to probe the magnetization of the sample via the
magneto-optic Kerr effect. Due to the magnetization of the sample, the initially linearly polarized pulse will be rotated over a certain angle and will
become slightly elliptically polarized. The change in the rotation angle is
proportionally related to the change in the magnetization.
Both the pump and probe pulse are focussed onto the exact same position
of the sample. By changing the path length of the probe pulse relative to the
pump pulse, the time delay between the arrival of both pulses at the sample,
can be tuned. Hence, if the change in the rotation angle is measured as a
function of the delay time between the pump and probe pulse, we can access
the dynamics of the magnetization before and after it was heated by the pump
pulse.
If we now apply a strong constant magnetic field having a direction that
is different from the preferred direction of the sample, then the magnetization
of the sample is changed and points into the energetically most favorable direction, i.e. the equilibrium direction. When the pump pulse now heats the
sample instantaneously, the equilibrium direction, and thus the direction of
the magnetization, is suddenly changed. During the cooling process, the mag-
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netization will go back to its equilibrium direction, though the applied field
exerts again a torque upon it. Hence, a precession is generated which damps
out in time. This damping time is related to the Gilbert damping constant.
In figure 1.5, a typical graph of change in magnetization versus time delay
is shown. A negative time delay indicates that the probe pulse hits the sample
surface well before the pump pulse does and no change in the magnetization is
measured. Almost instantaneously after the pump pulse hits the surface, the
magnetization decreases, which ends after 200 - 300 fs. This demagnetization
is directly followed by a remagnetization process. After a few picoseconds, the
precession of magnetization around its equilibrium direction can be resolved
with oscillation frequency is typically of the order of Gigahertz. The rate at
which this precession damps out is related to α.
The accuracy in determining the damping time logically decreases with an
increasing α as fewer oscillations are visible. Nevertheless, we should be able to
measure values of α being significantly larger than 0.1. Another advantage of
TRMOKE is that it measures the local damping constant. FMR, on the other
hand, is a global technique as it determines the average damping constant
of the whole sample. So TRMOKE opens an opportunity to determine the
Gilbert damping constant for patterned samples as well.

1.4

This Thesis

We conclude this introductory chapter with an overview of this master thesis.
The following chapters are now listed with a brief description of their contents:
Chapter 2: Theory, we discuss the basic principles concerning precessional magnetization dynamics of perpendicularly magnetized samples in more
detail.
Chapter 3: Experimental, we start with a description of the Kerr effect
from a microscopic and the phenomenological point of view, followed by the
explanation of the experimental apparatus. The chapter is concluded with the
analysis of the recorded MOKE signal as a function of the time delay.
Chapter 4: Results, we analyze the influence of the Fe concentration
in the CoFeB-composition and the layer thickness of the composition on the
intrinsic Gilbert damping constant.
Chapter 5: Conclusions and Outlook, the most important results are
summarized and briefly explained. It is followed by some ideas for future
research.
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Chapter 2
Theory
In this chapter, we discuss the theory involving the precessional dynamics of
the magnetization. As mentioned in the introduction, these precessions are
generated by an external magnetic field, which exerts a torque upon the magnetization. In the experiments, we perform measurements on the precession
dynamics of ultrathin Pt/CoFeB/Pt-films in an externally applied magnetic
field. These samples are special due to the direction of their magnetization,
which is perpendicular to the film plane. The precessional frequency of the
magnetization in these samples is typically of the order of gigahertz and damps
out within a few hundred picoseconds.
The goal of the experiments is now to determine the Gilbert damping constant α. This constant is related to the precessional frequency and damping
time by the Landau-Lifshitz-Gilbert equation. This is a fully implicit three dimensional differential equation and discussed in the first section of this chapter.
Despite its complexity, the equation can be solved analytically in specific circumstances. In the second section, we firstly examine a few of these solutions
in more detail, before deriving an explicit solution for our case of perpendicularly magnetized films. Finally, in the third section, we discuss a macro-spin
simulation, which is used to simulate the Landau-Lifshitz-Gilbert equation as
a function of the magnitude and direction of the applied field.

2.1

Theoretical Basis and Definitions

The goal of this section is to introduce the basic theory of magnetization
dynamics on the nanosecond timescale. In the first part, we show the LandauLifshitz-Gilbert equation once more. In the other two parts, we study the contributions to the total magnetic anisotropy and the Gilbert damping constant.
These two variables have a decisive influence on the resulting magnetization
dynamics.
15
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M x dM/dt
-(M x Heff)
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Figure 2.1: Figure (a) shows the precessional motion of the magnetization around the effective magnetic field. The oscillation damps out in time,
resulting in a spiral like motion as shown in (b).

2.1.1

The Landau-Lifshitz-Gilbert Equation

We directly start by writing the Landau-Lifshitz-Gilbert equation (LLG),
which is
!


~
~
α
dM
d
M
~ ×H
~ eff +
~ ×
= −γµ0 M
M
,
(2.1)
dt
M
dt
~
with γ = gµh̄B > 0 the gyromagnetic ratio, µ0 the vacuum permeability, M
~ eff the effective local magnetic field and, finally, α the
the magnetization, H
dimensionless Gilbert damping constant.
The first term on the right-hand side of the equation was introduced by
Landau and Lifshitz in 1935 [16] and describes the precessional motion of the
~ around an effective magnetic field H
~ eff as shown in figure
magnetization M
2.1(a). Throughout this thesis, we use the Landé factor g ≈ 2 [17] and, hence,
attach a positive value of 1.761 × 1011 rad T−1 s−1 to γ.
The second term on the right-hand side accounts for dissipative processes.
These processes slow down the precessional motion of the magnetization, which
gradually aligns along the effective magnetic field. The rate at which the
motion is damped is characterized by the damping parameter α introduced
by Gilbert in 1955 [18]. Landau et al. [16] already introduced a damping
parameter λ in their original paper, but it was defined differently and could
not account for the relative large damping in, for instance, thin ferromagnetic
sheets. A damped precessional motion is schematically shown in figure 2.1(b).
Yet, there is an other way of representing the LLG equation that needs some
extra attention. The problem with the representation as used in equation (2.1),
~
M
-vector appears at both sides of the equality sign. This makes
is that the ddt
it, for instance, hard to program any kind of simulations based on the LLG
~ · dM~ = 0,
equation. However, using a basic vector identity and the fact that M
dt
the LLG equation can be linearized to



~
dM
−γµ0  ~
~ eff + α M
~ × M
~ ×H
~ eff .
=
M
×
H
dt
1 + α2
M

(2.2)
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This equation is an ordinary differential equation and can easily be simulated
using basic solvers. The derivation of equation (2.2) can be found in appendix
A.1.

2.1.2

Magnetic Anisotropies

In the previous section, we introduced the effective magnetic field, which in
general results from several contributions. As a consequence, the magnetization does not simply align itself with the applied field. Moreover it tends to
remain aligned to a preferential direction, caused by the so-called magnetic
anisotropies apparent in the material.
We now start this analysis of magnetic anisotropies from the energy point of
view. As such, we write the total energy density of a ferromagnetic material
~ app as the sum of the total anisotropy energy and the
in an applied field H
Zeeman energy
~ ,H
~ app ) = Eanis (M
~ ) − µ0 M
~ ·H
~ app .
E(M

(2.3)

If we now assume that the local magnetization fields, i.e. spins, in the material point in the same direction, we can substitute these spins by a single
macro-spin and use the Stoner-Wohlfarth model [19]. The direction of the
magnetization points now towards the direction that is energetically the most
favorable, i.e. towards a local minimum obtained by minimizing equation
~ ) define the easy axes of the magnetization.
(2.3). The minima in Eanis (M
If we want to simulate the LLG equation including the anisotropy contributions, we would like to define anisotropy fields instead of energies. There is a
general formula to convert the anisotropy energies into a (fictitious) magnetic
field, i.e.
~ ).
~ anis = − 1 ∇Eanis (M
(2.4)
H
µ0
The minus sign in front of the gradient, causes the field to point in the opposite
direction of the increasing anisotropy energy.
Magnetic anisotropies have a number of different origins, but the ones of interest for this thesis, are the shape, magneto-crystalline and surface anisotropy.
We study these contribution now individually in more detail.
Shape Anisotropy
All measurements, discussed in this thesis, are performed on ultrathin films or
wedge shaped samples. In these cases, the shape anisotropy plays an important role. It results from the long range dipole interaction, causing it to be
dependent on the actual shape of the sample. The associated field is described
by
~ shape = −N M
~,
H
(2.5)
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with N the demagnetization tensor.
When a film in the xy-plane is considered, all of the tensor elements are
zero except Nzz , which equals 1 and describes the unfavorable out-of-plane
magnetization direction. So applying a magnetic field perpendicular to the
sample surface, results in a shape anisotropy field in the opposite direction.
This field is generally referred to as the demagnetization field and reads
~ demag = −Mz~ez = −M cosθ~ez ,
H

(2.6)

with θ the angle between the magnetization and the normal to the film plane.
The energy density associated with the shape anisotropy is in this case
µ0 ~  ~  µ0 2
(2.7)
Eshape = M
· N M = M cos2 θ.
2
2
The factor 12 originates from the fact that dipole pair interactions are considered and should not be counted twice. The definition of Eshape can be checked
by applying it to equation (2.4). We indeed find back the demagnetization
field of equation (2.6).
Magneto-Crystalline and Surface Anisotropy
The other two contributions to the total magnetic anisotropy that need to be
discussed, are the magneto-crystalline and surface anisotropy. The primary
source of the magneto-crystalline anisotropy is the interaction between spin
and orbit. This interaction couples the spin to the charge density distribution
in the crystal. The direction of magnetization is thus influenced by the crystal
structure. The surface anisotropy in Pt/CoFeB/Pt-films is due to spin-orbit
coupling on the platinum and the strong hybridization between the Pt 5d and
Co 3d states. This interfacial interaction pulls the magnetization out of the
film plane and thus its preferred magnetization direction perpendicularly to
the film plane [12].
We now introduce the effective anisotropy energy density Keff as it is built
up from a magneto-crystalline term and a surface term. The equation reads
in our case of a Pt/CoFeB/Pt film
Keff = KV +

2KS
,
d

(2.8)

with KV the volume dependent anisotropy term, which reflects the crystal
structure as discussed before. A negative value is attached to it, in line with its
preferred in-plane direction of magnetization in this case. KS on the other hand
accounts for the surface magnetic anisotropy and has a positive value. Due
to its interfacial nature, the contribution to the effective anisotropy decreases
with increasing film thickness d. However, for a certain value of d, the 2Kd S -term
can dominate the KV -term, leading to an easy axis, which is perpendicular to
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Figure 2.2: Keff (in cgs. units) as a function of the layer thickness d.
Firstly the value of Keff increases due to a nonuniform morphology leading
to a relative small value for KS . After the maximum at 6 monolayers, Keff
decreases again due to decrease of second term on the right-hand side in
equation (2.8) [20].

the film plane. Off course, the factor 2 in the surface term originates from the
fact that there are two similar interfaces.
A typical relation between Keff and d for ultrathin ferromagnetic layer is
shown in figure 2.2 [20]. Starting at d=2 monolayers, Keff firstly increases. The
main reason is that the morphology is not likely to be uniform. This results in
a dispersion in d and, hence, in a rough interface between the ferromagnetic
layer and especially the top layer. This leads to relative small values of KS
and thus Keff also decreases. After reaching its maximum value at d ≈ 6
monolayers, Keff decreases again due to the constant value KV combined with
the decrease of the second term on the right-hand side in equation (2.8) caused
by the increase of d.
As already mentioned, all of the examined films are perpendicularly magnetized and, thus, Keff has a positive value. In line with equation (2.7), we can
now introduce the effective magneto-crystalline and surface anisotropy energy
density being
Ecryst = −Keff cos2 θ,

(2.9)

with θ again the angle between the magnetization and the normal to the film
plane. Using equation (2.4), we define the effective magneto-crystalline and
surface anisotropy field as
~ eff = 2Keff Mz ~ez = HK cos θ~ez ,
H
µ0 M M
with HK =

2Keff
µ0 M

the uniaxial anisotropy field.

(2.10)
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Gilbert Damping Mechanisms

In the Landau-Lifshitz-Gilbert equation, we introduced the Gilbert damping
constant α and stated that it comes from dissipative processes. As already
shown in the section 2.1.2, we can ascribe a certain amount of energy to a
ferromagnetic material in an externally applied field. Analogously, we can
ascribe a certain amount of energy to the precessional motion of the magnetization. The damping constant now accounts for the fact that potential
energy is transferred to other systems, such as the lattice. This results in less
torque and thus a smaller time derivative of the magnetization, damping out
the precession.
The precessing magnetization can transfer its energy directly to the lattice. From the equivalent quasiparticle point of view, magnons are associated
with spin waves, which are discussed in the next section. The main damping
mechanism is the scattering of magnons at phonons and defects in the lattice.
Another possibility is that the energy of the magnetization is indirectly
transferred: first from magnons to electrons and then to the lattice via electron scattering. In the first step, the magnetic moment of the spin wave is
transferred to an electron via spin-current interactions, Coulomb interactions
and magnon-electron interactions. Subsequently, the magnetic moment and
energy are passed to the lattice by means of electron-phonon scattering, which
is important, when we consider the spin pumping process. This process is
discussed later on in the section of extrinsic damping mechanisms.
Spin Waves
Spin waves are created by exchange interactions between free conduction electrons and local magnetic fields due to small-scale inhomogeneities in the effective magnetic field, such as lattice defects, domain walls, vortices etc. To
understand why spin waves exist, we need to consider the Hamiltonian H of
the Heisenberg ferromagnet i.e.
H=−

X
1X
~i ·S
~j − gµB
~ int · S
~i ,
Jij S
H
2 i,j
i

(2.11)

~i the spin and H
~ int the internal magnetic field
with Jij the exchange energy, S
at the lattice point i, i.e. the external field plus the local molecular field.
When we assume that the exchange energy only plays a role between direct
neighbors, being

J if i, j are neighbors
Jij =
(2.12)
0 else,
and introduce the spin-raising and -lowering operators, i.e. S ± = S x ± iS y , we
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Figure 2.3: (a) energetically most favorable situation: all the spins are
aligned with the effective field. It is called the ground state. (b) a similar
situation to (a) is shown, except that one spin is flipped into the opposite
direction. (c) schematic representation of a magnetostatic forward volume
mode (MSFVM). In this case, the magnetization is perpendicular to the
xy-film plane and to wave vector ~q as well.

can rewrite (2.11) to
N

N

N

X
1 X z z
1 X + −
H=− J
Si ·Sj − gµB Hint
Siz − J
S i Sj ,
2 i,j
2
i
i,j

(2.13)

with z in the direction of the effective magnetic field and N the total amount
of lattice points. The ground state of this problem is obtained, when all
spins are maximally aligned with the internal field, which is mathematically
represented by Siz |0i = s |0i and schematically shown in 2.3(a). By filling this
into equation (2.13), we obtain

