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Abstract

In this report, the possibilities and limitations of the layer specific MOKE setup are
investigated. After the proof of concept was performed by its creator, the method is again
validated in this work.

The influence of the depth of a ferromagnetic layer within a structure on the quarter
wave plate (QWP) measurement is investigated. This experiment showed that the QWP
angle at which a magnetic layer is excluded from the MOKE signal can be controlled by
the depth of a ferromagnetic layer. A model has been constructed to describe the change
of the measured Faraday rotation during the QWP measurement, further adding to the
understanding of the layer specific MOKE setup. The main point of improvement is the
offset measured throughout the experiment. It is an order of magnitude larger than the
magnetic signal of the structure itself, greatly decreasing the signal-to-noise ratio of the
setup.

The layer specific MOKE setup has been used to measure the demagnetisation dynam-
ics of a bilayer, consisting of a Co/Pt multilayer and Co/Ni multilayer. The measurements
are performed with the layers in a parallel (P) configuration and in an antiparallel (AP)
configuration. The measured behaviour can be described with the assumption that angu-
lar momentum is transferred between the two layers. The demagnetisation time is smaller
for Co/Pt than for Co/Ni. The Co/Pt demagnetises more and slower in the AP configu-
ration due to spin currents from the slow Co/Ni layer. The Co/Ni demagnetises faster in
the AP configuration due to spin currents from the faster Co/Pt layer. However, it was
found that the Co/Ni demagnetises more in the P configuration, contrary to spin current
theory and previous experiments. In the present work, this effect cannot be attributed to
errors made during the experiment. The effect is most likely caused by an unknown mea-
surement artifact of the layer specific MOKE, but it can also be caused by an unknown
physical mechanism.

The layer specific MOKE shows great potential for research concerning interlayer spin
currents in bilayer structures. Structures consisting of identical layers can be examined, as
well as two completely different layers, as evident by the results presented in this report.
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1 Introduction

Moore’s law states that the number of transistors on a chip doubles every two years. This law
shows the rapid developments in the field of computing hardware. However, the processing
speed of conventional electric devices are still ultimately limited by the time it takes to write
and read a bit, i.e. changing the value of a bit from ’0’ to ’1’ and vice versa. Processing
speed can thus be improved by decreasing the time it takes to read/write a bit. One way to
achieve this is to find alternatives to the conventional bits. One such alternative is to use the
direction of the magnetisation in a magnetic medium. As will become clear in this report, the
magnetisation in a magnetic film with perpendicular magnetic anisotropy can point either up
or down, which can be used to store a ’0’ or ’1’, respectively.

Magnetic devices already exist in the form of magnetic storage devices. By applying
a local field opposite to the magnetisation of the bit, the value of the bit can be changed.
However, switching of the magnetisation using an external field is limited to a picosecond
timescale [1]. Another technique already used in commercial devices makes use of spin-transfer
torque (STT). However, rather larger current densities are required for STT switching. [2].

1.1 Femtosecond laser pulse induced ultrafast demagnetisation

Other ways to control magnetisation have been investigated extensively. A promising tech-
nique is femtosecond (fs) laser pulse induced ultrafast demagnetisation, which can be used to
switch the direction of the magnetisation. This magnetisation controlling technique started
with the discovery of the fs laser-pulse induced ultrafast demagnetization of Ni made by Beau-
repaire et al. [3]. Ever since its discovery, the scientific community has shown great interest in
this phenomenon. All-optical reversal of the magnetisation on a sub-picosecond timescale has
already been realised [4], but with further research this could be reduced. Devices based on
femtosecond laser pulse induced ultrafast demagnetisation are also energy-efficient, because
there is no need for an external magnetic or electric field, only a considerably short laser
pulse.

Beaurepaire et al. constructed a phenomenological model to describe the measured de-
magnetisation, based on a coupled system of electrons, phonons and spins: the 3 Temperature
Model (3TM). Although it accurately describes the demagnetisation traces, it holds no infor-
mation about the underlying physical phenomena that cause this demagnetisation. Several
microscopic models have been proposed, for instance a model by Koopmans et al. that as-
sumes that the main mechanism for ultrafast laser pulse induced demagnetisation is spin-flips
induced by electron-phonon scattering (M3TM) [5]. Another model, by Battiato et al., is
based on superdiffusive spin transport [6]. Up until now, it is not clear what mechanism is
dominant.

In 2008, it was shown by Malinowski et al. that interlayer spin transport in bilayer
structures significantly affects the demagnetisation of the sample [15]. Further investigating
of interlayer spin currents can lead to a breakthrough in finding the microscopic nature of
laser pulse induced ultrafast demagnetisation. However, for the method used by Malinowski
et al., the two layers need to be identical. Structures with two different layers cannot be
analysed using their method. This calls for a universally applicable layer specific method
that allows for isolation of single layers in arbitrary structures, to widen the range of samples
that can be investigated.
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1 INTRODUCTION

1.2 Layer specific MOKE

The magneto-optical Kerr effect (MOKE) is mostly used to investigate magnetisation dy-
namics, but it doesn’t allow for material and layer specific measurements. Material specific
methods already exist in the form of for instance X-ray High Harmonics Generation and X-
ray Magnetic Linear/Circular Dichroism. However, these methods require a large budget and
facilities [7]. In 2014, Schellekens proposed an all-optical layer specific method to investigate
the demagnetisation dynamics of single layers in bilayer structures. The main advantage
of the method is that it only needs a cheap and simple modification of the regular MOKE
setup. By adding a quarter wave plate to the setup, the Kerr signal of a single layer within a
bilayer structure can be isolated. Although the proof of concept has already been shown by
Schellekens, more research has to be done on the possibilities and limitations of this setup.
This is the main research topic of this project.

1.3 This project

This project consists of two parts. The first part focuses on the layer specific MOKE setup
proposed by Schellekens, mainly on how the quarter wave plate affects the measured signal.
The second part is an extension of the regular bachelor project. In the second part, the
ultrafast demagnetisation dynamics of a bilayer structure is measured with the layer specific
MOKE setup.

The first 3 chapters are shared by part 1 and 2, because all three chapters contain
information crucial to the understanding of both parts. In chapter 2, the theoretical basis
needed to understand the experiments presented in this report is provided. Section 2.1 to
2.3 is the general theory, and section 2.4 and 2.5 provides the theoretical background to the
second part of the project. Chapter 3 aims to provide a detailed description of the used
MOKE setup, and the layer specific method. Also, the methods of analysis are explained in
this chapter. In chapter 4 and 5, the results and conclusion of the first part are presented. The
research proposal for the extension is can be found in chapter 6. The results and discussion
of part 2 are presented in chapter 7 and 8.
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2 Theory and fundamentals

In this chapter, the theoretical framework needed to understand the experimental work done in
this report will be presented. First, the magnetostatic properties of a thin film will be explained
using the Stoner-Wohlfarth model. Hereafter, the physics behind ultrafast spin dynamics will
be elaborated, focusing on the 3 Temperature model (3TM) and superdiffusive spin transport.

2.1 Magnetic anisotropy

Magnetic anisotropy is the directional preference of the magnetisation of a magnetic medium,
with respect to the crystalline axis (magneto-crystalline anisotropy) and to the microscopic
shape of the magnetic body (shape anisotropy). Magneto-crystalline anisotropy originates
from the spin-orbit coupling, and shape anisotropy from dipole-dipole interactions [8]. En-
ergetically preferred directions of the magnetisation are called easy axes, and directions of
high energy are called hard axes. For the ferromagnetic (FM) thin films used in this report
there is only one easy axis. the unisotropy of samples with only one easy axis is referred to
as unaxial anisotropy. The energy needed to rotate the magnetisation from the easy axis to
the hard axis is called the magnetic anisotropy energy [9].

z

x

M

H

θ

ϕ

Figure 1: Schematic representation of a magnetic sample. θ and ϕ are the angles the
magnetisation and the external field make with the easy axis respectively. z is directed per-
pendicular to the thin film.

If the easy axis is pointed perpendicular to the thin film surface, depicted in figure 1 as the
z direction, the magnetic anisotropy energy (Ema) can be written as:

Ema = K sin2(θ) , (2.1)

where θ is defined as the angle between the magnetisation and the easy axis, and K the
anisotropy constant. The axes are chosen such that a positive anisotropy constant K means
that Ema is minimised for θ = 0. This means that for K > 0, the preferred magnetisation
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2 THEORY AND FUNDAMENTALS

direction is called perpendicular magnetic anisotropy (PMA). Analogous, a negative K means
that Ema is minimised if M is directed in-plane, resulting in a preferred direction called in-
plane magnetic anisotropy (IMA). The total anisotropy constant can be phenomenologically
decomposed into two parts; a volume term KV and a surface term KS, and is given by [10]

K = KV +
2KS

t
, (2.2)

where t denotes the thickness of the film, and the factor 2 arises from the fact that every
layer has two interfaces, which are assumed to be identical. KV is generally negative for thin
films [11]. For large t, KV dominates, which means that K is negative, thus resulting in IM
anisotropy. For the samples used in this report, KS is positive. If t is sufficiently small, K
becomes positive and favours perpendicular magnetisation. Thus by controlling t, one can
grow thin films with out-of-plane and in-plane magnetisation. For a more detailed description
of anisotropy, see ref. [8].

2.2 The Stoner-Wohlfarth model

The Stoner-Wohlfarth model is a simple model that describes the magnetic behaviour of a
FM thin film under influence on an external magnetic field H. The model assumes a single
magnetic domain, described by the saturation magnetisationMs [12]. Ms is the magnetisation
of the magnetic body if all spins of the system are directed in the same direction. In order to
understand the behaviour of a magnetic medium in an external magnetic field, the magnetic
energy Em as a function of H has to be minimised [12]. Em is the sum of the potential energy
of a magnetised medium in a magnetic field H, called the Zeeman energy, and the anisotropy
energy given by equation 2.1. The Zeeman energy of the thin film is given by

EZ = −µ0Ms ·H = −µ0MsH cos(θ − ϕ) , (2.3)

with ϕ and θ defined in figure 1. This equation shows that it is energetically favourable to
align Ms with H. Combining eq. 2.3 and 2.1 gives the total magnetic energy density:

Em = Ema + EZ = K sin2(θ)− µ0MsH cos(θ) . (2.4)

Here, H is directed along the z-axis, meaning ϕ = 0. To visualise how the anisotropy of
the sample influences the direction of the magnetisation under influence of an external field,
Em/K is plotted as a function of θ in figure 2a for multiple values of H. There is a local
minimum at θ = 0 for H < |Hc| that prevents the magnetisation to switch if M is initially
pointed along the z axis. The field Hc needed to switch the magnetisation of the thin layer
is called the coercive field. Mathematically, the local minimum disappears when the second
derivative of Em changes sign at θ = 0:

∂2Em

∂θ2

∣∣∣∣
θ=0

= 2K + µ0MsHc = 0 ⇒ |Hc| =
2K

µ0|Ms
| . (2.5)

ForH = |Hc| the local minimum disappears, which allows for the transition to the energy level
at θ = ±π, causing the magnetisation to switch. The figures also shows how the anisotropy
leads to hysteresis. Starting at θ = ±π, the field needed to switch the magnetisation is equal
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2.3 Femtosecond laser pulse induced ultrafast demagnetisation

to but opposite in sign of the field needed to switch the direction of M from θ = ±0 to θ = ±π.
Plotting the magnetisation as a function of the applied field shows the magnetic behaviour
of the thin film. This plot is called a hysteresis loop, and is shown in figure 2b. The graph
shows that after switching magnetisation and removing the applied field, the direction of the
magnetisation does not change spontaneously.

−π 0 π

−3

−2

−1

0

1

2

3

4

θ (rad)

E
m

/
K

M M M

(a)

H/H
c

-3 -2 -1 0 1 2 3

M
/M

s

-1.5

-1

-0.5

0

0.5

1

1.5

M

MMs

Hc

(b)

Figure 2: (a) The magnetic energy Em/K plotted for multiple values of H. From dark to
light blue, H = nK

µ0Ms
, with n = −3,−2,−1, 0, 1, 2. For n = −2, the minimum at θ = 0

disappears. (b) Hysteresis plot of the Stoner-Wohlfart model, with ϕ = 0. The black curve
denotes the magnetisation when the field is swept from negative to positive values, and the red
curves denotes the magnetisation when the field is swept from positive to negative values.

2.3 Femtosecond laser pulse induced ultrafast demagnetisation

2.3.1 3TM: a phenomenological model

Ever since Beaurepaire et al. measured a significant quenching of the magnetisation in a FM
film within the first picosecond after laser excitation, ultrafast spin dynamics has been a hot
topic in spintronics [3]. Researchers have been searching for the microscopic nature of this
phenomenon, but also for applications.

To describe the behaviour they measured, Beaurepaire et al. proposed the phenomeno-
logical three temperature model, an extension of the already known two-temperature model
[13]. The model describes three thermal reservoirs: the electron system, the lattice system
and the spin system. The systems have temperatures Te, Tl and Ts and heat capacities ce,
cl and cs, respectively. Furthermore, the systems can exchange energy, described by coupling
constants gel, ges and gsl. The electron system is heated by a femtosecond laser pulse. The
model is schematically represented in figure 3a.
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2 THEORY AND FUNDAMENTALS

The total system can be described by a set of three coupled differential equations:

ce(Te)
dTe

dt
= gel(Te − Tl)ges(Te − Ts) + P (t), (2.6)

cl(Tl)
dTl

dt
= gel(Tl − Te)gsl(Tl − Ts), (2.7)

cs(Ts)
dTs

dt
= ges(Ts − Te)gsl(Ts − Tl). (2.8)

Here, P (t) is the initial laser heating. In figure 3b, the subsystem temperatures in nickel as
estimated by Beaurepaire et al. are shown, alongside the calculated curves. The results are
in good agreement with the observations. An analytical solution of these equations can be
used to fit measurements of ultrafast demagnetisation [14]:

−∆Mz(t)

M0,z
=

{(
A1F (τ0, t)−

(A2τE −A1τM )et/τM

τE − τM
− τE(A1 −A2)et/τE

τE − τM

)
Θ(t)

+A3δ(t)

}
⋆ Γ(t) ,

(2.9)

where Γ(t) is the Gaussian laser pulse, τM is the demagnetisation time and τE is the electron-
phonon equilibrium time. Heat diffusion is described by F (τ0, t), where τ0 is the equilibrium
time of the whole system. A1 and A2 hold information about the magnetisation at the time
of equilibrium of the whole system and the initial electron temperature rise respectively. A3

quantifies the state filling effects, which can be described with a delta function. Θ(t) is a step
function. With this equation, the demagnetisation time of a sample can be calculated.

Due to its phenomenological nature, the 3TM cannot be used to explain the microscopic
mechanisms of ultrafast demagnetisation. The Microscopic 3TM (M3TM) has been proposed
by Koopmans et al. to solve this problem [5]. This model assumes that the main mechanism
for demagnetisation is the Elliott-Yafet spin-flip mechanism; spin flips are induced due to
electron-phonon scattering, transferring spin angular momentum to the lattice. This leads to
femtosecond demagnetisation of a sample, which is dependent on the spin-flip probability.

(a) (b)

Figure 3: (a) Flow of energy in the 3TM. Te, Tl and Ts are the temperature of the electron,
lattice and spin system respectively. (b) The estimated subsystem temperatures in nickel,
alongside the calculated curves [3].
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2.3 Femtosecond laser pulse induced ultrafast demagnetisation

Other models have been proposed to describe femtosecond demagnetisation, based on for
instance Coulomb scattering [18] or laser-induced spin flips [17]. A model based on superdif-
fusive spin transport is described in the next section. The actual mechanics, however, are
still under debate.

2.3.2 Superdiffusive spin transport

A microscopic model was proposed by Battiato et al. [6]. They proposed that superdiffusion
is the main mechanism behind demagnetisation. Superdiffusion refers to transport which
has a ballistic character at small timescales and becomes more diffusive at larger timescales.
The model assumes that upon laser excitation with a pump laserbeam in a pump-probe
experiment, electrons move to a more mobile band, leading to electron transport away from
the probed volume. The pump and probe overlap in such experiment, as described in section
3.1.2. Majority spins have a higher lifetime than minority spins, which means that the mean
free path for majority electrons is higher. This means that majority spins are transported at
a higher rate than minority electrons. Subsequently, magnetisation is transported away from
the probed volume as well, leading to the ultrafast demagnetisation found by Beaurepaire et
al.