H |0i = −Js2 − gµB Hint s N |0i .
(2.14)
This equation proves indeed that the ground state is an eigen state of the
Hamiltonian.
We now consider the situation, in which a single spin is flipped into the
opposite direction of the magnetic field. The situation is schematically shown
in figure 2.3(b). The flipped spin is in the middle of the chain of spins and the
field is applied in the upward direction. One might think that this situation
is the first excited state of equation (2.11). However, this flip increases the
energy by 2JS, because now neighboring spins are in the opposite direction.
~ int · S
~i , it is for the
Certainly when the exchange energy is large relative to gµB H
neighboring more favorable to turn by a certain angle away from the effective
magnetic field. Therefore, the situation in figure 2.3(b) is not an eigen state
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of equation (2.13). Moreover, it can be shown that the eigen state is a spin
wave, being a superposition of states with one reduced spin.
Also, in perpendicularly and in-plane magnetized thin films, a fully switched
spin like in figure 2.3(b) is not expected. Instead, a so-called magnetostatic
forward volume mode (MSFVM) shown in figure 2.3(c) is more likely to occur.
It is characterized by the fact that the spins are on average aligned with the
effective field and have the same precessional frequency. However, the motion
of the individual spins is out of phase. By mapping the My -component in this
figure, it is clearly shown that spin waves do not only have a frequency, but
also a wave vector ~q, which is perpendicular to the effective field.
Finally, various modes of spin waves can occur in different situations, although they all have in common that they posses a certain frequency and wave
vector. The uniform precession mode is in fact a special case, in which the
wave vector is zero and the wavelength infinitely long. This mode is therefore
called the fundamental mode. For an explicit derivation for spin waves in a 1D
crystal, it is recommended to read the spin waves section in J.R. Hook [21].
Extrinsic Gilbert Damping
So far we have discussed the intrinsic Gilbert damping mechanisms. However,
few external mechanisms can increase the Gilbert damping factor. The first
mechanism that needs more attention is the two-magnon scattering. This
is the process that describes the destruction of the fundamental spin wave
and the creation of a q > 0 modes without the involvement of conduction
electrons. This process can occur, because of energy conservation, i.e. the
energy associated with the infinitely long fundamental mode can be as large
than the energy of a higher order mode due to the energy dispersion relation
as schematically shown in figure 2.4. These created degenerate modes transfer
their energy to the lattice via spin-orbit and exchange interactions. Surface
imperfections are regarded as the main source for these scattering processes
according to LeCraw et al. [22].
In the performed experiments, it is uncertain, whether this process plays a
significant role according to Mills et al. [23]. They show that the degeneration
of the fundamental mode decreases, when the angle between the magnetization
and the film plane increases before completely disappearing, when the angle
exceeds 45◦ . In the performed experiments, the angle between the film plane
and the applied field is much smaller than 45◦ . As discussed in section 2.1.2,
the film is initially perpendicularly magnetized and the applied field cants it
towards the film plane. Only at large applied field, the magnetization angle
reaches the applied field angle and, thus, two-magnon scattering can only play
a role at large applied field strengths.
The second extrinsic damping mechanism that needs to be discussed is
the so-called spin pumping process. It was for the first time described by
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Figure 2.4: schematic representation of an energy dispersion relation for
magnons. A higher order mode (q0 ) can have the exact same energy as the
fundamental mode (q = 0).

Tserkovnyak et al. [24]. After excitation of the system (by a laser pulse for
instance), the spins start precessing coherently in the film. Subsequently, they
can transfer their angular momentum to the conduction electrons in ferromagnetic film as already mentioned. These electrons can diffuse into an adjacent
non-magnetic layer and thus transfer their angular momentum to that layer. If
the spin diffusion length of the adjacent layer is short, i.e. the typical distance
traveled by a spin before it flips, then the layer acts as a so-called spin sink.
In that case, the result is that a net loss of spin angular momentum in the
ferromagnetic film per unit time is caused by this process. The effect of this
process can be noticeable in our case as ultrathin films are used, which have a
relatively large interface in comparison with the amount of magnetic material.

2.2

Solutions to the Landau-Lifshitz-Gilbert
Equation

So far we have only introduced the LLG-equation and its variables. However
in the experiments, we want to determine the Gilbert damping constant from
the experimentally obtained damping time of the precessional modes. As such
we need to find the solution to the LLG-equation corresponding to the configuration of our experimental setup. Before we can start with the derivation
of this solution, we first need to know what a typical solution to the LLG
looks like. In the next two subsections, two of these solutions are derived for
different cases.

2.2.1

2D LLG-Solution

In this rather simple case, we consider the situation as schematically shown in
figure 2.5. It shows a ferromagnetic film in the xy-plane and an damped precessional motion, which is described by a y- and z-component only. Therefore,

24

CHAPTER 2. THEORY
z

Msat

Happ

y
x

Figure 2.5: schematic representation of an ferromagnetic film lying in the
~ app and saturated magnetization
xy-plane. The applied magnetic field H
~ sat are assumed to be along x-direction. The magnetization was firstly
M
knocked out of its equilibrium direction and then the relaxes back to its
equilibrium direction by means of a precessional motion. Furthermore, we
only consider the demagnetization field, which is in the opposite direction of
the z-component of the magnetization.

we refer to this case as the 2D case. Furthermore, the magnetization of this
film is assumed to be fully saturated in the x-direction due to an applied field
in that same direction. The only anisotropy considered is the shape anisotropy,
resulting in a demagnetizing field in the opposite direction of the z-component
of the magnetization. A small perturbation is now regarded, which is in an
arbitrary direction perpendicular to the applied field. Therefore we can assume Mx = Msat = constant and define the effective field and magnetization
respectively as




Happ
Msat
~ eff = 
~ =  My (t)  .
;
0
H
M
(2.15)
−Mz (t)
Mz (t)
~ eff and M
~ of equation (2.15) in the LLG equation (2.1)
We now substitute H
and, ignoring second order terms, obtain
dMx
=
dt
dMy
=
dt
dMz
=
dt
The solution to this set of
[11] to be

0;
−γµ0 (Msat + Happ ) Mz − α

dMz
;
dt

(2.16)

dMy
.
dt
coupled differential equations is suggested by Jozsa
γµ0 Happ My + α

My = cos (ωt) exp (−t/td ) ;
Mz = ε sin (ωt + φ) exp (−t/td ) ,

(2.17)

with ε the ellipticity, caused by the in-plane shape anisotropy, and ω the
angular velocity of the precession, φ an off-set angle and td the damping time,
which is somehow related to α.
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When My and Mz of equation (2.17) are put into equation (2.16), we get
sin(ωt) exp(−t/td )- as well as cos(ωt) exp(−t/td )-terms in both directions. Because the solution to the set of differential equations in (2.16) must hold for
every arbitrary moment in time, we can split the sin(ωt) exp(−t/td )- from the
cos(ωt) exp(−t/td )-terms. Hence, the two equations in the y- and z-direction
are both split into two separate equations. Now we have got four equations
with four variables, which can therefore be solved. After some algebraic manipulations, which is omitted here, but can be found in appendix A.2, we
derive the solution
p
2
4Happ (Happ + Msat ) − α2 Msat
;
ω = γµ0
2 (α2 + 1)
2 (α2 + 1)
td =
;
γµ0 α (2Happ + Msat )
s
!
(2.18)
2
4Happ (Happ + Msat ) − α2 Msat
φ = arccos
;
4Happ (Happ + Msat )
s
Happ
.
ε=
Happ + Msat
The Gilbert damping constant α of these kind of in-plane magnetized films,
is typically of the order 0.01 or smaller. In this respect, it is justified to consider
α2 ≈ 0. The expressions for ω and td now simplifies to
q
ω = γµ0 Happ (Happ + Msat );
td =

2
γµ0 α (2Happ + Msat )

.

(2.19)

In the experiments we are able to measure z-component of the magnetization
versus time and thus obtain the sine-like oscillation. Using a fitting function
we can determine both ω and td . We then calculate α from the value of td .
Finally, the expression for ω in equation (2.19) is recognized as the so-called
Kittel-formula [10]. This formula is also obtained, if the Gilbert damping term
is totally neglected and thus the second term on the right hand side in equation
(2.1) is crossed out.

2.2.2

3D LLG-Solution

We now extend the previous calculations by adding the effective anisotropy
energy density and an angular dependency in the applied field. Due to these
two changes, the problem, or more specifically the precession, is not restricted
to two dimensions any longer, which complicates the analysis a lot. This is also
the reason why we firstly limit ourselves to the determination of the angular
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Figure 2.6: schematic representation of an ferromagnetic film lying in the
~ app and saturated magnetization M
~ sat
xy-plane. The applied magnetic field H
are assumed to be in the xz-plane, making angles of respectively β and θ with
~ eff
the z-axis. The effective magneto-crystalline and surface anisotropy field H
~
and demagnetization field Hdemag are assumed to be along the z-axis. An
extra rf-field is applied along the y-axis, which causes the magnetization to
precess around its equilibrium direction.

velocity of precession ω only and postpone the inclusion of the damping time
td to section 2.2.3.
The actual situation is schematically shown in figure 2.6. In the absence
of an applied magnetic field, the film is perpendicularly magnetized along the
~ app having an angle β with respect
z -axis. We now apply an magnetic field H
to the z-axis. This field forces the magnetization, which is assumed to be
saturated, to rotate towards the applied field making an angle θ with the
z-axis. Both the applied field and magnetization are assumed to be in the
xz-plane. Finally a small oscillating magnetic field with tunable frequency is
applied in the y-direction. When the frequency of this rf-field matches with the
eigen-frequency of the actual system, the magnetization will precess around
its equilibrium direction with the same frequency.
The first task is now to derive the relation between θ and β. To do so,
we assume no applied rf-field. Hence, the effective field and magnetization are
defined as followed




Happ sin (β)
sin θ

0
~ = Msat  0  . (2.20)
~ eff = 
H
; M


HK
cos θ
Happ cos (β) + Msat − 1 Mz
Furthermore, we consider the magnetization to have reached its stationary
~
M
equilibrium direction, i.e. ddt
= 0. When we now fill in the LLG equation
(2.1), we only find non-zero terms in the y-direction and derive the expression Mz Heff,x = Mx Heff,z . After the substitution of equation (2.20) into this
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expression, we obtain the equilibrium condition for θ
2Happ sin (β − θ) = (HK − Msat ) sin (2θ) .

(2.21)

Although this equation looks rather simple, it cannot be solved analytically.
~ equi , when the magnetization satisfies the
In the rest of the thesis, we use M
equilibrium condition of (2.21). This equilibrium condition can also be derived
by minimizing the energy equation (2.3) via solving dE/dθ = 0 using the
anisotropy energies as defined in section 2.1.2.
Now the equilibrium condition is known, we can start with the derivation
of the eigen-frequency of the problem shown in figure 2.6. We follow the same
~ to
path as proposed by Layadi [25] and start by adding a small distortion ∆M
~ equi of equation (2.21). This ∆M
~ must be perpendicular to the direction of
M
~ equi in order to satisfy lim |M
~ equi + ∆M
~ | = |M
~ equi |. We now define M
~ total
M
~ |→0
|∆M

as follows
~ total = M
~ equi + ∆M
~,
M

(2.22)


mx0
~ =  my0  exp (iωt) ,
∆M
mz0

(2.23)

with


with mx0 , my0 and mz0 the amplitudes of the distortions in the x-, y- and
z-direction and ω again the angular velocity of the precession. Again we
~ eff (equation (2.20)) and M
~ total (equation (2.22))
disregard h and substitute H
straight into the LLG of equation (2.1). A set of three coupled equations is
now obtained. When we ignore the second order terms, we can rewrite these
equations by
iωmx0 = Amy0 ;
iωmy0 = Bmx0 + Cmz0 ;
iωmz0 = Dmy0 ,

(2.24)

with A, B, C and D linear terms in Happ , Msat , HK and ω, which are omitted
to keep the overall picture of the method clear. They can be found in appendix
A.3. A non-trivial solution can be obtained, if the set of equations (2.24) is
written in a matrix form and the determinant equals zero. This condition is
satisfied, when
ω 2 + AB + CD = 0.
(2.25)
According to Layadi [25], equation (2.25) can be rewritten after some algebraic
manipulations and the use of the equilibrium condition of equation (2.21) to

1 + α2 ω 2 − γ 2 µ20 (H1 H2 ) − iαωγµ0 (H1 + H2 ) = 0,

(2.26a)
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with
H1 = Happ cos (β − θ) + (HK − Msat ) cos2 θ;
H2 = Happ cos (β − θ) + (HK − Msat ) cos 2θ.

(2.26b)
(2.26c)

The expected Gilbert damping constant of the measured thin ferromagnetic
films is estimated to be 0.1 and larger. In principle, we could determine α via
the set of equations (2.26). However, there are quite some problems with
that. For instance, we do not know how to interpret the imaginary part in the
equation, which is linearly dependent on variations in α. Another problem is
that we need to know HK rather accurately in order to get a proper value for
α. However, HK is very dependent on the sample and thus general literature
values can be different up to an order of magnitude. Of course, the last problem
is that we have not included td in the calculations, which is expected to be
more dependent on α than ω as shown in section 2.2.1.

2.2.3

3D LLG-Solution Including Damping Time

We extend the 3D LLG-solution of section 2.2.2 by including td in order to
obtain a relation between α and td . The solution is based on the results of
the macro-spin simulation described later on in section 2.3. The simulated
situation is the same as the situation shown in 2.6 with the exception that in
this case we use a pulse shaped magnetic distortion field and not an oscillating
field.
In figure 2.9, a typical result of the macro-spin simulation is shown. From
this figure, we obtain clues pointing into the direction of an explicit algebraic
solution to the problem. To clarify this statement, we need to examine figure
2.7 in more detail.
As can be seen from this figure, both ∆Mx and ∆Mz , being the deviation
of Mi from the equilibrium direction Mequi,i , intersect the y-axis at t1 . They
maintain this behavior throughout time. Furthermore, it turns out that this
behavior is independent on the values of all variables. Because ωx = ωz , we
can conclude that the phase with respect to each other is exactly half a period,
i.e. φ = π. On the other hand, ∆My intersects the y-axis at t2 , whereas ∆Mx
has just passed a local maximum. After more in depth analysis, it is found
that ∆My always, i.e. independently on the values of all variables, intersects
the y-axis a quarter period later than ∆Mx does, or mathematically expressed:
φ = π/2 and ωy = ωx = ωz .
In line with the previous statements, we define Mtotal like in (2.22), but
now the distortion reads




mx0 cos (ωt)
t
~


my0 sin (ωt)
.
(2.27)
∆M =
exp −
td
−mz0 cos (ωt)
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Figure 2.7: deviation of the magnetization from the equilibrium direction,
∆Mx,y,z , as a function of time. ∆Mx and ∆Mz intersect the y-axis at the
same moment (t1 ). The intersections of ∆My with the y-axis (t2 ) seems to
be shifted by 41 -period relative to those of ∆Mx .