This model was proposed after Malinowski et al. discovered that interlayer spin transport
affects the demagnetisation of a sample upon laser excitation [15]. If the mean free path of the
majority electrons is sufficiently high, the model can be extended to bilayer systems, where
the two magnetic layers are separated by a thin conducting (nonmagnetic) NM layer. In figure
4a, interlayer spin transport is visualised for a parallel(P)- and antiparallel(AP) configured
bilayer. These configurations can be reached by antiferromagnetically (AF) coupling the
two magnetic layers in the structure. At low external fields, the field is not strong enough
to overcome this coupling, meaning that the structure is in the AP configuration. At high
enough fields, the AF coupling is overcome and both layers switch in the direction of the field.
For a detailed description of interlayer exchange coupling, see ref. [21].

For the AP configuration, majority spins become minority upon entering the other layer.
If spins from the bottom layer move to the top layer while the top layer is demagnetising due
to laser excitation, the minority spins add the magnetisation of the top layer. Spin currents
can also influence the demagnetisation time of each layer. If minority spins are transferred to
an already demagnetising layer, the demagnetisation is also faster, assuming the two layers are
identical. This is exactly what was found by Malinowski et al. If the demagnetisation times of
the two layers are sufficiently different, spin currents from the fastest demagnetising layer, e.g.
the top layer, result in a faster demagnetisation of the bottom layer. Analogous, spin currents
from the bottom layer slow down the demagnetisation of the top layer. Majority spins remain
majority spins upon entering the other layer, when the structure is in the P configuration.
Spin currents from one layer can lead to a decrease of the the total demagnetisation and a
faster remagnetisation of the other layer. If the spin transfer is sufficiently high in the P
configuration, the magnetisation of one layer could even be increased upon laser excitation.
Rudolf et al. reported this magnetisation increase [19], although Schellekens et al. found no
such behaviour [7] after repeating the experiment using the layer specific MOKE setup. The
effect of spin currents on the demagnetisation of a bilayer structure is still largely unknown.
That’s why a wider range of samples has to be investigated.

The layer specific MOKE setup used in this report is an ideal tool to investigate the effect

11



2 THEORY AND FUNDAMENTALS

of interlayer spin transport on the demagnetisation of a bilayer sample, as it allows for the
isolation of individual layers in the structure. The method is further elaborated in chapter
3.3.

Figure 4: Interlayer spin transport for parallel and antiparellel coupled bilayer. Demagneti-
sation in the antiparellel is faster because majority spins become minority spins upon changing
layer, contributing to the demagnetisation.

12



3 Experimental setup

The experimental methods used in this report are introduced in this chapter. The chapter
starts with a description of the magneto-optical Kerr effect. Hereafter, the use of this effect
to study the dynamics of a magnetic layer will be discussed, followed by a description of
the layer specific set-up. Furthermore, an alternative measurement technique to measure the
magnetisation of a sample is discussed. Lastly, the analysis methods used in this report are
described.

3.1 Measuring the magneto-optical Kerr effect

3.1.1 Magneto-optical Kerr effect

The change of the polarisation of light when it is reflected off a magnetised surface is known
as the magneto-optical Kerr effect (MOKE). The effect was discovered by John Kerr in 1877,
after Micheal Faraday discovered that the polarisation of light changes when travelling through
a magnetised medium [22]. The Kerr effect is proportional to the magnetisation of a medium,
and the strength of the effect depends, like the Faraday effect, on the composition of the
medium. This effect can be easily measured using simple optical components and detectors,
making them valuable for magnetic measurements. [23]. The MOKE arises due to interplay
of spin-orbit coupling and the magnetisation of the sample [2]. The MOKE is strong for
materials with high spin-orbit coupling.

Figure 5: The working principle of MOKE. After reflection of a magnetic sample, linear
polarised light become elliptic and rotates. ϕ is the angle of incidence of the light directed at
the sample, and θ is the rotation caused by the Kerr effect.

The working principle of MOKE is depicted in figure 5. Linear polarised light, which can be
considered as a linear combination of right handed circular polarised (RCP) and left handed

13



3 EXPERIMENTAL SETUP

circular polarised (LCP) light, undergoes a complex rotation Φ̃ upon reflection. This complex
rotation is defined as

Φ̃ = θ + iε , (3.10)

where θ is the Kerr rotation and ε the Kerr ellipticity. The rotation occurs because the
refractive index, and consequently the reflection coefficient, is different for LCP- and RCP
light in a magnetic medium. The Kerr rotation is proportional to the magnetisation M, and
is generally in the form of

Φ̃ = FM , (3.11)

where F is a complex constant and M the absolute value of the magnetisation. [25].
The most simply way of measuring the Kerr effect is using two polarisers with their

polarisation axis perpendicular to each other. All light passing through the first polariser
is linearly polarised, whereafter the light is completely absorbed by the second polariser.
The first and second polarisers are called polariser and analyser respectively. However, the
polarisation of the light changes after reflecting off a magnetic surface, which is placed between
the two polarisers, due to the Kerr effect. Consequently, the intensity measured after the
second polariser is a measure for the Kerr rotation of the polarisation, and thus also a measure
for the magnetisation of the sample.
With the Jones formalism, the intensity on the detector can be calculated. The intensity is
derived in appendix A.1, and is given by

I = R(cos2 α+ (θ2 + ε2) sin2 α+ θ sin 2α) , (3.12)

with R the reflection coefficient of the sample and α the angle of the analyser with respect
to the angle of the polariser. Because θ and ε are small, θ2 ≈ ε2 ≈ 0. Also, the magnetic
signal is biggest relative to the terms independent of the magnetisation, when the term cos2 α
is smallest. This is true for α = π/2. At an angle of π/2, the magnetisation dependant term
is also zero. This means that I can be expanded around α = ±π/2, which yields

I ∝ 2θ∆α+∆α2 , (3.13)

where ∆α = α − π/2. For α close to π/2, the rotation of the polarisation of the light can
be measured. By adding a quarter wave plate set at an angle of 45 degrees to the setup, the
ellipticity can be measured likewise [2].

To improve the signal-to-noise ratio of the setup, thepolarisation of the light is modulated
with a photo-elastic modulator (PEM). The PEM creates a periodic phase difference between
the p- and s polarisation of the light, at a frequency of 50kHz. By locking on the modulation
frequency of the PEM using a lock-in amplifier, polarisation-independent effects are effectively
excluded from the measurements. Using the Jones formalism, the intensity on the detector
can be calculated [2, 24, 25]. The intensity is derived in appendix A.1 and is given by

I = R(
1

2
+ θ cos(A cosΩt) + ε sin(A cosΩt)) . (3.14)

Here, A is the amplitude of the retardation of the PEM, and Ω the modulation frequency of
the PEM. The equation is expanded in in terms of spherical harmonics:

IDC = R(
1

2
+ θJ0A) (3.15)

I1f = εRJ1(A) cosΩt ∝ ε (3.16)

I2f = θRJ2(A) cos 2Ωt ∝ θ , (3.17)
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3.1 Measuring the magneto-optical Kerr effect

where Ji is the i-th spherical Bessel function of the first kind. From this expansion it can
be concluded that by locking on the first harmonic of the measured signal, the ellipticity
of the signal can be measured, and by locking on the second harmonic, the rotation can be
measured.

In figure 6, a schematic overview of the MOKE setup is visualised. With this setup,
hysteresis loops can be measured by applying an external field H to the sample.

Figure 6: A schematic overview of the MOKE set-up. The laser beam is modulated by a
photo-elastic modulator (PEM). The change of the polarisation of light reflected off the sample
(S) is measured with a detector (D), using two perpendicular polarisers (P1 and P2). The
sample is placed in an external magnetic field H.

One can distinguish between three types of MOKE depending on the direction of the mag-
netisation M, with respect to the plane of incident of the incoming light. The three types
are polar, transverse and longitudinal MOKE, and are shown in figure 7. For polar MOKE,
the magnetisation is directed in the z direction and lies in the plane of incidence. Although
the MOKE signal can be measured under an angle ϕ, normal incidence generally yields the
highest signal [2]. For transverse and longitudinal MOKE, the incident light makes an angle
θ with the normal of the plane and M perpendicular to the normal of the plane. The in-plane
magnetisation is directed parallel and perpendicular to the plane of incidence for transverse
and longitudinal MOKE respectively.

z z z

Ein Eout Ein Eout Ein Eoutϕϕ ϕ

(a)Polar (b)Longitudinal (c)Transverse

M
M

M

Figure 7: The three different MOKE types. (a) Polar MOKE, where M is directed perpen-
dicular to the plane. (b) and (c) are longitudinal and transverse MOKE respectively, with
in-plane magnetisation. The incident and reflected light make an angle θ with the normal of
the plane, and Ein and Eout indicate the incident and reflected light.
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3 EXPERIMENTAL SETUP

3.1.2 Time resolved MOKE

The time resolved MOKE (TRMOKE) set-up can be used to measure the magnetisation
dynamics of a sample. A schematic overview of the set-up is depicted in figure 8. A 1/20
beam splitter is used to split the fs laser pulse into a strong pump pulse and a weaker probe
pulse. The pump- and probe beams are focused onto the same spot of the sample. The sample
is excited with the pump, whereafter the magnetisation is probed with the probe. The time
difference between laser excitation and measurement is controlled by varying the optical path
length ∆x of either the probe- or the pump pulse. This is visualised in the figure as a series
of mirrors, but in reality this done with a retro-reflector and a delay line with a resolution
of ∼ 10 fs/s, which can reach a maximum delay of 2 ns. The used laser pulse are Gaussian
pulses with a central wavelength of ∼ 790 nm and a FWHM of ∼ 70 fs. The laser power
measured right after the laser is ∼ 900 mW.

S

H

D

P1 PEM

P2

C

∆x

∆T

Figure 8: A schematic overview of the time-resolved MOKE set-up. The pump beam is
modulated by a Chopper (C), the probe is modulated by a Photo-elastic modulator (PEM).
The change of the polarisation of light reflected off the sample (S) is measured with a detector
(D), using two perpendicular polarises (P1 and P2).

The Kerr effect is measured as explained in paragraph 3.1. Additionally, the pump beam is
modulated with a chopper C at a frequency of 60 Hz, so that only pump-induced changes
in the Kerr rotation are measured. The pump and probe are modulated at a different fre-
quencies, meaning that any noise generated by optical elements during the measurement is
effectively filtered out. This greatly enhances the sensitivity of the set-up [2].

3.1.3 Layer specific MOKE

Being able to isolate individual layers in multilayer structures is of great importance in the
pursuit of understanding magnetisation dynamics. By isolating a single layer, the effect of
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3.1 Measuring the magneto-optical Kerr effect

this isolated layer on the total magnetisation can be measured. Several methods already
exist, and are mostly x-ray based. Examples of these methods are X-ray Magnetic Linear
Dichroism (XMLD) [16] and x-ray High Harmonics Generation (XHHG) [19]. The downside
to these methods is that they require big facilities and are very expensive. This means not
every research group can do material specific measurements, effectively hindering the growth
of the field of spintronics. Additionally, these methods are material specific methods, so mul-
tilayer samples with magnetic layers containing the same elements cannot be examined with
these methods; for instance, the sample used in this project, a Co/Pt multilayer and Co/Ni
multilayer, separated by a conducting non-magnetic layer.

In 2014, Schellekens et al. proposed a new, all-optical method for layer specific mea-
surement of the Kerr effect, independent of the materials used for the sample. [7]. With
the addition of a quarter wave plate (QWP) to the TRMOKE setup, the magnetisation dy-
namics of single layers within a bilayer structures can be measured. In figure 9, a schematic
overview of the setup proposed by Schellekens et al. is visualised. The setup is equal to the
(TR)MOKE setup, with the addition of a QWP.

S

D

P1 QWP PEM

P2

C

∆x

∆T

Figure 9: The TRMOKE setup described in section 3.2, with the addition of a quarter wave
plate. This allows for layer and depth specific measurements of the magnetisation dynamics
in bilayer systems.

The QWP greatly affects the output signal, and can no longer be described with equations
3.15 - 3.17. Using the Jones formalism, the first and second harmonic of the output signal as
a function of the ellipticity, rotation and the QWP angle α can be calculated [7]:(

V1f

V2f

)
∼

(
− sin2 2α − cos 2α

− cos 2α sin2 2α

)(
ε

θ

)
. (3.18)

The first- and second harmonic of the output signal are now linear combinations of ε and θ.
The derivation of this equation is presented in appendix A.2. From this equation it can be
concluded that there are QWP angles for which V1f or V2f is zero, for given values of θ and ε.

To visualise the effect of the QWP on the measured signal, the magneto-optical response
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3 EXPERIMENTAL SETUP

of the sample is described by a Kerr vector Θ. This vector is represented in the plane spanned
by ε and θ, as visualised in figure 10. The Kerr vector has a Kerr amplitude Ω and Kerr angle
ξ, and is defined as

Θ = Ωeiξ . (3.19)

Rotating the QWP can be seen as a rotation of the projection axis of the Kerr vector in the
ε-θ plane. Using equation 3.18, this can be translated to a rotation of the projection axis of
the Kerr vector in the V1f-V2f plane.

ε

θ

Θ

Ω

ξ

Figure 10: The Kerr vector in the space spanned by ellipticity ε and rotation θ.

The total Kerr vector of a multilayer structure is a superposition of the Kerr vector of the
individual layers [2]. A schematic representation of the Kerr vector of a bilayer structure for
an arbitrary QWP angle can be found in figure 11a.

V1f

V2f

Θ1

Θ2

Θtot

(a)

V1f

V2fΘ1

Θ2

Θtot

(b)

Figure 11: (a) The Kerr vector of a bilayer sample in the plane spanned by the first and
second harmonic of the output signal. The total vector is the sum of the Kerr vector of layer 1
(Θ1) and layers 2 (Θ2) (b) The Kerr vector of a bilayer system, with the QWP angle chosen
such that the second layer is isolated.

A layer can be isolated by choosing the QWP angle such that the Kerr vector of the other
layer is perpendicular to one of the axes. For example, as visualised in figure 11b, the QWP
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3.2 Measuring hysteresis loops

angle is chosen such that Θ1 is perpendicular to the V1f axis. By measuring V1f, only the
contribution of the second layer is measured, effectively isolating this layer.

(a) (b)

Figure 12: (a) A typical example of the first harmonic (blue line) and second (purple line)
as a function of the QWP angle. (b) QWP measurement of a bilayer system. Each layer has
a different Kerr vector. The vertical line denotes a QWP angle at which one layer is isolated.

Calculated values of the first- and second harmonic of the output signal of a single magnetic
layer as a function of the QWP angle, for realistic θ and ε, is depicted in figure 12a. Both
curves cross zero twice between 0 and π. This means that there are four QWP angle where
the output signal is zero, for an arbitrary layer, because the QWP is symmetric in its optical
axis.

In bilayer systems, the output signal for each layers is different, assuming different Kerr
vectors. An example of the first harmonic of the output signal of an arbitrary bilayer system
is depicted in figure 12b. Two different sets of θ and ε are used to simulate the two different
layers. The magneto-optical response of the second layer is measured by tuning α to a zero
point of the first layer. Such an angle is denoted by a vertical line in figure 12b. At this QWP
angle, the signal of layer 1 is zero, while the signal of the second layer has a non-zero value.
This means that only the magnetisation of the second layer is measured.

3.2 Measuring hysteresis loops

Besides the MOKE setup described in sections 3.1 to 3.3, another method is used to measure
hysteresis loops in this project. That is because the signal measured with the MOKE setup
is not a direct measure for the magnetisation of the sample. The depth of single layers within
multilayer structures affects the Kerr signal because of absorption of the laser light by the
sample. Additionally, the sensitivity to the measurement is material specific. The Vibrating
sample magnetometer (VSM) can used to measure the absolute value of the magnetisation of
a sample.

The VSM is a measurement instrument that makes use of Faraday’s law of induction.
A schematic overview of the setup is depicted in figure 13. The sample (S) is placed in a
contact field, generated by magnets M , which aligns all spins in the direction of this field.
Consequently, the dipole moment of the sample creates a magnetic stray field around the
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sample. By vibrating the sample, this field is detected by pick-up coils P situated around
the sample. An induced current proportional to the magnetisation of the sample will run
through the coils and can be measured using a lock-in amplifier, locking to the frequency of
the vibrations of the sample.

Figure 13: Front view of the VSM. In the vibrating sample magnetometer, the sample S is
vibrated in a magnetic field generated by magnets H. The pick-up coils P pick up the magnetic
field caused by the moving magnetisation of the sample.

With this technique, the magnetisation of the sample can be measured directly, and does not
depend on the depth of a layer within a structure, or the material the layer is made of.