Once again, we demand that ∆M is perpendicular to Mequi . Subsequently, we
substitute Mtotal into the LLG equation (2.1). Similarly to section 2.2.2, we
obtain the equilibrium condition and a few second order terms. The first order
terms can again be split into sin(ωt) exp(−t/td )- and cos(ωt) exp(−t/td )-terms.
As the equations must hold for every moment in time, like in section 2.2.1, we
can divide the equation in every direction into two separate equations. Hence,
we will obtain a system of 6 equations and, grouping them pairwise in the x,
y and z-direction, we get
ωmx0 = γµ0 my0 (Happ cos β + (HK − Msat ) cos θ)
α
− my0 cos θ;
td
mx0
= αωmy0 cos θ;
td
my0
= αω (mx0 cos θ + mz0 sin θ) ;
td
ωmy0 = γµ0 mx0 (Happ cos β + (HK − Msat ) cos θ)
α
+ γµ0 mz0 Happ sin β − (mx0 cos θ + mz0 sin θ) ;
td
α
ωmz0 = γµ0 my0 Happ sin β − my0 sin θ;
td
mz0
= αωmy0 sin θ.
td

(2.28a)
(2.28b)
(2.28c)

(2.28d)
(2.28e)
(2.28f)

30

CHAPTER 2. THEORY

Although this system of equations looks complex, it is easily solvable. We
start by substituting mx0 and mz0 from respectively equation (2.28b) and
(2.28f) into equation (2.28c). With little effort we find
mx0 = my0 cos θ;
mz0 = my0 sin θ;
1
.
(2.29)
td =
αω
Especially the last relation is striking: despite the complexity of the case, there
exists a remarkably easy and direct relation between td , ω and α.
When we now substitute the expressions of equation (2.29) into equations
(2.28a), (2.28d) and (2.28e), we directly obtain, as it seems, slightly different
angular velocities of precession in all directions, being


cos β
γµ0
Happ
+ HK − Msat ;
(2.30a)
ωx =
1 + α2
cos θ

γµ0
2
ωy =
H
cos
(β
−
θ)
+
(H
−
M
)
cos
θ
;
(2.30b)
app
K
sat
1 + α2
sin β
γµ0
Happ
.
(2.30c)
ωz =
2
1+α
sin θ
We have already concluded, using figure 2.7, that the angular velocity of
precession is the same in all directions. In the 2D case of section 2.2.1, Kittel
√
solved this problem by defining ωtotal = ωx ωy . However, in the actual case
we can prove that ωx = ωy = ωz . The proof starts by rewriting the equilibrium
condition of equation (2.21) as
(HK − Msat ) sin θ cos θ = Happ (sin β cos θ − cos β sin θ) ;


sin β cos β
−
HK − Msat = Happ
.
sin θ
cos θ

(2.31)

If we now substitute HK − Msat in equation (2.30a) by (2.31), we directly find
back equation (2.30c) and thus ωx = ωz .
Secondly, we prove that wy = wz . Again, we start by rewriting the equilibrium condition by multiplying equation (2.31) with cos2 θ to get


sin β
2
2
cos θ − cos β cos θ .
(2.32)
(HK − Msat ) cos θ = Happ
sin θ
We continue by evaluating
Happ cos (β − θ) = Happ (sin β sin θ + cos β cos θ) .

(2.33)

Equations (2.32) and (2.33) are now put into equation (2.30b). We then obtain


γµ0
sin β
2
ωy =
Happ sin β sin θ +
cos θ ;
1 + α2
sin θ

γµ0
sin β
2
2
=
H
sin
θ
+
cos
θ
,
(2.34)
app
1 + α2
sin θ
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which simplifies to ωz . Hence, the proof is complete: ωx = ωy = ωz .
We now want to check the derived solution to a specific case, of which
the solution is known in literature. In this situation, the so-called small-angle
approximation is used and the angular velocity of precession is then according
to Barman et al. [13]
ω = γµ0 (Happ + HK − Msat ) .

(2.35)

The small-angle approximation means that the field is applied almost perpendicularly to plane of the film, i.e. β ' 0. The value of equilibrium angle θ
lies always in between 0 and β and thus θ ' 0. Furthermore Barman et al.
evaluated the Landau-Lifshitz equation of motion and thus the damping was
assumed to be rather small, hence α2 ' 0. If we put β = 0, θ = 0 and α2 = 0
in equation (2.30a), we indeed get equation (2.35). The limiting case is thus
well described by the derived theory in this section.
Another clue that confirms the validity of the derived solution can be found
in equation (2.30b). The effective magnetic field, i.e. the part between the
brackets, is exactly the same as H1 of equation (2.26b). The angular velocity belonging to this effective magnetic field is now identified as the uniform
precession, or fundamental, mode (q = 0). The introduction of the damping
time seems to have no effect on this uniform precession mode. In this context,
we identify H2 as a degenerate spin wave mode. This mode can not be reproduced by the theory derived in this section as the applied field is assumed to
be perfectly homogeneous.
Finally, we must emphasize that we actually do not need to know the theoretical value of the precessional frequency in order to determine α at all. As
already said a few times before, from the experimental data we determine ω
and td and according to equation (2.29), they are directly correlated with α.
Moreover, we even do not need to know the strength and angle of the applied
field to calculate the Gilbert damping constant. This is in contrast to the simple 2D case of section 2.2.1, whose solution is defined by equation (2.18) and
also includes magnitude of the applied magnetic field and magnetization. So,
although the 2D situation is far simpler than our 3D situation with perpendicular magnetization and variable applied field strength and angle, the obtained
solution is far more complicated. However in our 3D case, we need the values
of the applied etc. to be able to determine the value of Keff . Because the
equilibrium condition of equation (2.21) is not algebraically solvable, we need
a simulation program to calculate Keff .

2.3

Macro-Spin Simulation

As shown in the previous section, general solutions to the LLG equation look
rather simple. However, already in a 2D case, quite some work is involved
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Figure 2.8: (a)schematic representation of the simulated ferromagnetic film
~ app and saturated maglying in the xy-plane. The applied magnetic field H
~
netization Msat are assumed to be in the xz-plane, making angles of β and θ
with the z-axis, respectively. The effective magneto-crystalline and surface
~ eff and demagnetization field H
~ demag are assumed to be
anisotropy field H
along the z-axis. An extra pulse field h is applied along the -z-axis, which
simulates an intense laser pulse. ~h is assumed to have a Gaussian shape
centered around t = 0 with an intensity of h0 and a standard deviation
σ as shown in (b). After the excitation, the magnetization relaxes to its
equilibrium direction.

in determining analytical expressions of ω and td in terms of the α and the
problem parameters such as the applied field, magnetization etc. In the 3D
case of section 2.2.2, we did not include td at all, as it was already hard
enough to solve the LLG equation for ω only. Because α is expected to be
relatively large (typically ≥ 0.1) in the examined samples, we need to take
td into account. To solve this problem, we have written a 3D macro-spin
simulation. With this simulation, we should be able to reproduce the uniform
precession mode of the problem and determine α by fitting the simulated data
to the experimental data. The results of this macro-spin simulation eventually
made it possible to solve our 3D problem analytically as already discussed in
section 2.2.3. Finally, this simulation also offers the possibility to study the
reaction of a macro-spin to an external excitation.
The simulated problem shown in figure 2.8(a) is about the same as the one
discussed previously in section 2.2.2. The only difference between figure 2.6
and 2.8(a) is the shape and direction of the extra field ~h, which is defined by


2
~h = −h0 exp − t
~ez ,
2σ 2

(2.36)

with h0 the strength of magnetic field pulse and σ the standard deviation. ~h
simulates an intense laser pulse, as used in the TR-MOKE setup. The standard
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deviation is chosen to be 20 fs in agreement with the typical length of the laser
pulse, which is between 50 and 100 fs.
The laser pulse is assumed to increase the temperature of the ferromagnetic
film instantaneously. This pulse causes a decrease of the saturation magnetization and a change in the temperature dependent anisotropy contributions.
Due to these changes, the equilibrium angle θ is altered. According to Malinowski [26] et al, this effect decreases Mz typically by a few percent. Hence, we
simulate this by putting ~h the −z-direction. The maximum strength h0 equals
0.05Mz . After the excitation, the magnetization relaxes back to its equilibrium direction via a damped precession around the equilibrium orientation
described by the LLG-equation of equation (2.1).
Now the problem is defined, we can start with the set-up of the actual simulation. We use the computer program MATLAB to write the code simulation
code in, as it offers the ode15i-function. This function is capable of solving
fully implicit differential equations and thus can be used to solve the LLG of
equation (2.1) directly. In other words, the ode15i-function solves problems
that are characterized by f (t, y, y 0 ) = 0. Accordingly we define






~ ×M
~0 ,
~ ,M
~0 =M
~ 0 + γµ0 M
~ ×H
~ eff − α
M
(2.37)
f t, M
Msat
~ 0 the time derivative of the magnetization. Equation (2.37) can be
with M
found by moving all the terms of equation (2.1) to one side of the equality
sign and assuming the magnetization to be saturated. Hence, the condition
f (t, M, M 0 ) = 0 must be satisfied in order to simulate the LLG correctly.
The simulation starts at t0 < 0 well before h has a significant value. The
magnetization Msat is in the equilibrium direction θ, which we can determined
by solving the equilibrium condition of equation (2.21) numerically. By starting the simulation in the equilibrium direction, we insure that the condition
f (t, M, M 0 ) = 0 is satisfied. The ode15i-function determines the size of the
timestep itself depending on the relative tolerance defined by the user. Therefore, it is possible that the program steps over the pulse field ~h, because the
duration of the pulse is very short. As a consequent the magnetization remains
in its equilibrium position and no oscillatory behavior can be seen.
To insure that the pulse field is simulated correctly, we cut the simulation into three time segments. The first segment starts at t0 , as previously
mentioned, and ends at t1 = −2σ (see figure 2.8(b)) . At that moment, the
pulse field just starts to get a significant value and the magnetization begins
to deviate from the equilibrium direction.
The second segment runs from t1 to t2 = 2σ. We use the final values of
~ and M
~ 0 from segment 1 as starting values of segment 2. Due to the choice
M
of t1 and t2 , we force the solver to calculate the influence of the pulse field on
the magnetization to its full extend.
Finally, the third and last segment starts at t2 and ends at tf . In this
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Figure 2.9: the deviation of the magnetization ∆Mx and the amplitude
of the precession ∆|M | obtained by the simulation plotted versus time. In
the simulation Happ = 294 kA/m, Msat = 1200 kA/m, Keff = 965 kJ/m3 ,
β = 69◦ and α = 0.14 are used.

segment, the magnitude of the pulse field can be disregarded and the oscillatory behavior should be visible in all three dimensions. Because we are only
interested in the angular velocity of the precession ω and the damping time td ,
it is more convenient to map ∆Mx,y,z , i.e. the deviation of the magnetization
from the equilibrium direction. From the intersections of ∆Mx,y,z with the
y-axis, we can determine ω. By fitting the amplitude of the precession, which
is simply defined as
q
(2.38)
∆|M | = ∆Mx2 + ∆My2 + ∆Mz2
with an exponential decay function, we can derive a value for td . Figure 2.9
shows the typical result of a simulation. Only ∆My , ∆|M | and the pulse field
h are shown to keep the overall picture clear.
We see from the picture, that the reaction of the magnetization to magnetic
field pulse is a little delayed. Furthermore, we see that the slope of the magnetization is little less steep. After the magnitude of the pulse field has dropped
below the magnitude of ∆My , it seems that ∆My remains constant. However,
by increasing the time constant by a factor of 1000, we discover that ∆My is
everything, but constant. In fact, it starts oscillating around its equilibrium
position as anticipated. In the plotted example we obtain ω = 7.16 · 1010
rad/s and td = 99.7 ps. The program code of the simulation can be found in
appendix B.
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Finally, we must emphasize that the initial response of the magnetization
to the first part laser pulse, i.e. t<0.1 ps, is not very realistic, as we simply
simulated the laser pulse by a magnetic pulse with the same temporal resolution. In practice, the magnetization is not altered by the laser pulse itself, but
it reacts on the sudden increase of the electron temperature. The increase of
the electron temperature by the laser pulse occurs typically on the timescale
of 300 fs, whereas the total duration of the laser pulse is only 70 fs.
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Chapter 3
Experimental
In this chapter, we start by discussing the Magneto-Optic Kerr effect. We
use this effect to gain information about the precessional magnetization dynamics in perpendicularly magnetized samples. In order to measure their
magnetization dynamics, we have to excite precessional modes by displacing
the magnetization vector from its equilibrium orientation. There are various
ways to do this for instance by applying an oscillating magnetic field as done in
FMR measurements previously described in section 1.3.1. In our experiments,
however, we use a very intense laser pulse, which instantaneously heats the
sample and decreases its magnetization. The experimental apparatus, used to
create this intense laser pulse and probe the change in the magnetization by
means of the Kerr effect, is described in the second section. Because of the
instantaneously heating of the sample, the obtained measurement data does
not solely contain precessional dynamics, but other dynamic phenomena as
well. To show how we can isolate the precessional dynamics from our signals,
we analyze the obtained raw data step by step in the third section.

3.1

Magneto-Optic Kerr Effect

In this section, we describe the Magneto-Optic Kerr effect (MOKE) from the
microscopic and the phenomenological point of view. As already mentioned
in section 1.3.2, MOKE clarifies how the polarization and reflectivity of light
is changed dependent on the magnetization of the material, from which it is
reflected. The effect is similar to the Mangeto-Optic Faraday effect. Although
in this last case, the transmitted light through a material is measured.
Microscopically, the magneto-optic Kerr effect finds its origin in the coupling between the spin angular momentum and the orbital angular momentum,
i.e. spin-orbit coupling. When we consider the situation of spherical symmetry
and no spin-orbit coupling, the dipole selection rules only allow interactions
that lead to ∆l = ±1. However in the presence of spin-orbit coupling, the
selection rules concerns the quantum number j instead of l. Thus the orbital
37
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~ is correlated to the spin angular momentum S
~ via the total anmomentum L
~ This allows us to optically probe the spin systems via the
gular momentum J.
dipole selection rules.
We continue the analysis of the Magneto-Optic Kerr effect from a phenomenological point of view and introduce the dielectric constant ε. This
~ to the electric field E,
~ providing that the
constant links the displacement D
considered material is either isotropic or highly symmetric (e.g. cubic). In cubic ferromagnets, however, the symmetry is broken due to the magnetization.
In that case, the simple description fails and a tensor ε needs to be considered.
This tensor is equal to


εxx
εxy εxz
ε =  −εxy εxx εyz  ,
(3.1)
−εxz −εyz εxx
~) =
where the cubic symmetry and the Onsager relations demand εnn (M
~ ) and εnm (M
~ ) = −εnm (−M
~ ).
εnn (−M
~ , we can state that the
If we limit ourselves to first order changes in M
~ , whereas the off-diagonal elements
diagonal elements are independent of M
~
are linearly dependent on M . We now consider the case in which the magnetization and the incident light are both exactly perpendicular to the plane
of the magnetic material, i.e. parallel to the z-axis. The dielectric tensor of
equation (3.1) then simplifies to


εxx εxy 0
(3.2)
ε =  −εxy εxx 0  .
0
0 εxx
The tensor (3.2) can be transformed to cylindrical coordinates defined by
~e− = √12 (~ex − i~ey ), ~e+ = √12 (~ex + i~ey ) and ~ez = ~ez . We then obtain a diagonalized tensor being


εxx − iεxy
0
0
0
0
εxx + iεxy 0  .
ε =
(3.3)
0
0
εxx
We directly observe that the dielectric constants differ for the left- (~e− ) and
right-handed (~e+ ) circularly polarized light, i.e. ε± = εxx ±iεxy . Because εxy is
linearly dependent on Mz in the present case, we can extract the change in Mz
by recording the difference between right- and left-handed circularly polarized
light, which equals ε+ − ε− = 2iεxy .
Linearly polarized light can be regarded as a combination of left- and righthanded circularly polarized light. Due to different dielectric constant, the
originally linearly polarized light will experience a rotation (Kerr rotation) and
gain an ellipticity (Kerr ellipticity) after reflection from a magnetic material.
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Figure 3.1: the three possible MOKE geometries being (a) polar, (b) longitudinal and (c) transversal MOKE. The probed direction of the magnetization is indicated by M . The i and r indicate the direction of the incident
and reflected light respectively, making an angle of ±θ with the normal of
the film plane.