3.3 The quarter wave plate measurement

The QWP angle at which the MOKE signal of one of two layers in a bilayer structure is
determined with a QWP measurement. The stepzise of the switches in the hysteresis loop
are a measure for the magnetisation of a magnetic layer. A layer is effectively isolated when
its switch is no longer visible in the hysteresis loops. The material specific MOKE setup is
used to measure hysteresis loops for QWP angles between 0 and 180 degrees. To determine
the stepsize of the switched, the hysteresis loop is fitted with an error function:

M(H) = a erf(bH + c) + dH + e , (3.20)

where a is the stepsize of the switch, b accounts for slanted switches, c is the coercive field,
d corrects for linear effects such as Faraday rotation, and e is the offset. The stepsize of the
hysteresis loop is plotted as a function of the QWP angle. The QWP angle at which a = 0 is
called the disappearance angle.

3.4 Measuring demagnetisation traces

Measuring the laser induced demagnetisation in a sample is done using the time resolved
setup described in section 3.1.2. The demagnetisation is described by equation 2.10. The
magnetisation is measured as a function of the delay between the pump and probe, for a
negative and positive field. By taking the difference between the measurements with negative
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and positive field, effects independent of the magnetisation are filtered out of the signal.
To determine the total percentual demagnetisation of the magnetic sample, hysteresis

loops are measured at negative time delay and at the time where the demagnetisation is
maximal. The ratio between the step size of these two hysteresis loops is the percentual
demagnetisation.
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4 Results and discussion

The results of the first part of the project are presented in this chapter. First, the sample
used for the experiments is described. Hereafter, the results of the experiments are presented
and discussed. The influence of the depth of a FM layer within a structure on the QWP
measurement is investigated, and a simple model is used to explain the measurements. Lastly,
the effect of the quarter wave plate on the Faraday rotation is investigated.

4.1 The structure

For the measurements done in this chapter, a Pt wedge with a thickness ranging from 2 to
22 nm has been grown on top of a 1 nm thick out-of-plane magnetised Co thin film. The
thickness of the Co layer is chosen such that its magnetisation is guaranteed out-of plane.
The layers are grown on a SiB substrate and a Ta/Pt buffer layer. The sample is grown using
magnetron DC sputter deposition. In figure 14a, the sample is schematically represented.

(a) (b)

Figure 14: (a) A Pt wedge grown on top of an out-of-plane magnetised Co layer. (b)
Hysteresis loop of the sample depicted in (a), measured with the polar MOKE setup at a Pt
thickness of 9.4 nm. The arrows denote the direction of the magnetisation and the double
sided arrow denotes the direction of the applied field. Black and red data points denote the up
and down fieldsweep respectively.

The magnetic behaviour of the sample under the influence of an external magnetic field
can be visualised with a hysteresis loop, and is depicted in figure 14b. The switches of the
magnetisation are almost instantaneous, typical for an easy axis loop of a PMA sample. A
linear background, caused by the Faraday effect, is substracted out, since it is caused by the
optical elements of the setup, and thus independent of the magnetisation of the sample.
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4.2 The quarter wave plate measurement

Although the proof of concept was already shown by Schellekens, it is useful to reproduce
the QWP measurements with the sample described in section 4.1. Measuring V1f and V2f

should yield the same values for the Kerr rotation and elipticity, because the composition of
the sample and setup does not change. V1f and V2f are measured for a spacer thickness of
12.8 nm, and are fitted with equation 3.18. The results are depicted in figure 15. The fits
correspond well to the measurements, showing that equation 3.18 is a good desciption of the
QWP measurement.

Figure 15: The first and second harmonic of the output signal at a constant spacer thickness.
The curves are fitted with equation 3.18.

Note that the proportionality factor in equation 3.18 is unknown, so values obtained from a
fit with this equation are not actual values for θ and ε. For the fitting, the definition of the
Kerr vector as depicted in figure 5b is used. Here, θ = Ωcos ξ and ε = Ωsin ξ. The Kerr
angle ξ is a measure for θ and ε, because it is independent of the the proportionality factor
in the equation. The fitted values are presented in table 1.

Table 1: Fitted values of ξ for the first and second harmonic of the output signal.

V1f V2f

ξ 0.854± 0.002 0.858± 0.004

From these results it can be concluded that the Kerr angle is indeed the same for the first and
second harmonic of the output signal, again showing that equation 3.18 describes the quarter
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4.2 The quarter wave plate measurement

wave plate measurement correctly. As can be seen in figure 15, the magnetic behaviour of the
sample should not be visible at two angles for both the first and second harmonic. The first
harmonic is zero for a QWP angle of 86 and 145 degrees. In figure 16a, the hysteresis loop
of the sample is depicted for a QWP angle of 86 degrees, measuring the first harmonic of the
output signal.

(a) (b)

Figure 16: (a) Hysteresis loop for a QWP angle of 86 degrees, measuring the first harmonic
of the output signal. Black and red data points denote the up and down sweep respectively. (b)
Hysteresis loop for a QWP angle of 110 degrees, measuring the first harmonic of the output
signal. Black and red data points denote the up and down sweep respectively.

The hysteresis loop in figure 16a indeed has no visible step. In figure 16b, the hysteresis loop
is shown for a QWP angle of 110 degrees. In this loop, a clear magnetic switch is visible.
This means that the magnetic signal of the cobalt layer is successfully extracted from the
measurement at a QWP angle of 86 degrees. The linear behaviour shown in the figure is the
Faraday rotation caused by the optical components in the MOKE setup. Additionally, there
is some drift on the signal. This drift can be caused by various phenomena, including laser
heating of the sample and detector and changes of the measuring equipment on the same
timescale as the measurement.

One should note that the offset in this measurement is an order of magnitude bigger than
the magneto-optical signal. This is clearly visible in the hysteresis loop depicted in figure 16b.
This heavily influences the sensitivity of the measurement, and consequently decreases the
signal to noise ratio. The offset oscillates throughout the measurement, due to the rotation
of the QWP. Eliminating this offset can greatly increase the resolution of the setup, but is
out of the scope of this report.
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4.3 The influence of the depth of a FM layer within a structure on the
quarter wave plate measurement

To experimentally investigate the influence of the depth of a FM layer on the QWP measure-
ment, the Kerr signal of the sample depicted in figure 14 is measured as a function of QWP
angle, for several spacer thicknesses. The experiment is conducted with the static MOKE
setup described in section 3.1.1. A QWP is added to the setup, as described in section 3.1.3.
The second harmonic V2f is measured for this experiment, because the signal to noise ratio is
higher with respect to this ratio in the case of the first harmonic.

Figure 17: Results of the quarter wave plate measurements for five different spacer thick-
nesses. The step size of the hysteresis loops are determined as a function of QWP angle. The
curves are fitted with equation 3.18.

The experiment is conducted for five spacer thicknesses, ranging form 5.5 nm to 20.8 nm.
The results are depicted in figure 17. All five curves cross zero twice between α = 0◦ and
α = 180◦, as expected. Two things stand out about these results: first, the angle at which
the signal is zero α0 shifts as a function of the Pt layer thickness. Second, the amplitude of
the signal decreases as the Pt thickness increases.

α0 is plotted as a function of spacer thickness in figure 18a. The total shift ∆ of α0

is 6.2◦, for a total Pt thickness increase of 20.8 − 5.5 = 15.3 nm. This shift is useful when
examining bilayer systems where both layers have similar α0. Moreover, this shows that the
layer specific MOKE setup can be used to distinguish between two identical layers in a bilayer
structure, which cannot be done with material specific methods. The spacer layer thickness
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measurement

can be controlled to increase the difference between the two disappearance angles.
To theoretically investigate the influence of the depth of a FM layer on the Kerr signal, a

simple model is made. In this model, it is assumed that the shift of the disappearance angle
is caused by a phase shift of the polarisation of the laser light in the Pt layer. For thicker
Pt layers, this shift is expected to be larger. The derivation of this model is presented in
appendix A.3. The disappearance angle is calculated for typical values of ε and θ, as depicted
in figure 18b. Varying ε and θ does not significantly alter the total shift ∆. This means
that the shift of the angle of disappearance is mainly determined by the difference in spacer
thickness. With this model, ∆ is calculated to be ∼ 0.3 degrees. Although the model predicts
the trend of the measurements, the calculation are an order of magnitude off. This means
that oversimplifications were made in the model concerning the sample. For further research
concerning the shift of the disappearance angle, Zak et al.’s matrix method can be used to
describe the magnetic sample more accurately [29]. However, this goes beyond the scope of
this report.

(a) (b)

Figure 18: (a) Disappearance angle as a function of Pt thickness. (b) Calculated angle of
disappearance as a function of Pt thickness. The lines are a guide to the eye. The trends of
the curves are similar, but there is an order of magnitude difference between the measurements
and the model.

The amplitude of the measured declines with increasing spacer thickness, due to absorption.
The absorption can be described by [30]

V2f

V2f,0
= e−

2t
a (4.21)

where t is the thickness of the Pt layer, V2f,0 is the measured signal at t = 0 and a the
attenuation depth. The attenuation depth is the depth at which the signal is decreased to
V2f,0e

−1. The factor 2 arises due to the fact that the light travels twice through the Pt layer
before being measured. The first maximum of the QWP measurement for a QWP angle
around 70 degrees is plotted as a function of Pt thickness. The results are shown in figure
19. The data agrees well with equation 4.21. From these measurements can be concluded
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that the decrease of the measured signal with increasing spacer thickness is caused by the
attenuation of the laser light in the sample. The fitted attenuation depth is 25.8 ± 0.1 nm,
corresponding to a Pt thickness of 12.9± 0.1 nm. Consequently, the disappearance angle can
be varied at least 5◦ without significant loss of the MOKE signal.

Figure 19: The attenuation of the light in the sample, fitted with equation 4.21.

4.4 The effect of the quarter wave plate on the Faraday rotation

The quarter wave plate greatly affects the measured Kerr signal, as shown by the results
presented in section 4.2 and 4.3. However, the Kerr signal is not the only quantity that
changes; the measured Faraday rotation also changes due to the rotation of the QWP, as can
be seen by the difference of the slope beteen figure 16a and 16b. The Faraday rotation is
measured as a function of QWP angle, by measuring the slope of the hysteresis loops at a Pt
thickness of 12.8 nm. The measurements are done with the first and second harmonic, and
the results are presented in figure 20.

The QWP affects the Faraday rotation in a similar way to how the Kerr signal is affected.
This behaviour can be modelled using the Jones formalism [34]. The Faraday rotation can be
described by a rotation matrix, signifying the rotation of the polarisation of the laser light.
The sample can be described with a mirror matrix, because the effect of the sample on the
Faraday effect is expected to be negligible. This rotation is caused by the optical components
used in the MOKE setup. The calculated first and second harmonic of the signal are described
by:

V1f = A sin 2f cos 2α , (4.22)

V2f = B cos 2f sin2 2α . (4.23)
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Here, f is the angle of the Faraday rotation. A and B are constants that depend on, among
other things, the retardation and frequency of the PEM and the sensitivity of the detector.
The complete derivation of equation 4.18 and 4.19 can be found in Appendix A.4. The model
correctly describes the measured behaviour, as can be seen in figure 20. However, because
f remains constant throughout a measurement, the equations can not be used to calculate
the strength of the Faraday rotation, unless the constants A and B are known. It should be
noted that the minima of the second harmonic do not fit properly. This is attributed to the
fact that the measurements are done with an angle of incidence of a few degrees, while the
model assumes perpendicular incidence. In figure 17 the same effect can also be seen, though
it is much smaller. This is due to the fact that the signal of the Faraday rotation is one order
of magnitude smaller than the signal of the Kerr effect. Thus the relative effect of the the
non-perpendicular incidence is higher.

The measuremnets indicate that the Faraday rotation can be described with the derived
equations. However, because a magnetic sample was used during the experiment, it is possible
that the sample influences the measurement. To investigate if the Faraday effect is indeed
caused by the optical elements used in the MOKE setup, and that the sample does not
significantly alter the Faraday rotation, the experiments can be repeated with a mirror instead
of a magnetic sample.

Figure 20: The Faraday rotation measured with the first and second harmonic signal. The
data points are fitted with equation 4.18 and 4.19.
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5 Conclusion and outlook

Using an automated rotation stage to rotate the QWP, measurements with the layer specific
MOKE setup can be performed more accurately and more easily. This allowed for a more
accurate analysis of the layer specific MOKE setup. Two experiments were done to further
investigate the effect of the QWP on the measured signal, adding to the understanding of the
limitations and possibilities of the layer specific QWP method.

First, the effect of the depth of a magnetic layer on the QWP measurement has been
examined. The QWP angle at which the MOKE signal is zero (disappearance angle) shifts
as the depth of the magnetic layer is varied. This effect is explained by the fact that the Kerr
rotation- and elipticity depend on the composition of the sample. The shift of the disappear-
ance angle is modelled by assuming it is caused by an additional phase shift of the polarisation
for greater depths. The model predicts a shift of the disappearance angle, but the predicted
absolute shift is an order of magnitude off. This means that oversimplifications were made.
The model can be improved by using more robust methods to describe the magnetic sample,
for instance the matrix method devised by Zak et al. The results show that a spacer layer can
be used to distinguish between two identical layers in the layer specific MOKE setup. This is
impossible using material specific methods.

The effect of QWP on the Faraday effect is also investigated. The measured Faraday
rotation is not constant throughout the QWP measurement, like the Kerr effect. To model
the Faraday effect during the QWP measurement, it was assumed that the Faraday effect
causes a constant rotation of the polarisation. It is mostly caused by the optical components
in the MOKE setup. The intensity as a function of QWP angle was calculated using the
Jones formalism, and was found to correctly fit the measured Faraday rotation. To confirm
these results, a mirror can be used instead of a sample. Additionally, when investigating the
Kerr effect of samples with small magneto-optical response, a QWP can be used to filter out
the Faraday rotation from the signal, improving the resolution of the measurement.

The main point of improvement is the offset. Throughout the measurement, the offset
of the hystersis loops oscillates. The angle of the analyser with respect to the PEM is what
causes the offset in the regular MOKE setup, which can be set to zero. With the addition of
the QWP, the offset cannot be easily set to zero anymore. In the experiments conducted for
this project, the offset was an orders of magnitude bigger than the magnetic signal itself. This
greatly decreased the resolution of the measurement, also decreasing the signal-to-noise ratio.
By decreasing this offset, the signal-to-noise ratio can be improved. This could be done by
doing more research on the effect of the QWP on the offset. There could be an analyser angle
at which the offset is smallest or even zero. The lock-in amplifier used in the MOKE setup
can also be used to remove the offset for every QWP angle. However, this greatly increases
the already long measurement time, and it is not clear if this method alters the measurement
in any other way.
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6 RESEARCH PROPOSAL

6 Research proposal

In the bachelor project, the layer specific MOKE setup designed by Schellekens is extensively
analysed. It can be used to measure femtosecond laser pulse induced ultrafast demagnetisation.
For this, Co/Pt and Co/Ni multilayers are grown, which are antiferromagnetically coupled by
a conducting Ru layer. A quarter wave plate is used to isolate the dynamics of each layer in
the TRMOKE setup. As this structure has not been analysed yet, we hope to tell something
about the role of spin currents on the demagnetisation of this structure. The experiment is
useful for the understanding of the microscopic nature of ultrafast demagnetisation.

6.1 Background

Since the discovery of femtosecond (fs) laser pulse induced ultrafast demagnetisation by Beau-
repaire et al. it has been a hot topic in the field of spintronics [3]. The phenomenon can be
used to switch the direction of the magnetisation of a medium on a femtosecond timescale.
An application is magnetic data storage, where the up and down directions of the magneti-
sation correspond to the 0 and 1 bit [36]. However, a lot of fundamental research needs to be
done; the microscopic nature of ultrafast demagnetisation is still unclear, and magnetisation
reversal on a femtosecond timescale has yet to be realised. In the last few years, the ultrafast
magnetisation dynamics of many single layer systems have been analysed. The next step is
to investigate multilayer systems, and consequently the behaviour of the separate layers and
interaction between layers. However, isolating single layers in multilayer samples has proven
to be both difficult and expensive [7].

In 2014, Schellekens proposed an all-optical method for layer specific measurement of the
magneto-optical Kerr effect (MOKE). By adding a quarter wave plate (QWP) to the standard
MOKE setup, the Kerr signal of a single layers within a bilayer structure can be isolated [7].
Although the proof of principle was already shown by Schellekens, more research needs to be
done to reveal the possibilities and limitations of this new measurement technique. With the
addition of an automated rotation stage, the QWP angle can be set more accurately than in
Schellekens research. This allows for a much more accurate isolation of a single layer, but
also for analysing the effect of the QWP on the MOKE setup more easily.