In the case of perpendicular incidence and magnetization, the polarization
change of the light is given by [27]
ψ = ψr + iψe = √

εxy
,
εxx (εxx − 1)

(3.4)

with ψr the rotation of the polarization axis and ψe the ellipticity of the reflected light.
So far, the analysis is limited to perpendicularly incident light and perpendicularly magnetized ferromagnets. This configuration is normally referred to
as polar MOKE. However, depending on the relative direction between the
incident light and the magnetization, we can distinguish two more configurations. These are called longitudinal and tranversal MOKE. The geometry of
the three types of MOKE are shown in figure 3.1. We speak of longitudinal
MOKE, when the in-plane component of the magnetization is measured and
the magnetization coincides with the plane of the incident light. Finally, we
call the geometry transversal MOKE, when the in-plane component of the
magnetization is measured, which is perpendicular to the plane of the incident
light.
The magnitude of the Kerr effect is different for each geometry and depends
on the angle of incidence. Generally, the largest Kerr effect is obtained by the
polar MOKE geometry. According to You et al. [28], the maximum value of
the longitudinal Kerr effect for specific value of θ can be about equally large to
polar MOKE at normal incidence. The transverse Kerr effect is generally an
order of magnitude smaller than the other two. If we now neglect the transverse
contribution, the total Kerr effect is only dependent on the components parallel
to the plane of the incident light. We then can approximate the total Kerr
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Figure 3.2: A schematic representation of the TRMOKE setup showing
the laser, beam splitter (BS), pump and probe beam, delay-line 1 and 2,
chopper wheel (chopper), polarizers (P1 and P2), photo-elastic modulator
(PEM), high aperture laser objective (L), ferromagnetic sample (FM sample),
electromagnet and the detector

~ by [28]
effect for an arbitrary angle of incident light and orientation of M
ψ=

z
X

Fi · Mi ,

(3.5)

i=x

with Fi complex constants.

3.2

Time Resolved MOKE

Now the magneto-optic Kerr effect is explained, we discuss an all-optical pumpprobe setup to measure the effect. We normally refer to this pump-probe setup
as time resolved MOKE or TRMOKE. Firstly, we describe the components of
the setup in more detail. Then, we explain how we can extract the magnetooptic Kerr effect, and thus the magnetization dynamics, from this TRMOKE
setup.

3.2.1

TRMOKE Setup

The TRMOKE setup is schematically drawn in figure 3.2. The first important
component of the setup is the laser. We use a Tsunami (Spectra Physics)
mode-locked Ti:Sapphire laser generating pulses of approximately 70 fs with
a repetition rate of 80 MHz. The output power is typically 650 mW, which
equals 8 nJ per pulse, from which only 1 nJ per pulse is used for the excitation.
The used wavelength is around 790 nm.
The laser beam is guided to a beam splitter, which transmits about 95%
of the total incident laser beam. This strong laser beam is used to optically
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excite the ferromagnetic sample. Hence, it is called the pump beam. The
other 5% is reflected and is called the probe beam, as it is used to measure
the magnetization using the Kerr effect. In conclusion, the pump and probe
pulses created by the beam splitter are identical, except for their intensity.
The probe beam is guided towards a delay-line. By changing the optical
path, this delay-line alters the time of arrival of an individual probe pulse on
the sample relatively to the corresponding pump pulse. The delay-line consists
of a retroreflector on a translation stage. This reflector has three mirroring
facets orthogonally arranged, in such a way that they form the inner corner of
a cube. Due to this arrangement, the incoming beam is reflected in the exact
opposite direction as the incident direction of the beam. Yet, the outgoing
beam is shifted over a small distance perpendicular to its incident direction.
The translation stage (model M-531PD manufactured by Physik Instrumente) is used to control the position of the retroreflector parallel to the incident probe beam and can thus change the optical path of the probe beam
relative to the pump beam. The stage has a range of 306 mm combined with
an accuracy of 0.5 µm. These numbers correspond to a total time delay of 2
ns and a resolution of 3.3 fs. The advantage of this delay-line is that, if the
translation stage moves exactly parallel to the direction of the incoming beam,
the direction of the outgoing is independent on the position of the translation
stage. Hence, no misalignment can be induced by the shortening/lengthening
of the optical path.
The probe beam then passes through a polarizer and a photo-elastic modulator (PEM). The PEM consists of a birefringent crystal that is periodically
compressed in one dimension by a piezo-electric crystal. This compression
slightly changes the optical path for one polarization component. Hence, it
introduces a periodical phase difference (retardation) between the polarization components. Using the Jones formalism [29], we can describe retardation
induced by the PEM by the matrix


1
0
MPEM =
,
(3.6)
0 eiA cos(ωt)
with ω the modulation frequency (50 kHz in our case) and A the maximum
retardation. The polarizer makes an angle of 45◦ with the direction of compression of the PEM. Hence,
  the laser beam entering the PEM is represented
1
. If we set A to π2 , the outgoing laser beam of the
by the Jones vector √12
1


1
1
. The PEM, thus, introduces a modulation to the
PEM becomes √2
±i
incoming beam between a left- and right-handed circular polarization. This
modulation is eventually used to detect the Kerr rotation or ellipticity as will
be discussed in section 3.2.2.
The pump beam, on the other hand, is also guided towards a delay-line.
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objective
Puin

Prin

S
Prref

Puref

FM sample
Figure 3.3: A schematic representation of the high aperture laser objective
(HALO) divided into four quadrants. The upper two quadrants are used for
the incident pump (Puin ) and probe (Prin ) beam. They are focussed onto
the same spot (S) on the ferromagnetic sample underneath the center of the
objective. The pump (Puref ) and probe (Prref ) beam, which are reflected
from the ferromagnetic sample, pass through the objective via the lower two
quadrants.

However, this one has a smaller range of 100 mm (∼660 ps) and an increased
resolution 0.025 µm (∼ 0.1 fs) useful for measuring ultrafast demagnetization
dynamics. We do not actively use this delay-line as we are not interested
in these sub-picoseconds dynamics. The translation stage is set to a fixed
position, at which the optical path of the pump beam roughly matches with
that of the probe beam. This assures that the first delay-line can be used to
its full extend. Subsequently, the probe beam is chopped by a chopper wheel.
This chopping frequency is eventually used to increase the signal-to-ratio by
means of a lock-in amplifier.
At the end of the setup, both the pump and probe beam are focussed onto
the same spot on the sample using a high aperture laser objective (HALO) with
a numerical aperture (NA) equal to 0.38 with a diameter of approximately 2 cm
and a focal distance of 30 mm. The spot size of both the pump and probe beam
is approximately 20 µm in diameter (FWHM). To separate the two incident
beams from the 2 reflected beams, we divide the objective into four quadrants
as shown in figure 3.3. The upper two quadrants are used for the incident
beams, whereas the outgoing beams pass through the lower two quadrants.
We eventually block the reflected pump beam and guide the reflected probe
beam via a second polarizer to a photosensitive diode being the detector as
shown in figure 3.2. The polarization axis of this second polarization can be
rotated freely and is referred to as analyzer.
Finally, a constant magnetic field is applied in order to alter the equilibrium direction of the magnetization and to cause the magnetization to precess
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Figure 3.4: Characterization of the x-component of the magnetic field. The
magnetic field is measured using a Hall probe for variable x- and y-positions
and normalized to the magnitude in the origin being 0.31 mT. The field is
cylindrically symmetric around the x-axis. The place of the origin and the xand y-direction with respect to the poles of the electromagnet (P) are shown
in the lower right corner.
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after excitation by the pump beam as discussed in section 2.3. The maximum
strength of this applied field is about 0.4 T. Beyond this point, the magnetization at the facing edges of the cone-shaped poles starts to saturate. The
magnetic field created by the electromagnet is cylindrically symmetric around
the x-axis and shown in figure 3.4. The figure shows the x-component of the
magnetic field, as measured by a Hall probe, normalized to the strength in the
origin, which is equal to 0.31 mT. The diameters of the facing edges of the
poles is 12 mm and the mutual distance is also approximately 12 mm. From
figure 3.4, we see that the field is rather homogeneous in the middle between
the poles (−0.5 ≤ x ≤ 0.5 mm). Nevertheless, the field has already dropped
over 10 %, when moving radially outward up to y=6 mm. The magnetic field
can make an angle of typically 15◦ with the surface of the sample. The angle
can not be increased any further as one of the poles will touch the HALO as
already schematically shown in figure 3.2.

3.2.2

Detection of the Kerr Effect

Previously in section 3.1 and 3.2.1, we explained what the magneto-optic Kerr
effect is and what kind of setup is used to measure the precession dynamics
of a ferromagnetic sample. However, we have not yet discussed explicitly how
we can determine the Kerr effect using the probe beam. The method used to
detect the Kerr effect is therefore described into more detail in this section.
The key elements for measuring the Kerr effect are the two polarizers and
the PEM. After passing through the first polarizer and the PEM, the polarization
of the

 probe beam is modulated represented by the Jones-vector
1
√1
, as already mentioned in section 3.2.1. Subsequently, the
2
eiA cos(ωt)
probe beam is focussed onto and reflected from the ferromagnetic sample.
Similarly to the PEM, the influence of the reflection on the polarization of the
light can be described by a Jones-matrix. This matrix reads


rs rsp
MFM =
,
(3.7)
rps rp
with rs and rp the complex reflection coefficient for s- and p-polarized light.
The off-diagonal components quantify the magnetic character of the ferromagnetic sample and are proportional to εxy .
Finally, the probe pulses is guided to the detector after passing through the
analyzer, which makes an angle φ with the polarization axis of the incident
light. When we now calculate the voltage V produced by the detector, we
obtain the expression [11]

αE 2
V '
|rs |2 + |rp |2 ×
h4
i
1 + 2ψe sin (A cos (ωt)) + sin 2 (ψr + φ) cos (A cos (ωt)) ,

(3.8)
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with E 2 the intensity of the light incident on the detector, α the detector’s
sensitivity to the incident light and ψr and ψe again the Kerr rotation and
ellipticity respectively.
We can simplify equation (3.8). Therefor, we expand the sin (A cos (ωt))and cos (A cos (ωt))-term into harmonic series of ωt using Bessel functions.
Furthermore, we approximate sin 2 (ψr + φ) ' 2 (ψr + φ), because ψr  1 and
φ can be limited by setting the analyzer appropriately. We then obtain
V = V0 + V1f + V2f ,

(3.9a)

with

αE 2
|rs |2 + |rp |2 ;
4
= 4V0 J1 (A)ψe cos (ωt) ;
= 4V0 J2 (A) (ψr + φ) cos (2ωt) .,

V0 =
V1f
V2f

(3.9b)
(3.9c)
(3.9d)

where Jn indicates the n-order Bessel function. Hence, we see that V1f and
V2f are directly related with the Kerr effect.
Eventually, the time resolved Kerr effect is measured by means of a double
modulation scheme. The signal of the detector is used as input signal to a first
lock-in amplifier (L1). As reference signal, we use the 50 kHz signal from the
PEM. The output signal contains a 50 kHz and a 100 kHz component, which
represent the Kerr ellipticity and rotation respectively according to equation
(3.9c) and (3.9d). Thus by selecting the first or second harmonic, we can
measure both variables.
To improve the signal-to-noise ratio of the L1-output signal, we make use
of a second lock-in amplifier (L2). As such, we use the L1-output signal as
input signal to L2. As already mentioned in section 3.2.1, the pump beam is
chopped by a chopper wheel with a typical frequency of 60 Hz. This chopfrequency is now used as reference signal of L2. The L2 output signal still
contains the information of the L1-signal, and thus the Kerr effect, though its
sensitivity has increased enormously. The primary reason for this increase is
that it effectively cancels drift. Typical sources of the drift are instabilities in
optic components and small misalignments of the delay line.

3.3

Analysis of the Measured Data

We continue with the full analysis of a single measurement series. The considered perpendicularly magnetized ferromagnetic sample consists of three layers
grown by dc magnetron sputtering at room temperature onto a Si(001) substrate with native oxide. From bottom to top, the first layer is a 40 Å think
Pt-layer. On top of this layer, a Co60 Fe20 B20 -layer of 7 Å thickness is grown.
The subscripts behind the Co, Fe and B indicate the atomic fraction of that
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element in the CoFeB-composition. Finally, the last layer consists of Pt, but
is only 20 Å thick. This sample is abbreviated by Pt40 /(Co60 Fe20 B20 )7 /Pt20 .

3.3.1

Method of Measuring

Every measurement series consists of two separate measurements, which are
different by the sign of the applied field. In both measurements, the Kerr
rotation is measured as a function of the time delay starting at -2.5 ps and
ending at +500 ps. The minus sign means that the individual probe pulse
arrives at the sample before the matching pump pulse does. We measure the
Kerr rotation, because the change in the Kerr rotation is simply larger than
the change in ellipticity for these Pt/CoFeB/Pt samples. Hence, the first lockin amplifier is locked to the second harmonic of the reference signal coming
from the PEM, i.e. 100 kHz.
In this case, the field was applied at angle of 67◦ with respect to film
normal, having a magnitude of 0.37 T. Now, the field applied in the first
measurement is in the exact opposite direction as the field applied during
the second measurements. The first measurement is henceforth indicated by
a negative sign and thus the applied magnetic field equals -0.37 T, whereas
the second measurement is assigned a positive sign, i.e. +0.37 T. As shown
in figure 3.4, the magnetic field is not homogeneous. The magnitude of the
applied field, that we speak about is the magnitude of the field right in the
middle between the two poles, i.e. the origin in figure 3.4. The analyzer is
tuned such that the magnitude of the L1-signal for both measurements is as
equal as possible, but their signs differ.

3.3.2

L1- and L2-signal

During every measurement, the delay time, the dc signal of the detector and
the output signal of both lock-in amplifiers L1 and L2 are recorded by a computer. We do not regard the dc signal of the detector as it does not offer us
any information about the Kerr rotation or ellipticity. The L1-signal of the
first measurement is plotted as a function of the delay time in the figure 3.5(a).
As already anticipated in section 3.2.2, a clear drift is apparent in this noisy
L1-signal.
Due to the drift and the noise, the magnetization dynamics can only be
poorly resolved. L1 shows a very rapid demagnetization of the sample after
a pump pulse hit the surface. This demagnetization is followed by a much
slower recovery of the magnetization. To emphasize the difference between
the velocity of the demagnetization and its recovery, the delay time is plotted
on two time scales separated by a break between 2.5 and 10 ps.
To annihilate the drift and resolve the precessional motion of the magnetization, we need to consider the L2 signal. In figure 3.5(b), L2 is shown for
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Figure 3.5: (a) L1 as a function of the time delay under influence of an
applied magnetic field of −0.37 T and making an angle of 67◦ with the
film normal. The signal is proportional to the change in the magnetization.
Yet, it is noisy and there is a drift apparent. The small peak just before
maximum demagnetization defines the zero time delay. (b) L2 as a function
of the time delay for both applied magnetic fields of ±0.37 T. The signalto-noise ratio is approximately 10 and the demagnetization, remagnetization
and precessional motion of the magnetization are clearly visible. In both
graphs, a break between 2.5 and 10 ps is apparent to emphasize the different
time scales.

both measurements, distinguished by the direction of the applied magnetic
field. We now divide figure 3.5(b) into four parts. In part I of the figure,
the probe pulse arrives well before the pump pulse and the magnetization is
unchanged. Nevertheless, L2 has a finite value. Then, an ultrafast demagnetization is observed (part II). The time constant associated with this process is
typically of the order of 0.1 ps. At maximum demagnetization, the L2-signal
is 8-10 times as high as the value of the offset in the first part. The next part
(III) shows the quick partial recovery of the magnetization, i.e. remagnetization. This process is, in our case, slower than the demagnetization and the
time constant is of the order 1 ps. In the last part (IV) of the figure, we see the
oscillation of the magnetization around its equilibrium position described by a
GHz-frequency. Depending on the Gilbert damping constant, this precession
can last up to a few nanoseconds after excitation. However, in figure 3.5(b),
the precessional is already over after 300 ps.