6.2 Regular Bachelor project

The first part of the project was to help understand how the introduction of the QWP to
the MOKE setup affects the measured Kerr signal. For this, the influence of the depth of a
magnetic layer within a structure on the QWP measurement is investigated. The measure-
ment conducted using an out-of-plane magnetized Co layer, covered by a Pt wedge, with a
thickness ranging from 2 to 22 nm thick. The second harmonic of the Kerr signal is measured
as a function of QWP angle for several Pt thicknesses. The results are depicted in figure 21.
Two things stand out about the measurement. First, the amplitude of the signal decreases
as Pt thickness increases, reducing the contribution of the magnetic layer to the total signal.
This is due to the fact that light absorption increases as the spacer thickness increases.
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Figure 21: The output signal of the MOKE setup as a function of quarter wave plate (QWP)
angle. The curves cross zero at different QWP angles. The curves are fitted with eq. 1 from
[7]. In the top left corner, the sample used for the measurements is depicted.

(a) (b)

Figure 22: (a): Disappearance angle as a function of Pt thickness. (b): calculated disappear-
ance angle as a function of Pt thickness. The lines are a guide to the eye. The trends of the
curves are similar, but there is an order of magnitude difference between the measurements
and the model.

Second, the QWP angle at which the signal disappears shifts for increasing spacer thickness.
When the signal disappears, no magnetic signal is measured, and the layer is effectively re-
moved from the total signal. The shift is expected, because by changing the thickness of the

33



6 RESEARCH PROPOSAL

Pt layer, the Kerr rotation changes as well. In figure 22a, the disappearance angle is plotted
as a function of Pt thickness. The maximum measured shift is 6.2 degrees. These results lead
to the conclusion that the disappearance angle can be controlled by controlling the thickness
of the spacer layer in a bilayer structure. This is useful when examining bilayer systems where
both layers have similar disappearance angles.

A simple model was made to describe this shift of the disappearance angle, based on a
phase shift in the polarisation of the laser light travelling through the Pt layer. The calcula-
tions are visualised in figure 22b. The model predicts a similar trend, although the absolute
shift is incorrect. The measured total shift is a an order of magnitude bigger than the value
the model predicts This is due to an oversimplification of the system.

The effect of rotating the QWP on the Faraday rotation has also been examined. The
QWP affects the Faraday rotation in a similar way the Kerr signal is affected. The exper-
imental results are depicted in figure 23. From these measurements can be concluded that
the Faraday rotation can be set to zero using a quarter wave plate, which is useful when
measuring the magneto optical response of samples with small Kerr signals.

Figure 23: First and second harmonic signal of the Faraday rotation, as a function QWP
angle.

The insights gained from these experiments contribute to the understanding of the QWP
measurement. For samples where two layers have similar disappearance angles, the spacer
thickness can be chosen in such a way that the layers can be isolated properly. Also, the
Faraday rotation can be set to zero with a QWP, increasing the resolution of the measurement
when measuring the static properties of samples with a small Kerr signal. The area of
improvement is the relatively big oscillating offset measured in the experiments. Reducing, or
even completely eliminating this offset greatly improves the resolution of the measurement.
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6.3 Content of the extension

The offset is mostly caused by the angle between the analyser and the PEM in the MOKE
setup. Measuring the offset as a function of the analyser angle for a fixed QWP angle, can
help to gain insights in the cause of this offset.

6.3 Content of the extension

After studying the layer specific measurement technique proposed by Schellekens, the next
step is to perform dynamic measurements using this technique. The specific experiments
conducted for the regular BEP are not directly related to what will be done for the exten-
sion. However, the knowledge obtained about the QWP measurements during the first part
of the project can be used to accurately isolate single layers in a sample, so that the ultrafast
dynamics of single layers can be studied.

Phenomenologically, ultrafast magnetism can be described by the 3-temperature model (3TM).
This model separates the system into three subsystems: the spin-system, the lattice-system
and the electron-system. These systems can exchange heat. The temperature of the three
systems is described by a set of three first order differential equations. Although this model
provides a phenomenological explanation for ultrafast demagnetisation, the microscopic na-
ture of the phenomenon is not yet clear. Several models have been proposed, for instance a
model based on thermal demagnetization by Koopmans et al. (microscopic 3TM) [5] and a
model based on superdiffusive spin transport by Battiato et al. [6]. As of today, it is not
clear what mechanism is dominant, which means that more research needs to be done on this
subject.

It was shown by Malinowski et al. that spin currents affect both the demagnetisation
speed and the demagnetisation amplitude in a magnetic bilayer [15]. They constructed identi-
cal Co/Pt multilayers, and conducted measurements with ferromagnetic (F) and an antiferro-
magnetic (AF) configurations. For the F configuration, the magnetisation of the bottom and
top layer are parallel to each other. This means that majority spins in the top layer are still
majority spins once entering the bottom layer. For the AF configuration, the magnetisation
of the bottom and top layer are antiparallel to each other. Majority spins in one layer become
minority spins upon entering the other layer, and vice versa, contributing to the demagneti-
sation. Malinowski et al. did find this behaviour in their measurements. As depicted in figure
24b (top), when using an isolating NiO spacer, the demagnetisation traces are the same for
both configurations, because there are no spin currents. When using a conducting Ru spacer
(bottom), the traces are different for the two configurations. The demagnetisation is faster
and has a higher amplitude for the AF configuration. This difference is attributed to spin
currents between the two layers.

Schellekens layer specific method is useful for examining the effect of interlayer spin
currents in bilayer structures [7], because the contributions from layers dont have to be cal-
culated, but can actually be measured. However, Schellekens had to set the QWP angle by
hand, leading to a large uncertainty in the measurements he performed. For instance, he
investigated the influence of spin currents on the demagnetisation dynamics in a Fe/Ru/Ni
stack, by comparing the demagnetisation traces of the F and AF configuration. As can be
seen in figure 24a, the uncertainty areas (shaded areas) are so big they overlap. With the
implementation of an automated rotation stage in the setup, measurements like this can be
done much more accurately.
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6 RESEARCH PROPOSAL

Figure 24: (a):Demagnetisation of a Fe layer within a Fe/Ru/Ni structure, for parallel and
antiparallel spin configurations. Measurement done by Schellekens et al. [7]. (b): Demagneti-
sation dynamic of the bottom and top layer for a NiO spacer (top) and Ru spacer (bottom).
The layers are ferromagnetically (red line) and antiferromagnetically (black line) aligned [15].

For the extension, the magnetisation dynamics of single layers within a bilayer structure are
measured, using the QWP method. The measurements are based on the research done by
Malinowski et al., but without the restriction of using two identical layers. The sample will
be a Co/Pt multilayer and a Co/Ni multilayer, antiferromagnetically coupled by a Pt/Ru/Pt
spacer. The Co/Pt and Co/Ni layers show very different dynamics, which means that when
measuring with the regular MOKE setup, not much can be said about the behaviour of the
individual layers. As far as we know, this system has not been analysed with layer specific
methods.

The expected results are similar to those presented in figure 4. Because the demagneti-
sation timescale of both layers is different, the effect of spin currents is expected to show in
the AF measurement. The injection of minority spins in the slowest layer should speed up the
demagnetisation. For the fastest layer, the remagnetisation is expected to be slower due to
spin injection of minority spins from the slow layer. If the demagnetisation times are different
enough, a kink in the total demagnetisation curve could be measured.

With these measurements, I hope to contribute to the fastly growing body of work needed
to develop a complete theory for ultrafast demagnetisation. Ultimately, knowledge obtained
from these experiments is useful for the development of spintronics devices such as magnetic
data storage.
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7 Results and discussion

In this chapter, the results of the extension are presented. A research proposal was written for
this part, which is presented in the first section. Then, the structure used for the experiments
is described. Hereafter, the quarter wave plate measurement is presented, followed by the
measurements on the demagnetisation dynamics of the structure.

7.1 The structure

The layer specific MOKE setup can be used to measure magnetisation dynamics of individual
layers in bilayer structures. The structure used in this section consists of a [Co0.4/Pt0.6]×2/Co0.4
and a [Co0.2/Ni0.6]×2/Co0.2 multilayer, antiferromagnetically coupled by a Pt0.4/Ru1/Pt0.4
trilayer. The Pt dusting layers are added to balance the PMA and coupling, as was shown by
Lavrijssen et al. [33]. The Ru thickness is chosen such that it results in an anti-ferromagnetic
interlayer exchange coupling. This means that the structure is in the antiparallel (AP) config-
uration without an external field, and in the parallel (P) configuration with a strong external
magnetic field. The spin diffusion length of Pt is 3.3 nm [2] and of Ru is < 4 nm [26]. A
Ru thickness of 1 nm should suffice, as evident by the experiments done by Malinowski et al.
[15]. Thus, the spacer layer is thin enough to allow interlayer spin transfer. The complete
structure is depicted in figure 25a.