3.3.3

Isolation of the Precessional Motion

In figure 3.6(a), the relative change in the perpendicular component of the
|L2+ |+|L2− |
z (t)
magnetization ∆M
is shown using |L1
, with the ±-sign indicating
Mz
+ |+|L1− |
the direction of the applied field. Furthermore, we applied a vertical shift
z
to the whole graph as such that ∆M
is zero for relative large negative time
Mz

10
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L1 (mV)
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Figure 3.6: (a) the relative change in the perpendicular component of the
magnetization expressed as a percentage of the perpendicular component
magnetization before the pump pulse hit the ferromagnetic sample. The
data is fitted to the phenomenological formula of equation (3.10). (b) the
oscillatory part of the magnetization dynamics is isolated from the rest of the
data. The dashed line represents the oscillatory term of the phenomenological
formula, which is obtained by the fit of (a).

delays. The total demagnetization is about 4%, which is in agreement with
values obtained by Malinowski et al. [26].
To obtain the angular velocity of the precession ω and the characteristic
damping time td , we fit the remagnetization process of figure 3.6(a), i.e. the
part of the data after the maximum demagnetization, with a phenomenological
formula. This formula was introduced by Jozsa [11] as
A2
∆Mz
− t
− t
− t
= A1 · e tep + √
+ A3 · e th + A4 e td sin (ωt + φ0 ) ,
Mz
t + t0

(3.10)

with A1 , A2 , A3 and A4 relative scaling factors for the four terms. The other
variables are defined and discussed into more details in the following paragraphs.
The first term of equation (3.10) describes the fast recovery of the magnetization in the first picosecond after the maximum demagnetization. The
electrons are assumed to absorb all the photon energy as the photon energy
is typically in the regime of electronic excitations. Afterwards, the electrons
cool down due to the exchange of heat with the lattice. This effect is described
by an exponential decay, characterized by the electron-phonon relaxation time
tep .
The second and third term describe the transfer of the heat from the ferromagnetic metal to the substrate. The √1t -term is typical for 1 dimensional
heat diffusion in a single semi-infinite system. The t0 in equation (3.10) characterizes the instantaneously heated region within the system at t=0. The
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third term on the other hand is valid for the case that we need to consider two
separate system with different temperatures T1 and T2 . When these system
are connected to each other, the difference in temperature ∆T drops according
to an exponential process characterized by th , which is assumed to be much
larger than tep . The Si(001) substrate with native oxide is expected to behave
as a combination of the two previously described extremes.
Finally, the fourth term of equation (3.10) describes the precessional motion of the magnetization around its equilibrium direction. The angular velocity of the precession ω and the damping time td are related to the Gilbert
damping constant α = ωt1d according to equation (2.29). Also an offset phase
φ is included, which we omitted in the theoretical derivation.
After fitting the data of figure 3.6(a) with equation (3.10), we obtained
values for the fit parameters as listed in table 3.1. All fit parameters are
accurately determined with an error of approximately 1%. As anticipated, th
is indeed 2 orders of magnitudes larger than tep . Furthermore, we can state
that the contribution of the second term of equation (3.10) is relatively large
and thus the Si(001) substrate with native oxide behaves merely semi-infinite
1D system. Still, the most important parameters resulting from this fit are
ω and td . From these values, we obtain the value of the Gilbert damping
constant α = (0.171 ± 0.004) using equation (2.29).
Table 3.1: Resulting values for the fit of equation (3.10) with the measurement data of figure 3.6(a)

Parameter
Value
Units
A1
(-1.31 ± 0.16)
a.u.
A2
(-2.659 ± 0.036)
a.u.
A3
(-0.6063 ± 0.0070)
a.u.
A4
(-0.5184 ± 0.0065)
a.u.
tep
(0.838 ± 0.028)
ps
t0
(0.237 ± 0.057)
ps
th
(149.0 ± 1.4)
ps
td
(96.9 ± 1.5)
ps
ω
(60.37 ± 0.16)
Grad/s
φ
(-0.827 ± 0.013)
rad
To emphasize the oscillatory part of the magnetization dynamics, we isolated the oscillation data by subtracting the first three terms of equation (3.10)
from the measurement data of figure 3.6(a) using the values of table 3.1. The
resulting oscillatory part of the magnetization dynamics is shown in figure
3.6(b). The dashed line represents the fourth term of equation (3.10) using
the values of table 3.1. A clear noise seems to appear at t ' 150 ps. Eventually
at t ' 350 ps, no oscillation is visible anymore and the signal is dominated by
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Chapter 4
Results
In this chapter, we present and discuss the most important results of the
performed TRMOKE measurements. Firstly, we study the influence of the
Fe concentration in the CoFeB composition on the precessional magnetization
dynamics. This is done by performing measurements on two identical film
samples with a 7 Å-thick CoFeB layer sandwiched between two Pt-layers.
However, the concentrations of Fe within the CoFeB compositions are varied.
As a consequence, we can gain insight in the influence of Fe on the Gilbert
damping constant and the effective magneto-crystalline and surface anisotropy.
Secondly, we determine whether the spin pumping effect is responsible for the
enormous increase in the Gilbert damping constant. The magnitude of this
extrinsic damping mechanism is inversely related to the CoFeB-layer thickness
and thus the Gilbert damping constant should decrease with increasing layer
thickness. For this prupose, we perform several series of measurements on a
wedge shaped sample whose thickness of the CoFeB-layer linearly increases
from 0 to 20 Å.

4.1

Gilbert Damping and Anisotropy for Low
Fe Concentration

In this section, we present the results of TRMOKE measurements as a function
of the magnitude of the applied field performed on a Pt40 /(Co60 Fe20 B20 )7 /Pt20 film grown by dc magnetron sputtering at room temperature onto a Si(001)
substrate with native oxide as previously discussed in section 3.3. We refer to
this sample as the sample with a low Fe concentration. To clarify the obtained
results for ω, td and α of the first series of measurements to their full extend,
we need to describe the ferromagnetic sample by a multi-spin model instead
of by a single macro-spin. The exact implementation of this multi-spin model
is described in the second part. In the last part of this section, we present
and analyze the results of second series of measurements. This series is done
51
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Figure 4.1: (a) L2-signals for five different magnitudes of the applied field
with β = 77◦ as a function of the time delay. The five signals are each
averaged over two series of measurements differing in sign of the applied
field. The solid line in the last graph represents the fit with equation (3.10).
(b) oscillatory part of the L2-signals isolated from the other magnetization
dynamics. The oscillation frequency increases with increasing magnitude of
the applied field.

to check the reproducibility of the obtained results for ω, td and α in the first
series of measurements.

4.1.1

First Full Series of Measurements

Figure 4.1(a) shows the average of the two recorded L2-signals for five different
magnitudes of the applied field along β = 77◦ . As already mentioned in section
3.3.1, the two recorded L2-signals come from two measurements with opposite
applied field as a function of the time delay. We only regard the L2-signals,
because we are interested in the damped oscillation of the magnetization only.
From figure 4.1(a), it is clear that ω increases with increasing field. To
emphasize this, we isolated the damped oscillation from the rest of the dynamics by fitting it with equation (3.10) and subtracting the first three terms
of this equation from the measurement data. The result is shown in 4.1(b).
The oscillatory term of the fit is shown in the last graph obtained from the
measurement with an applied field of 372 mT.
In total the L2-signals for 12 different applied magnetic field strengths with
β = 77◦ are recorded and fitted with equation (3.10). The determined values
for the precessional angular velocity ω and damping time td are shown in figure
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4.2 (a) and (b) respectively. The error margin of ω is estimated to be ±2% of
its value. The error margin of td is expected to be ±5% being relatively larger
than the one of ω. It is caused by the fact that there are only three oscillations
visible at most making it harder to determine a reliable value for the damping
time. These estimates are significantly larger than the indicated accuracy of
ω and td according to the fit sequence only as already seen in table 3.1.
ω is more or less linearly dependent on the applied field as shown in figure
4.2(a). Only at very small and large magnitudes of the applied field, ω deviates
from this trend. This can be understood by the fact that for small magnitudes
of the applied field, only a single full oscillation or less is visible, making it
very difficult to determine ω. For large applied field magnitudes, on the other
hand, the magnetic poles start to saturate at the edges. Hence, the last two
values of ω are not taken into account in the further analysis. In contrast to
ω, the dependency of td on the applied field is less pronounced, but at large
magnitudes a clear reduction by 20% is observed. Again, the last two data
points are disregarded in the further analysis due to the saturating field.
From ω and td , we determine the Gilbert damping constant α directly
via equation (2.29), i.e. α = (ωtd )−1 . The calculated values of α and their
estimated error margins are shown in figure 4.2(c). We directly see from this
figure that α is not constant at all, but depends on the magnitude of the
applied field. This dependency could have been anticipated by the irregular
shape of the td -curve. Nevertheless, α seems to converge to an intrinsic value,
which we indicate by αintr being 0.16 ± 0.01.
Next, we try to determine the value of the effective energy density of the
sample, Keff . We assume that α = αintr and use a macro-spin approach to fit
the obtained measuremed data of ω with slightly altered forms of the equilibrium condition of (2.21) and equation (2.30), i.e.


2Keff
− Msat sin (2θ) ;
(4.1a)
2ηHapp sin (β − θ) =
Msat
γµ0
sin β
ηHapp
,
(4.1b)
ω=
2
1+α
sin θ
with η a correction factor for Happ sin β, which accounts for uncertainties in
the calibration of the applied field. The value of η is typically 0.8.
The fitting sequence is now done as follows. We start with a certain value
for η and Keff , i.e. η1 and Keff1 . For η1 and Keff1 and every value of Happ
in figure 4.2, we calculate the equilibrium angles θ by solving equation (4.1a)
numerically. Then we calculate ω for every Happ by filling η1 , Keff1 and the
according equilibrium angle θ. We now try to minimize the difference between
these calculated and experimental values for ω by varying η and Keff .
The result of this fitting sequence is represented by the solid lines in figure
4.2(a), (b) and (c). In this fitting sequence, we assume Msat = 1000 kA/m, as
determined by a SQUID measurement, and α = αintr = 0.16. The resulting
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Figure 4.2: experimentally obtained values for (a) ω, (b) td and (c) α
as a function of the applied magnetic field making an angle of β = 77◦
with respect to the normal of the film plane. The solid lines represent the
result of a fitting sequence assuming that Keff has a constant value in the
whole sample and that α = 0.16, which is independent of the magnitude of
applied field. The equilibrium angle of the magnetization θ resulting from
this fitting sequence with constant Keff and α is shown as a function of the
applied field in (d). The dashed lines in (a), (b) and (c) represent the result
of a fitting sequence assuming a 3.3% rectangular shaped dispersion in Keff
in the sample, which causes α to become field dependent.
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values for the fit parameters are η = (0.865±0.005) and Keff = (7.2±0.4)×105
J/m3 . The error in η is equal to minimum step size in η and the error in Keff
is estimated to be ±5% equal to the error in Msat , which is typical error for
SQUID measurements. This macro-spin approach fails for td at lower fields
as shown in figure 4.2(d). Only at large magnitudes of the applied field, td
approaches the solid line of the simulation. The assumption that α is constant
induces only a small error in the fit of ω as it is very weakly dependent on α,
i.e. ω ∝ (1 + α2 )−1 according to equation (2.30).
Finally, the equilibrium angle of the magnetization θ obtained from the
fitting sequence is shown as a function of the applied field in figure 4.2(b).
Already at the smallest magnitude of the applied field, 125 mT, the magnetization is pulled significantly into the direction of the film plane. As the applied
field increases, θ converges towards the direction of the applied field defined
by β = 77◦ . At the maximum applied field of 413 mT, θ is still more than 10◦
smaller than β.

4.1.2

Dispersion in the Effective Anisotropy Constant

As previously discussed, the macro-spin model can not reproduce the field
dependency of the Gilbert damping constant α. In order to obtain this field
dependency, we extend the macro-spin model to a multi-spin model by following the same path as suggested by Walowski et al. [30]. The situation is
schematically shown in figure 4.3(a). We assume that the sample consists of
small blocks. Each block is characterized by a local effective anisotropy constant, i.e. Keff,i . As a consequence, each block has a slightly different angular
velocity of precession ωi . Because the size of laser spot is larger than the size
of an individual block, the resulting Kerr rotation is a summation of the Kerr
rotation from these individual blocks. However, the average value of Keff,i
of all blocks, is equal to Keff as determined by the macro-spin model of the
previous section abbreviated by Keff,av .
The dispersion relation of the local Keff is assumed to have rectangular
shape, which we adopted from Walowski et al. [30]. The rectangle is centered
at Keff,av and its total width is 2∆K as shown in figure 4.3(b). We approximate
the solid rectangle by a number of distinct levels Keff,i separated by step size
Kstep .
In figure 4.4, we show how the dispersion in Keff,i can change the value
of α using an example. The magnitude of the applied field is 243 mT, i.e.
the fifth data point in figure 4.2. Furthermore, we use the same values as
used in and determined by the macro-spin simulation: Msat = 1000 kA/m,
α = αintr = 0.16, η = 0.865 and Keff,av = Keff = 7.2 × 105 J/m3 . The total
dispersion ∆K is 3% of Keff,av with a step size of Kstep = 1.5%. This gives us
in total five values of Keff,i , i.e. 97, 98.5, 100, 101.5 and 103% of Keff,av . For all
these Keff,i , we first calculate the equilibrium angle θi by using the equation
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Figure 4.3: (a) the sample consists of small blocks, which have slightly
different values of Keff,i . This is indicated by the color of the individual
blocks. The spot size of the laser pulse is larger than the size the blocks and
thus the Kerr signal measured by the laser spot is a sum of all the separate
blocks in the laser spot [30]. (b) in the top figure a rectangular shaped
dispersion relation is shown having a total width of 2∆K and average value
Keff,av . In the bottom figure, the rectangle is approximated by eleven distinct
values Keff,i each separated by Kstep .

(4.1a) and subsequently the angular velocity of the precession ωi by equation
(4.1b). Then we create the individual datasets Ai of the five curves in the
figure on the left-hand side in figure 4.4 by
Ai =

1
cos(ωi t) exp(−αintr ωi t),
N

(4.2)

with N the total amount of datasets (five in this case) and ωi the value of ω
resulting from Keff,i . The values of ωi are shown in between the two graphs
in 4.4. Equation (4.2) is in essence the same as the fourth term in equation
(3.10).
The next step we do, is adding all five datasets Ai together. The resulting dataset Atotal is a slightly distorted damped cosine like in equation (4.2)
represented by the open circles in figure 4.4(b). We fit this dataset to the
function
Atotal = b cos(ωt + φ) exp(αωt),
(4.3)
in which b the amplitude of the oscillation, φ the offset phase and ω and α the
resulting angular velocity of precession and the Gilbert damping constant for
the examined magnitude of the applied field.
The expected values of b and φ are close to 1 and 0 respectively and they
are only added to get a reasonable fit for larger values of ∆K. The fit of Atotal
with equation (4.3) is represented by the solid line in figure 4.4(b). Especially
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Figure 4.4: (a) five datasets are created for the five slightly varying values
of Keff,i , expressed as a percentage of Keff,av as calculated by the macrospin model. The values of the angular velocity of precession are obtained by
solving the set of equations (4.1) and written in between figures (a) and (b).
(b) the result of adding all five graphs of (a) together. It is fitted to equation
(4.3) represented by the solid line.

in the second part of the curve, we see that the fit becomes less accurate,
as it can not follow Atotal entirely. The values of the angular velocity of the
precession and the Gilbert damping constant are in this case ω = (43.86±0.03)
Grad/s and α = (0.192±0.004). We see that the value of α significantly differs
from αintr = 0.16. This is in contrast with the value of ω, which is very close
to the value of ω obtained from the macro-spin model being 44.2 Grad/s.
We now try to reproduce the curve of the experimentally obtained α as a
function of the applied field as shown in figure 4.2(c) by varying the value of
αintr and ∆K. The step size Kstep is always chosen to be 0.1∆K, which thus
always results in eleven datasets Ai . The dashed lines in figure 4.2(a), (b) and
(c) are obtained using αintr = 0.16 and ∆K = 3.25%. The minimum step size
for α and ∆K are equal to 0.005 and 0.25% respectively. Hence, we obtain
αintr = (0.160 ± 0.005) and ∆K = (3.3 ± 0.3)%
This result of ∆K is actually very surprising, because from the macrospin model we calculated that Keff = Keff,av = (7.2 ± 0.4) × 105 J/m3 , which
is an error margin of ±5%. Using this model, we can not explain the field
dependency of α. Whereas, if we use the multi-spin model, we only have
to vary this same Keff,av = 7.2 × 105 J/m3 by ±3.3% to fully reproduce the
experimentally obtained data for α. From the multi-spin model, we thus find
that the local Keff,i varies between 7.0 and 7.4 × 105 J/m3 .
Finally, the increasing α with decreasing magnitude of the applied field can
phenomenologically be explained by the multi-spin model as follows. For large
magnitudes of the applied field, the equilibrium angle θ is relatively weakly
sensitive to a variable value of Keff,i and thus ωi , obtained from the set of
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equations (4.1), varies only a tiny bit. Hence, the resulting graph Atotal is very
weakly distorted resulting in a Gilbert damping constant close to αintr .
For small magnitudes of the applied field, however, θ is very sensitive to the
applied field, as shown by the large increase in θ in figure 4.2(d). Logically, θ
is then also rather sensitive to a variable value of Keff,i . The individual values
of ωi differ relatively much and thus Atotal is rather distorted from its perfectly
exponentially damped cosine shape leading to a high value of α.

4.1.3

Second Full Series of Measurements

To check the reproducibility, and hence the accuracy, of the previous measurements, we performed a total new series of measurements on the same sample.
This second series of measurements was performed a while after the first series and the position of the laser on the sample was different as well. As a
consequence, this measurement can say something about the homogeneity of
the magnetic properties of the sample.
The angle between the film normal and the direction of the applied field is
again equal to β = 77◦ . The general magnitude of the applied field is smaller
than in the first measurement, because the mutual distance between the poles
is slightly increased. Similarly to the the first series, ω and td are determined
by fitting the average L2-signal with equation (3.10) and their resulting values
are shown in figure 4.5(a) and (b) respectively.
In line with the first measurement, ω is more or less linearly dependent on
the magnitude of the applied field, whereas td does not have a clear relation
with the magnitude of the applied field. However, the first data point in
the graph of td clearly deviates from the actual trend. From ω and td , we
calculate α, which is shown in figure 4.5(c). The trend of α is similar to
the trend observed in the first series and αintr is again estimated to be 0.16,
indicated by the solid line. Still, there is a small difference concerning α: α
increases more rapidly with decreasing magnitude of the applied field in the
second series than in the first.
Analogously to the first series, we start the analysis of the measurement
data by fitting the experimentally obtained values of ω with the macro-spin
model in order to obtain Keff,av using the set of equations (4.1). This fit
is represented by the solid line in figure 4.5(b) and the fit parameters are
η = (0.815 ± 0.005) and Keff,av = (7.0 ± 0.4) × 105 J/m3 . The last value is
within the error margin the same as the one obtained in the first series being
Keff,av = (7.2 ± 0.4) × 105 J/m3 .
Secondly, we try to reproduce the experimentally determined α by introducing a dispersion in Keff using the multi-spin model consisting of in total
eleven different values Keff,i . The best fit is obtained for ∆K = (5.0 ± 0.3)%
and αintr = (0.160 ± 0.005). To put this value into perspective: it is an order of
magnitude larger than the damping constant of Co60 Fe20 B20 , which is directly
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Figure 4.5: experimentally obtained values for (a) ω, (b) td and (c) α as
a function of the applied magnetic field making an angle of β = 77◦ with
respect to the normal of the film plane. The solid lines represent the result
of a fitting sequence using the macro-spin model assuming αintr = 0.16 The
dashed lines in (a), (b) and (c) represent the result of a fitting sequence using
a multi-spin model assuming a 5% rectangular shaped dispersion in the local
Keff in the sample, which causes α to become field dependent.
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sputtered onto a SiO2 substrate. In a 20 nm-thick film α was determined to
be equal to 0.01 according to Oogane et al. [31].
The local Keff,i thus varies between 6.6 and 7.3×105 J/m3 . In figure 4.5(a),
(b) and (c), the fit to the multi-spin model is represented by the dashed line.
The fit can not reproduce the first data point of α, but that can be explained
by the fact that the same data point of td in figure 4.5(b) lies clearly below
the actual trend in td .
The relative magnitude of the dispersion in Keff from the second measurement is thus larger than the one obtained from the first measurement. This
is line with the previous remark that α seems to increase more rapidly with
decreasing magnitude of the applied field in the second series than in the first
series of measurements.
In conclusion, we characterized the precession dynamics of a perpendicularly magnetized (Pt)40 /(Co60 Fe20 B20 )7 /Pt40 -film by determining its angular
velocity of precession ω, damping time td and intrinsic Gilbert damping constant α. We obtained the average effective anisotropy Keff,av and its dispersion
∆K by fitting the experimental data to a macro- and multi-spin model. The
reproducibility of the measurements and fit sequences is checked by performing two separate series of measurements. To compare the fit parameters of the
macro- and multi-spin model for both measurement series directly with each
other, they are listed in table 4.1. From this table, it is clear that the obtained
values of αintr , Keff,av are reproducible within their error margins, however the
dispersion and thus the local value of the effective anisotropy can vary within
different limits emphasizing the local character of Keff .
Table 4.1: The values of the fit parameters of the first and second series of
measurements

Series 1
Series 2
Parameter
Value
Value
η
(0.865 ± 0.005) (0.815 ± 0.005)
Keff,av
(7.2 ± 0.4)
(7.0 ± 0.4)
∆K
(3.3 ± 0.3)
(5.0 ± 0.3)
Keff
7.0 - 7.4
6.6 - 7.3
αintr
(0.160 ± 0.005) (0.160 ± 0.005)

4.2

Units
5
10 J/m3
%
105 J/m3
-

Gilbert Damping and Anisotropy for High
Fe Concentration

In this section, we want to determine whether the Gilbert damping constant
changes for another composition of CoFeB. As such, we keep all the properties
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Figure 4.6: (a) L2-signals for four different magnitudes of the applied field
with β = 69◦ as a function of the time delay. The solid line in the last graph
represents the fit with equation (3.10). (b) oscillatory part of the L2-signals
isolated from the other magnetization dynamics. The oscillation frequency
increases with increasing magnitude of the applied field.

of the sample the same, except for the concentration of Fe in the CoFeBcomposition, which now is abbreviated by Co48 Fe32 B20 , i.e. a high Fe concentration. Furthermore, the studied sample thus consists again of a trilayer
with the same layer thicknesses grown at room temperature onto a Si(001)
substrate with native oxide. Hence, we note the layout of the sample by
Pt40 /(Co48 Fe32 B20 )7 /Pt20 . Yet there is another difference between the sample
analyzed in this and the previous section. This difference is the used sputter
technique to grow the sample: in this section it was grown using rf sputtering,
whereas the Co60 Fe20 B20 was grown by dc sputtering. This fact makes it hard
to draw direct conclusions.
Similarly to the previously discussed series of measurements, we determine
ω, td and α as a function of the applied field. In this case, however, the angle of
the magnetic field with respect to the normal of the film plane is equal to 69◦
and the saturation magnetization is determined to be Msat = (1.20±0.06)×103
kA/m. The average L2-signals and the isolated oscillation dynamics of four
magnitudes of the applied field are shown in figure 4.6(a) and (b) respectively.
The solid line the bottom figures represents the fit with equation (3.10). When
examining the fit in figure 4.6(b) in more detail, we see that it deviates slightly
especially in the second part of the figure from the experimental data. This is
also seen in the figure 4.4 explaining the multi-spin model. Hence, this misfit
strengthens the feeling that a dispersion in Keff causes the field dependency of
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Figure 4.7: experimentally obtained values for (a) ω, (b) td and (c) α as
a function of the applied magnetic field making an angle of β = 69◦ with
respect to the normal of the film plane. The solid lines in (a), (b) and (c)
represent the result of a fitting sequence using the macro-spin model with
α = 0.13. The equilibrium angle of the magnetization θ resulting from this
fitting sequence using the macro-spin model is shown as a function of the
applied field in (d). The dashed lines in (a), (b) and (c) represent the result
of a fitting sequence using the multi-spin model with a 3.8% dispersion in
Keff in the sample.

α.
The values of ω and td , as determined by the fit with equation (3.10),
are shown in figure 4.7(a) and (b). In line with the sample having a low Fe
concentration, ω is more or less linearly dependent on the applied field. Again,
we disregard the last data point because of saturation of the applied field. Also
td shows the same behavior as a function of the applied field as previously seen
in figure 4.2(b): first the value increases to a certain maximum and then it
decreases rather rapidly. We disregard the first data point of td in the further
analysis as it clearly deviates from the actual trend in td . Again we estimate
the error margins of ω and td equal to ±2% and ±5% respectively.
Using ω and td , we determine α, which is shown as a function of the
applied field in 4.7(c). In contrast to the Co60 Fe20 B20 -sample, α really seems
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to converge to an intrinsic value. We estimated this value as αintr = 0.13 and
is indicated by the solid line in the figure. Assuming this intrinsic value, we
determine Keff,av by means of the macro-spin model. From the fitting sequence,
we obtain Keff,av = (9.5 ± 0.5) × 105 J/m3 and η = (0.880 ± 0.005). The results
of this fit sequence for ω, td and θ are indicated by the solid line in figure
4.7(a), (b) and (c).
The value of Keff,av is roughly 1.5× larger than the one obtained for the
Co60 Fe20 B20 -sample. This may give the impression that the sample with the
high Fe concentration is much stronger perpendicularly magnetized. However,
the increase in Keff,av is mainly caused by the increased value of Msat . We
must remember that the ferromagnetic samples are only perpendicularly magnetized, if the effective magneto-crystalline and surface anisotropy field HK as
introduced in section 2.1.2 is larger than the demagnetization field. In other
words right-hand side of the equilibrium condition (2.21) must be larger than
zero, i.e.
2Keff
− Msat > 0
(4.4)
µ0 Msat
If we fill the correct values for both samples into equation (4.4), we obtain a value of 60 kA/m for the Co48 Fe32 B20 -sample and 130 kA/m for the
Co60 Fe20 B20 -sample. So, although the value of Keff,av of the currently examined sample is 1.5× larger than the Co60 Fe20 B20 -sample, the resulting strength
of its perpendicular anisotropy is about 2× as weak. This is inline with the
calculated equilibrium angle θ: the value of θ in figure 4.7(d) is larger than in
figure 4.2(d) over practically the whole range of the applied field. The reason
that figure 4.2(d) indicates higher values eventually, is that the maximum angle is in that case β = 77◦ , which is 9◦ larger than in the currently examined
case.
We finalize the analysis of this sample by reproducing the field dependency
of α using the multi-spin model. The best fit is indicated by the dashed lines
in figure 4.7(a), (b) and (c). The values of the fit parameters are ∆K =
(3.8 ± 0.3)% and αintr = (0.130 ± 0.005). This dispersion leads to variation
in Keff,i between 9.2 and 9.9 ×105 J/m3 . In figure 4.7(a), the results of the
fit with the macro- and multi-spin model overlap to a large extent. Only at
small magnitudes of the applied field, the separate lines are indistinguishable.
Furthermore, we see that both the field dependency of td and α are mostly
reproduced within their error margins.
Hence, we conclude that αintr = (0.130 ± 0.005), which is significantly
lower than the value obtained for the sample with a low Fe concentration, i.e.
αintr = (0.160 ± 0.005). Still, its value is an order of magnitude larger than
the value of ordinary thin films, which is estimated to be between α = 0.002
and 0.01 [31]. From the measurements performed on the two samples, we can
not yet determine, whether the difference in the Gilbert damping constant
between the two studied samples is caused by the altered composition of the
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CoFeB or by the rf-sputter technique used to grow the sample.
Furthermore, the value of Keff,av is determined to be (9.5 ± 0.5) × 105 J/m3 ,
which is about 1.5× larger than the value obtained for the sample with a low
Fe concentration. The increase in this value does not mean that the resulting magnitude of the perpendicular magnetization is also larger. Instead, the
opposite is determined: the magnitude of the resulting magnetization in the
actual sample is 2× as small as in the sample with a low Fe concentration. Finally, the dispersion in Keff,i is in both samples around 4%. In order to directly
compare the results from both samples with low and high Fe concentration,
they are listed in table 4.2.

Table 4.2: The values of the fit parameters of the sample with low and high
Fe concentration

Co60 Fe20 B20
Co48 Fe32 B20
Parameter
Value
Value
η
(0.840 ± 0.005) (0.880 ± 0.005)
Keff,av
(7.1 ± 0.4)
(9.5 ± 0.5)
∆K
(4.2 ± 0.3)
(3.8 ± 0.3)
Keff
6.8 - 7.4
9.2 - 9.9
αintr
(0.160 ± 0.005) (0.130 ± 0.005)

4.3

Units
5
10 J/m3
%
5
10 J/m3
-

Thickness Dependence of Gilbert Damping and Anisotropy

In section 4.1 and 4.2, the intrinsic Gilbert damping constants are determined for a 7 Å thick CoFeB layer sandwiched between two relatively thick
Pt-layers. The values of these constants are αintr = (0.160 ± 0.005) and
αintr = (0.130 ± 0.005) for a Co60 Fe20 B20 - and a Co48 Fe32 B20 -composition respectively. As already mentioned before, this is about 15× larger than their
intrinsic value in ordinary thin films.
This enormous increase in the damping constant must be caused by an
extrinsic Gilbert damping mechanism. In theory section 2.1.3, we introduced
two different mechanisms: two-magnon scattering and the spin-pumping effect.
Because the angle between the film plane and the equilibrium direction of the
magnetization is relatively large, we assume that the spin pumping effect plays
the most important role [23]. In this section, we want to verify the validity of
this assumption by measuring αintr as a function of the CoFeB-layer thickness.
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Figure 4.8: (a) schematic representation of the Co48 Fe32 B20 -wedge sandwiched between two Pt-layers with a thickness of 40 and 20 Å. The thickness
of the CoFeB-composition increases linearly over a length of 15 mm from 0
to 20 Å. (b) top view of the position of the wedge sample (S) relative to
the electromagnets (E) and the lens (L). (c) front view from the laser spot
(black dot) on the sample. The increasing thickness of the CoFeB-layer is
indicated by the increasing darkness of the sample. By shifting the sample
in the z-direction, the position of the laser spot on the sample is changed. In
this way, we can change the layer thickness of the CoFeB without changing
any of the other parameters.

4.3.1

Experimental Setup

According to theory, the magnitude of the spin-pumping effect decreases with
increasing layer thickness. Hence, we expect that αintr decreases with increasing layer thickness, if the spin pumping effect indeed plays a significant role.
In order to obtain αintr as a function of the layer thickness, we use a wedge
sample instead of a plain film sample. The sample is grown by dc magnetron
sputtering at room temperature onto a Si(001) substrate with native oxide. It
is schematically shown in figure 4.8(a).
The bottom and top layers are Pt-layers of 40 and 20 Å thick respectively.
In between, a Co48 Fe32 B20 -layer is grown, whose thickness linearly increases in
the z-direction from 0 to 20 Å over a total length of 15 mm. This means that
per mm the thickness increases by 1.3 Å. Because the spot size of the pump
and probe beam is only 20 µm in diameter, we can consider the thickness
of the Co48 Fe32 B20 -layer enlighten by the laser beam to be uniform. We can
thus determine αintr as a function of the Co48 Fe32 B20 -thickness by altering the
position of the spot on the sample.
The position of the wedge-sample relative to the lens and the electromagnet
is shown in figure 4.8(b) and (c). From the top view of figure 4.8(b), it is
clear that, when we shift the magnetic poles in the +y-direction, we create
more space between the magnetic poles and thus we can decrease angle β
between the film normal the direction of the applied field. However, due to
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the inhomogeneity of the applied field (see figure 3.4), the magnitude of the
applied field decreases and so does the value of the misplacement-factor η.
Because we want to compare the results of the individual measurements
directly with each other, we need to keep the x- and y-position of the sample
and the direction of the applied magnetic field, i.e. β, fixed. This is accomplished by keeping the position of the laser spot relative to the electromagnets
fixed. By shifting the sample holder, and thus the sample, in the z-direction
as shown in figure 4.8(c), only the position of the laser spot on the sample is
changed without changing any of the other parameters.

4.3.2

Experimental Data of ω and td

In the experiment, the value of β is equal to 77◦ and the saturation magnetization is Msat = (1200 ± 60) kA/m, which is equal to the value used for the
Co48 Fe32 B20 -sample of section 4.2. In total five series of measurements are
done, in which the thickness of the CoFeB-layer varies between 4.5 and 6.5 Å
in steps of 0.5 Å. Within these limits, the sample is perpendicularly magnetized and we are able to obtain the precessional motion of the magnetization.
This is already shown in figure 2.2: as the thickness increases beyond a certain thickness, 2KS /d in equation (2.8) becomes smaller than KV leading to
an overall negative value of Keff , i.e. an in-plane magnetization.
Before we start with the analysis of the obtained data of ω and td , we first
have a look at the average L2-signals as a function of the time delay for an
applied field of 350 mT with different film thickness as shown in figure 4.9(a).
All graphs are normalized to their maximum value, i.e. the demagnetization
peak just after t=0. In the top figure, coming from the measurement with
layer thickness of 4.5 Å, we see that there is a clear oscillation visible, which
is fully damped after approximately 300 ps. This graph is used as a reference
to the other graphs and represented by a dashed line.
When we increase the layer thickness, the amplitude of the oscillation decreases and eventually is almost completely disappeared at a thickness of 6.5
Å. To emphasize this, the precessional dynamics are isolated from the rest of
the magnetization dynamics and shown in figure 4.9(b) all having the same
y-scale. From these figures, it seems that the oscillation frequency is independent of the layer thickness. However, all oscillations are totally damped out
after 300 ps, independent on the amplitude of the first oscillation. This points
in the direction that td strongly depends on the CoFeB thickness.
The L2-signals are fitted with equation (3.10) for all magnitudes of the
applied field and all five thicknesses of the CoFeB layer. The results for ω
and td are shown in figure 4.10(a) and (b) respectively. The curves of ω as a
function of the magnitude of the applied field are all plot with the same x- and
y-scale. Neglecting some minor details, all graphs show an identical behavior:
they all start around 35 Grad/s and then increase more or less linearly to 50
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Figure 4.9: a) L2-signals for five different thicknesses of the CoFeB-layer as
a function of the time delay. The magnitude of the magnetic field is 350 mT
applied at angle of β = 77◦ . With increasing thickness, the amplitude of the
oscillation decreases. The graph coming from a CoFeB-layer with a thickness
of 4.5 Å is used as a reference in the other graphs and represented by the
dashed line (b) oscillatory part of the L2-signals isolated from the rest of the
magnetization dynamics. The oscillation frequency seems to be independent
on the layer thickness. All oscillations damp out after approximately 300 ps.
Concerning the difference in the amplitudes of the first oscillation, td seems
to increase with increasing film thickness.
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Figure 4.10: a) ω as a function of the applied field for five thicknesses
of the CoFeB layer. The x- and y-scales of all graphs are identical. ω
shows constantly the same linearly increasing behavior and thus seems to be
independent on the thickness of the layer. (b) td as a function of the applied
field for five thicknesses of the CoFeB layer. In contrast to ω, td is dependent
on the layer thickness. The overall values of td decrease with decreasing layer
thickness. The dashed lines in all graphs of (a) and (b) represent the result
of the fitting sequence with the multi-spin model.
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Figure 4.11: (a) α as a function of the applied field for all five CoFeB-layer
thicknesses. The lines represent the result of the fitting sequence with the
multi-spin model. The multi-spin model fails for a layer thickness of 4.5 Å.
(b) Keff,av as function of the thickness of the layer. Keff,min and Keff,max
represent the minimum and maximum value of Keff,i as determined by the
multi-spin model in order to reproduce the field dependency of α. The solid
line represent the minimum value for Keff,av , for which the sample is still
perpendicularly magnetized.

Grad/s. However, the distortion of the individual data points is larger than in
equivalent figures such as 4.7(a). The dashed lines in the graphs represent the
result of the fitting sequence with the multi-spin model. In order to keep the
overall view clear, we do not show the resulting lines from the fitting sequence
with the macro-spin model.
In contrast with ω, the behavior of td as a function of the applied field
differs for every thickness of the CoFeB layer. However, the trends in all
graphs are rather different. The only thing that can be determined from these
graphs is that the overall value of td constantly increases for increasing layer
thickness. To gain more insight in the thickness dependence of the precessional
dynamics, we have to combine the graphs of ω and td to obtain α for all layer
thicknesses.

4.3.3

Results of the Fitting Sequences

The experimentally obtained data for α are shown in figure 4.11(a). As already
seen in sections 4.1 and 4.2, α decreases with increasing magnitude of the
applied field. Furthermore, it appears that α is more sensitive to the magnitude
of the applied field for decreasing thicknesses of the CoFeB layer.
The lines through the data points represent the resulting fit using the multispin model after determining Keff,av using the macro-spin model. Especially
for a 4.5 Å thick layer, the trend of α can not be reproduced. The main reason
is that the morphology is not likely to be uniform. This results in a dispersion
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in the thickness of the CoFeB layer. Hence, the interface between the CoFeBlayer and especially the top Pt-layer is rather rough. This causes a relatively
large density of defects and inhomogeneities, which on their turn increase the
damping of the precessing spins. Hence, the multi-spin model fails for this
thickness. This makes it hard to determine αintr , which is now estimated to
be (0.22 ± 0.03).
In figure 4.11(b), Keff,av is shown as a function of CoFeB-layer thickness.
It shows the same trend as shown in figure 2.2 [20]: Keff,av firstly increases to
a maximum of just over (10.1 ± 0.5) × 105 J/m3 for a 5.0 Å thick layer and
than decreases. This first increase supports the view that the morphology is
not uniform at 4.5 Å. The extra sets of data show the maximum and minimum
value of Keff,i coming form the fit with multi-spin model, in order to reproduce
the field dependency of α. The solid line in the figure shows the minimum
value of Keff,av , for which the sample is still perpendicularly magnetized, i.e.
equation (4.4) is valid.
We see that only when the CoFeB layer has a thickness 5.0 and 5.5 Å all
individual blocks are perpendicularly magnetized. For all three other thicknesses, it is likely that a part of the blocks in the sample have an in-plane
preferential direction of magnetization. In the case of a 4.5 Å thick layer,
the partly in-plane magnetization can be understood by the roughness of the
CoFeB/Pt-interfaces. It might be possible that Pt-atoms of the top layer are
locally sputtered through the CoFeB-layer. These Pt-atoms disturb the local
orientation of the magnetic field that much to become preferable in-plane. In
the case of 6.5 Å thick layer, the value of Keff,av is only a tiny bit larger than
the limiting value for perpendicular magnetization. So, already small inhomogeneities in the CoFeB-composition or in the CoFeB/Pt-interface can lead to
a locally in-plane magnetization.

4.3.4

Discussion

Finally, we check whether the spin pumping effect describes the increase of the
Gilbert damping constant. According to Tserkovnyak et al. [24], the increase
of α relative to its bulk value is proportional to kd , with d the thickness and
k “an adjustable parameter representing the number of scattering channels
in units of one channel per interface atom, which should be of the order of
unity” [24]. In figure 4.12(a), αintr as a function of the CoFeB-layer thickness
is plotted and fitted to
k
+ α0 ,
(4.5)
αintr =
d(Å)
with α0 = 0.01 the estimated Gilbert damping constant for bulk Co48 Fe32 B20 .
According to the fit, k equals 0.9 ± 0.1 which is in agreement with the spin
pumping theory.

4.3. PT/(CO48 FE32 B20 )0−20 /PT-WEDGE
(a )

71

0 .2 4
0 .2 2

α

0 .2 0
0 .1 8
0 .1 6

(b )

0 .1 4
0 .8 6

η

0 .8 4
0 .8 2
0 .8 0
4 .5

5 .0

t

5 .5

6 .0

6 .5

C o F e B

Figure 4.12: (a) the estimated value of αintr as determined using the macroand multi-spin model. The solid line represent the fit with the spin pumping
model. (b) η as a function of the thickness of the CoFeB-layer. The experiment is setup as such that η should remain constant, however its values varies
significantly. This variation can be ascribed to a change in the gyromagnetic
ratio according to the spin pumping theory.

Yet, there is another clue that the spin pumping effect causes the increase of
the Gilbert damping constant. As mentioned at the beginning of this section,
the experiment was setup as such that only the thickness of the CoFeB-layer
was changed. Hence, η as determined by fitting the experimental data of ω
with the macro-spin model, should be constant for all thicknesses of the CoFeBlayer. However its value changes significantly, which is shown in figure 4.12(b).
This change can be ascribed to a change in gyromagnetic ratio γ, which is used
to determine ω in equation (4.1b). According to the spin pumping theory [24],
the gyromagnetic ratio can be influenced by the spin pumping effect expressed
by δ as follows
1
1
= (1 + δ).
(4.6)
γ
γ0
This change is of the gyromagnetic ratio can be positive as well as negative and
is normally neglected as it vanishes in ballistic and diffusive contacts. However,
when we assume η to be 0.9 caused by the uncertainty in the calibration only.
Then, the spin-pumping effect decreases maximally η by 0.1 at a layer thickness
of 5.5 Å, which leads to δ ≈ 0.1. This value is indeed much smaller than k as
calculated by equation (4.5), making spin pumping a valid candidate for the
observed deviation in η.
Nevertheless, in literature there is no clear prediction available about the
change in γ as a function of the layer thickness for ultrathin films. Moreover,
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it is shown by Zwierzycki et al [32] that δ can increase or decrease γ depending
on the properties of the sample. This is in contrast with k, which is always
positive. Thus more evidence that spin pumping is at the origin of the deviation in η is difficult to obtain at this stage and will remain an issue to be
solved by further research.

Chapter 5
Conclusions and Outlook
5.1

Conclusions

The aim of this project was to characterize the precessional magnetization
dynamics of ultrathin perpendicularly magnetized Pt/CoFeB/Pt-structures by
determining the Gilbert damping constant α.
After exciting the magnetization vector from its equilibrium orientation
by an intense laser pulse, the magnetization exhibits a damped precessional
motion around its equilibrium orientation under influence of an externally applied field. A 3 dimensional fully implicit differential equation, known as the
Landau-Lifshitz-Gilbert equation (LLG), describes this precessional motion.
Using a macro-spin approximation, we simulated the LLG-equation for variable magnitude and direction of the applied field and variable magnitude of
Keff . Inspired by the simulation data, we obtained a direct relation between
α and the angular velocity of precessional ω and the damping time of the
precession td for the uniform precession mode. We also obtained an analytical
relation between the ω and Keff . This approach was demonstrated to provide
a very accurate tool for local measurements of α and Keff .
In total, we performed TRMOKE measurements on three different samples.
Two samples were Pt/CoFeB/Pt-films both with a 7 Å thick CoFeB-layer and
were used to measure the influence of the Fe concentration in the CoFeB
composition on the precession dynamics. The third sample is a wedge sample,
in which the thickness of the CoFeB-layer is linearly increased. This sample
is used to determine the influence of the spin-pumping effect on the α: its
magnitude is expected to decrease with increasing film thickness.
The measurements were shown to provide a very accurate determination
of ω and td with an error margin of 2 and 5% respectively. Both ω and td
were determined as a function of the magnitude and direction of the applied
field. In all performed measurements, ω increases more or less linearly with
increasing magnitude of the applied field.
From the values of ω and td , we determined α. The value of α continuously
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decreases with increasing magnitude of the applied field. Nevertheless it converges to an intrinsic value, which was determined to αintr = (0.160 ± 0.005)
and αintr = (0.130 ± 0.005) for the sample with the low and high Fe concentration respectively. These values are typically an order of magnitude larger than
their bulk values. We can not yet attribute the decrease αintr to the increased
Fe concentration, as both sample were fabricated using a different sputtering
technique.
From the ω versus applied field and αintr , we determined Keff using a macrospin model. The value of Keff of the sample with the high Fe concentration
was determined to be 1.5× as large as the one with a low Fe concentration.
This difference is attributed to the change in the saturation magnetization
only. The field dependency of α is caused by a dispersion in Keff . By means of
a multi-spin model with a rectangular shaped dispersion, we can quantify this
dispersion and reproduce the field dependency of α to great level of detail. The
value of the dispersion is found to be typically about 5% of Keff as determined
by the macro-spin model.
On the wedge shaped sample, we performed several series of measurements.
In every series, we measured ω and td as a function of the applied field for
CoFeB-layer thicknesses varying between 4.5 and 6.5 Å. The general values
of α as well as its intrinsic value decreases with increasing layer thickness.
Moreover, αintr dropped from (0.22 ± 0.03) for a 4.5 Å thick layer to αintr =
(0.14 ± 0.01) for 6.5 Å. This behavior is well described by the spin-pumping
effect.

5.2

Outlook

The derived analytical solution to the Landau-Lifshitz-Gilbert equation in
combination with the macro- and multi-spin model creates the possibility
to fully characterize the precessional magnetization dynamics of all types of
perpendicularly magnetized Pt/CoFeB/Pt-structures. Moreover, using this
TRMOKE setup we can characterize all types of samples, providing that the
sample is perpendicularly magnetized.
The first step would be to make an overview of the intrinsic value of the
Gilbert damping constant as a function of the CoFeB composition and layer
thickness. We can also try to determine the influence of the spin pumping
effect in more detail and for more CoFeB compositions. Especially, we need
to study the variation in η more accurately.
Another possibility is to use the local character of the TRMOKE setup by
measuring the intrinsic Gilbert damping constant of perpendicularly magnetized nanostructers. For instance, we can investigate the influence of the width
of a nanowire on αintr . The results of this research is obviously important for
the further development of new spintronic devices, especially the racetrack
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memory.
The main limiting factor at this moment is the combination of the relatively
small saturation magnetization of the cone shaped poles with the large angle
applied field angle with respect to the normal of the film plane. Especially by
increasing the maximum magnitude of the applied field, we can make better
estimation for αintr . Decreasing the angle of the applied magnetic field would
also help us to estimate αintr more accurately. However, this means that we
need to create more space between the HALO and the sample. Hence, we
need to change the actual HALO by one with a longer focal length. This is
not advantageous as it will increase the spot size of the laser and thus lowers
the power density of the laser. Also, if we want to measure nanostructures,
we would like to decrease the spot size.
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Appendix A
Theoretical derivations
A.1

Linearization of the LLG-equation

The linearization of the LLG equation (2.1) starts by evaluating of the cross
product of the magnetization M and the LLG equation. This is equal to
~
~ × dM
M
dt

~ ×
= M



~ ×H
~ eff
−γµ0 M


~ × M
~ ×H
~ eff
= −γµ0 M





~
~ × dM
M
dt

α
+
M

α ~
+ M
×
M

!!
;

~
~ × dM
M
dt

!
. (A.1)

The second 
term on
 the right hand
 side
 can be evaluated using the vector
identity ~a × ~b × ~c = ~b (~a · ~c) − ~c ~a · ~b and this term becomes

α ~
M×
M

~
~ × dM
M
dt

!
=

α
M

~
~ · dM
M
dt

!



~ − M
~ ·M
~
M

 dM
~
dt

!
.

(A.2)

~

~ · dM = 0. Hence, equation
This equation can be simplified by realizing that M
dt
(A.2) reads
!
~
~
α ~
d
M
α
dM
~ ×
M× M
= − M2
,
(A.3)
M
dt
M
dt
and equation (A.1) becomes equal to


~
~
dM
α
dM
~
~
~
~
M×
= −γµ0 M × M × Heff − M 2
.
dt
M
dt
77

(A.4)

78

APPENDIX A. THEORETICAL DERIVATIONS

We now substitute equation (A.4) into the original LLG equation (2.1) to
obtain
~
dM
dt



~ ×H
~ eff +
= −γµ0 M
!
~
d
M
α
2
~ × M
~ ×H
~ eff − M
−γµ0 M
;
M
dt




~ ×H
~ eff − αγµ0 M
~ × M
~ ×H
~ eff , (A.5)
= −γµ0 M
M
α
M

1 + α2

~
 dM
dt





which can be rewritten to equation (2.2) being


~
−γµ0  ~
dM
α ~ ~
~
~
=
M × Heff + M × M × Heff .
dt
1 + α2
M

A.2

Derivation of 2D LLG-solution

The derivation is started by substituting equation (2.15) and (2.17) into the
simplified LLG equation of equation (2.16). In both the y- and z-direction,
sin(ωt)- and cos(ωt) exp(−t/td )-terms are obtained. As the equations needs
to hold for every arbitrary moment in time, we can split the 2 equation into 4
equations. These equations are, when grouping them pairwise in both direction,

cos φ
;
= −γµ0 ε (Happ + Msat ) cos φ + αε ω sin φ +
td


sin φ
= −γµ0 ε (Happ + Msat ) sin φ − αε ω cos φ −
;
td


cos φ
=ε
+ ω sin φ ;
td


sin φ
= γµ0 Happ + ε
− ω cos φ .
td


−ω
−1
td
αω
α
td

(A.6a)
(A.6b)
(A.6c)
(A.6d)

From equation (A.6c) and (A.6d), we obtain
ε
cos φ;
ωtd
ε sin φ = α + εωtd cos φ − γµ0 Happ td .

ε sin φ = α −

(A.7a)
(A.7b)
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Subsequently by using equations (A.7a) and (A.7b), we can get the following
expressions
γµ0 Happ ωt2d
;
ω 2 t2d + 1
γµ0 Happ td
;
ε sin φ = α − 2 2
ω td + 1
 (γµ0 Happ td − α)2 + α2 ω 2 t2d
sin2 φ + cos2 φ =
.
ω 2 t2d + 1
ε cos φ =

ε2 = ε2

(A.8a)
(A.8b)
(A.8c)

We now substitute the expressions for ε cos φ and ε sin φ of equation (A.8a)
and (A.8b) respectively. After some basic algebraic manipulations, we can
obtain two expressions for ω 2 being
γ 2 µ20 Happ (Happ + Msat )
1
−
;
α2 + 1
t2d
γ 2 µ20 Happ (Happ + Msat )
1
ω2 =
− 2.
2
γµ0 α (2Happ + Msat ) td − (α + 1) td
ω2 =

(A.9a)
(A.9b)

If we subtract equation (A.9a) from (A.9b), we can derive an expression td in
terms of the problem parameters α, Msat and Happ . This expression reads
td =

2 (α2 + 1)
,
γµ0 α (2Happ + Msat )

(A.10)

which is the same as td in equation (2.18). Subsequently, we directly obtain
an expression for ω by substituting equation (A.10) into (A.9a) being
q
γµ0
2
ω=
4Happ (Happ + Msat ) − α2 Msat
.
(A.11)
2 (α2 + 1)
Again, this equation is in agreement with the expression for ω in (2.18). The
expressions for ε and φ are got by substituting equations (A.10) and (A.11)
into equations (A.8c) and (A.8a) respectively. This leads after some algebraic
manipulations to the expression
s
Happ
ε=
;
(A.12a)
Happ + Msat
s
!
2
2
4Happ (Happ + Msat ) − α Msat
.
(A.12b)
φ = arccos
4Happ (Happ + Msat )

A.3

Derivation of 3D LLG-solution

In this appendix, we only show that equation (2.26) is right. We do not derive
the expression explicitly. We start this derivation by substituting equation
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(2.20) using the definition of equations (2.22) and (2.23) into the unchanged
LLG equation (2.1). In the y-direction, we immediately recognize the equilibrium condition. Furthermore, we limit ourselves to the first order terms only,
i.e. exp(iωt). In the x-, y- and z-direction, we obtain the following relations
ωimx0 = (−γµ0 (HK − M ) cos θ − γµ0 Happ cos β − αωi cos θ) my0 ; (A.13a)
ωimy0 = γµ0 ((HK − M ) cos θ − Happ cos β) mx0 + αωi cos θmx0
+ γµ0 ((HK − M ) sin θ − Happ sin β) mz0 − αωi sin θmz0 ; (A.13b)
ωimz0 = (γµ0 Happ sin β + αωi sin θ) my0 .
(A.13c)
Subsequently, we write these equation

 
mx0
0
ωi  my0  =  B
mz0
0

in matrix-form


A 0
mx0
0 C   my0  ,
D 0
mz0

(A.14)

with A, B, C and D defined using equation (A.13)
A = γµ0 (−(HK − M ) cos θ − Happ cos β) − αωi cos θ;
B = γµ0 ((HK − M ) cos θ + Happ cos β) + αωi cos θ;
C = γµ0 ((HK − M ) sin θ − Happ sin β) − αωi cos θ;
D = γµ0 Happ sin β + αωi sin θ.

(A.15a)
(A.15b)
(A.15c)
(A.15d)

We can obtain a non-trivial solution by solving

det

−ωi A
0
B −ωi C
0
D −ωi

= 0,

(A.16)

which simplifies to
ω 2 + AB + CD = 0.

(A.17)

When we evaluate equation (A.17), we obtain three kind of terms
ω 2 − terms :(1 + α2 );

(A.18a)

γ 2 µ20 − terms : (HK − Msat )2 cos2 θ
− (HK − Msat ) Happ (2 cos θ cos β − sin θ sin β)
2
− Happ
;
(A.18b)
iαωγωµ0 − terms : − (HK − Msat ) cos2 θ − (HK − Msat ) cos 2θ
− 2Happ cos (θ − β) .

(A.18c)

Equation (A.18a) is exactly equal to the first term on the right-hand side of
equation (2.26a). In equation (A.18c), we directly recognize as −(H1 + H2 ),
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with H1 and H2 defined according to equation (2.26b) and (2.26c) respectively,
i.e.
H1 = Happ cos (β − θ) + (HK − Msat ) cos2 θ;
H2 = Happ cos (β − θ) + (HK − Msat ) cos 2θ.

(A.19a)
(A.19b)

When we now evaluate (H1 H2 ) and subtract that expression from equation
(A.18b), we obtain an expression that eventually reduces to zero, when we use
the substitution
(HK − M ) = Happ

sin θ cos β − cos θ sin β
.
sin θ cos θ

(A.20)

This is just another way of writing the equilibrium condition of equation
(2.21).
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Appendix B
Macro-Spin Simulation
Programm Code
In this appendix, we show the MATLAB code of the macro-spin simulation.
All the values of the variables are in cgs-units. The arrays ’Bdata’, ’wdata’
and ’tddata’ contain the experimental data. The program performs calculates
for a certain value of Keff and α the difference between the simulated and
experimentally obtained values of ω and td .
Bdata=[3.71521]*1e3;
wdata=[0.0605]*1e12;
tddata=[102.31648]*1e-12;
werror=[];
tderror=[];
Kefflist=[];
alphalist=[];
Happlist=[];
wsimlist=[];
tdsimlist=[];
gamma=1.76e7;
beta=69.0*pi/180;
Msat=1200;
sigma=20e-15;
tpulse=0;
t0=-1e-10;
t1=-2*sigma;
t2=2*sigma;
tf=5e-10;
Mosc=[];
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Mamp=[];
Mzero=[];
Mzerosorted=[];
datastorage=[];
Kefflist=[];
thetalist=[];

Keff=1.2e6;
alpha=0.14;
HKeff=Keff/Msat;
nzero=[0 0 0];

for m=1:1:length(Bdata)
w=[];
waverage=0;
Happ=Bdata(m);
theta=fzero(@(theta) equilibrium(theta, Happ, HKeff, beta),
[0 pi/2]);
M0=[Msat*sin(theta) 0 Msat*cos(theta)];
strength=0.05*M0(3)*4*pi
% strength=0.05*HKeff;
%differential equation is divided in three time segments:
%1. before pulse - 2 sigma before pulse
%2. 2 sigma before pulse - 2 sigma after pulse
%3. 2 sigma after pulse - ending time of simulation
%before solving the differential equation M0 and Mp0
(the initial values) have to be set
%solving the differential equation for segment 1
Mp0=[1 1 1];
LLGproperties=[Happ, beta, HKeff, strength, tpulse, sigma,
theta, gamma, alpha, Msat];
[M0,Mp0]=decic(@(t0,M0,Mp0) LLGsolve(t0,M0,Mp0,LLGproperties),
t0,M0,[1 0 1],Mp0,[0 0 0]);
[T0,Mt0]=ode15i(@(t0,M0,Mp0) LLGsolve(t0,M0,Mp0,LLGproperties),
[t0 t1],M0,Mp0,odeset(’RelTol’,1e-6)); %’Refine’,
1e3,
Mosc1=[T0 Mt0(:,1)-Msat*sin(theta) Mt0(:,2)
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Mt0(:,3)-Msat*cos(theta)];
%solving the differential equation for segment 2
index=length(Mt0(:,1));
M0=[Mt0(index,1) Mt0(index,2) Mt0(index,3)];
deltat=(T0(index)-T0(index-1));
Mp0=[(Mt0(index,1)-Mt0(index-1,1))/deltat
(Mt0(index,2)-Mt0(index-2,1))/deltat
(Mt0(index,3)-Mt0(index-3,1))/deltat];
[M0,Mp0]=decic(@(t1,M0,Mp0) LLGsolve(t1,M0,Mp0,LLGproperties),
t1,M0,[1 1 1],Mp0,[0 0 0]);
[T0,Mt0]=ode15i(@(t1,M0,Mp0) LLGsolve(t1,M0,Mp0,LLGproperties),
[t1 t2],M0,Mp0,odeset(’RelTol’,1e-6));
Mosc2=[T0 Mt0(:,1)-Msat*sin(theta) Mt0(:,2)
Mt0(:,3)-Msat*cos(theta)];
%solving the differential equation for segment 3
index=length(Mt0(:,1));
M0=[Mt0(index,1) Mt0(index,2) Mt0(index,3)];
deltat=(T0(index)-T0(index-1));
Mp0=[(Mt0(index,1)-Mt0(index-1,1))/deltat
(Mt0(index,2)-Mt0(index-2,1))/deltat
(Mt0(index,3)-Mt0(index-3,1))/deltat];
[M0,Mp0]=decic(@(t2,M0,Mp0) LLGsolve(t2,M0,Mp0,LLGproperties),
t2,M0,[1 1 1],Mp0,[0 0 0]);
[T,Mt]=ode15i(@(t2,M0,Mp0) LLGsolve(t2,M0,Mp0,LLGproperties),
[t2 tf],M0,Mp0,odeset(’RelTol’,1e-6));

Mosc=[T Mt(:,1)-Msat*sin(theta) Mt(:,2) Mt(:,3)-Msat*cos(theta)];
Mamp=[T sqrt(Mosc(:,2).^2+Mosc(:,3).^2+Mosc(:,4).^2)];
%finding the zero points of Mx, My and Mz
%and store them in a new array
%Mzero with 6 columns
points=length(Mosc(:,1))-1;
Mzerosorted=[];
nzero=[0 0 0];
for n=1:1:points
for k=1:1:3
if sign(Mosc(n,k+1))~= sign(Mosc(n+1,k+1))
nzero(k)=nzero(k)+1;
Mzero(nzero(k),2*k-1)=Mamp(n+1,1);
Mzero(nzero(k),2*k)=Mamp(n+1,2);
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Mzerosorted=[Mzerosorted;Mamp(n+1,1)
Mamp(n+1,2)];
end
end
end
succes=0;
for n=1:1:3
if nzero(n)>=2
if nzero(n)>5
nzero(n)=5;
end
w(n)=pi*(nzero(n)-1)/(Mzero(nzero(n),2*n-1)
-Mzero(1,2*n-1));
succes=succes+1;
end
end
waverage=sum(w)/succes;

if length(Mzerosorted(:,1))>=2
l=log(Mzerosorted(1,2)/Mzerosorted(
length(Mzerosorted(:,1)),2))/
(Mzerosorted(
length(Mzerosorted(:,1)),1)
-Mzerosorted(1,1));
A=Mzerosorted(1,2)*exp(Mzerosorted(1,1)*l);
[estimates, model] = fitamposc(Mzerosorted(:,1),
Mzerosorted(:,2),A,l);
td=1/estimates(2);
[sse, FittedCurve] = model(estimates);
end
wsimlist(m)=waverage;
werror(m)=(wdata(m)-waverage)^2;
tdsimlist(m)=td;
tderror(m)=(tddata(m)-td)^2;
Kefflist(m)=Keff;
alphalist(m)=alpha;
thetalist(m)=theta;
end
datastorage=[Kefflist(:) alphalist(:)
Bdata(:) wdata(:) wsimlist(:)
werror(:) tddata(:) tdsimlist(:) tderror(:)];
werrortotal=sum(werror)/sum(wdata(:).^2)
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tderrortotal=sum(tderror)/sum(tddata(:).^2)
save Mosc.txt Mosc -ascii -double -tabs
save Mosc1.txt Mosc1 -ascii -double -tabs
save Mosc2.txt Mosc2 -ascii-double -tabs
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