(a) (b)

Figure 25: (a) Sample: [Co0.4/Pt0.6]×2/Co0.4 and [Co0.2/Ni0.6]×2/Co0.2 multilayer. The
magnetisation of both multilayers is directed out-of-plane. (b) Hysteresis loop of the sample,
measured with the polar MOKE setup. The arrows denote the direction of the magnetisation,
and the direction of the external field is illustrated in the cartoon. Black and red data points
denote the up and down fieldsweep respectively.

A hysteresis loop is measured with the polar MOKE setup, and is depicted in figure 25b.
The first thing that protrudes is that three steps are measured, instead of two. The second
step visible in 25b represents a rearrange of the magnetisation direction of both layers. This
rearrange is cause by the Zeeman energy. The difference between the magnetic moment, and
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consequently the Zeeman energy of the two layers is large. As a result, the layer with the
highest Zeeman energy switches towards the field when the field has yet to overcome the cou-
pling. Thus, the other layer switches back. The rearrange is prevented by the hysteresis when
the difference in Zeeman energy of the layers is reasonably small. Consider the up fieldsweep
(black datapoints) in figure 25b. At a large negative field, the Zeeman energy overcomes the
AF coupling energy and the layers are both saturated downward, in a P configuration. While
decreasing the field towards zero, there will be a moment when the field is not strong enough
to overcome the AF coupling, and one of the layers, e.g. the top layer, switches its direction
to create an AP configuration (see arrows in figure 25b). This configuration is stable up to
zero field. While increasing the field in the positive direction, the field overcomes the Zeeman
energy of the other layer, e.g. the bottom layer at one point, causing the layer to switch in
the direction of the field. Due to the rearrange, the top layer switches back. Increasing the
field to high positive field, there comes a point when the field overcomes the AP coupling, so
the top layer switches in the direction of the field again. The sample is in the P configuration
at high positive fields.

The hysteresis loop in figure 25b does not hold enough information to determine which
switch corresponds to which magnetic layer. To investigate this, a vibrating sample magne-
tometer (VSM) is used to measure the hysteresis loop of the sample. The VSM is used to
measure the absolute value of the magnetisation. The hysteresis loops measured with the two
setups are presented in figure 26.

Figure 26: Hysteresis loops measured with the vibrating sample magnetometer and the
MOKE setup. Switch A corresponds to one layer, and switch B corresponds to the other
layer. The visible switch is B-A, because a rearrange of the spins takes place.

The VSM measurement shows that switch B is larger than switch A, because B−A is positive.
At an external field of around 0T, a fourth step visible in the VSM measurement. Because
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7.2 The quarter wave plate measurement

this step is not visible in the MOKE measurement, it is attributed to a measurement artifact;
the VSM chamber or the sample could be contaminated. To find out which layer corresponds
to which switch, the saturation magnetisation for both layers is calculated. The saturation
magnetisation at room temperature of Co and Ni are 143 emu/g and 48.5 emu/g respectively
[31]. Translating this to emu/cm3 yields a saturation magnetisation of 1273 emu/cm3 for Co
and 432 emu/cm3 for Ni [35]. Because the surface areas of both layers are equal, only the
thicknesses of the layers have to be taken into account. The Co/Ni layer consists of 0.6 nm
Co and 1.2 nm Ni, and the Co/Pt consists of 1.2 nm Co. The total saturation magnetisation
for both layers is

Ms,Co/Pt = 1273× 1.2 + ϵ = 1527.6 + ϵ emu/cm3 (7.24)

Ms,Co/Pt = 1273× 0.6 + 432× 1.2 = 1282.2 emu/cm3 , (7.25)

where epsilon is the magnetisation induced in the Pt layers by the magnetisation of the Co
layers. This calculation shows that Ms,Co/Pt > Ms,Co/Ni for every ϵ > 0. In conclusion, the
Co/Pt layer has the highest magnetisation, corresponding to switch B.

Next, consider the MOKE measurement. The MOKE setup is sensitive to the depth of
a magnetic layer within the measured structure, because of absorption of the laser light in
the layers above it, as shown by the measurements in section 4.1.3. Consequently, the B −A
should be larger in the VSM measurement, relative to the MOKE measurement. Instead, the
stepsizes measured with the VSM are equal to those measured with the MOKE setup, leading
to the conclusion that the loss in signal in the bottom layer due to absorption is compensated
by a stronger Kerr effect. The spin-orbit coupling in Co/Pt is higher than in Co/Ni due to
the strong spin-orbit coupling in Pt, relative to the spin-orbit coupling in Co and Ni [32, 24].
The spin-orbit coupling is stronger in Pt because it scales with atom number Z, which is
greater for Pt than for Co and Ni [8]. Because the magneto-optical Kerr effect is caused by
spin-orbit coupling, MOKE is more sensitive to the Co/Pt layer, confirming that the Co/Pt
layer corresponds to switch B.

7.2 The quarter wave plate measurement

The sample described in 4.2.1 is a bilayer system, which means that each layer can be sepa-
rately investigated with the layer specific QWP setup. The QWP measurement is done with
the regular MOKE setup described in section 3.1.1, measuring the first harmonic of the signal.

The Co/Pt layer is isolated when the first switch is zero, and the Co/Ni layer is isolated
when the three steps are equal in size but opposite in sign. The disappearance angle of the
Co/Ni layer is found when the sum of the Co/Ni and Co/Pt switch is zero. The results are
depicted in figure 27 and fit equation 3.18 well. These results show that both layers can
be isolated at two angles between 0 and 180 degrees. The QWP angles at which each layer
should be isolated are 114◦ and 178◦ for Co/Pt and 6◦ and 106◦ for Co/Ni.
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7 RESULTS AND DISCUSSION

Figure 27: QWP measurement of the structure depicted in figure 25a. The measurement is
done with the MOKE setup, measuring the first harmonic of the signal.

However, when searching for the disappearance angles in the TRMOKE setup, they were
found to be different. The measured MOKE depends on the angle between the PEM and
the analyser, which were different during in the MOKE and TRMOKE measurement. Also,
the used laser is different (continuous vs. pulsed), which could also change the measured
MOKE signal. The QWP measurement is not repeated in the TRMOKE setup. Instead the
disappearance angles are found by eye. Hysteresis loops are measured at QWP angles close
to this angle, so that the disappearance angles could be accurately determined with a linear
fit.

(a) (b)

Figure 28: (a): A hysteresis loop with a QWP angle of 27.5 degrees. Only the second step
is visible. (b): A hysteresis loop with a QWP angle of 35.8 degrees. The stepsize of the two
switches are equal in size but opposite in sign.
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7.3 Measuring ultrafast femtosecond laser pulse induced demagnetisation

Using the first harmonic of the signal, the Co/Pt layer is isolated for a QWP angle of 27.5◦,
and the Co/Ni layer is isolated for a QWP angle of 35.8◦. The hysteresis loops measured
at these angles are visualised in figure 28. An average of ten loops is taken to increase the
signal-to-noise ratio. In figure 28a, it can be seen that the switch of the Co/Ni layer is at
least smaller than the noise produced during the measurement. There appears to be a small
step at a field of -60. Because this step is only visible in the up switch at negative field, it is
attributed to noise.

To investigate whether the Co/Pt layer is completely excluded from the hysteresis loop
in figure 28b, the stepsizes of the the individual hysteresis loops are determined and averaged.
The average and standard deviation of the the switch at a field of ±60, before normalising, is
0.239± 0.008 mV. The average of the switch at a field of ±20 is 0.230± 0.005 mV. There is
no significant difference between the two values. However, errors due to mixing of the signals
of the Co/Ni and Co/Pt layers are calculated to be 4± 1%.

7.3 Measuring ultrafast femtosecond laser pulse induced demagnetisation

Demagnetisation traces are measured as described in section 3.4. First, a measurement is
performed without QWP, for both the P and AP configuration, to investigate whether the
effects of interlayer spin currents can be visualised without the layer specific MOKE setup.
The results are presented in figure 29.

Figure 29: Demagnetisation traces of the sample, measured with the regular TRMOKE
setup. The curves are normalised so they overlap at negative time delay and at a time delay
of 10 ps. The dashed lines denote the demagnetisation times. The red lines represent the fit
with 3TM.
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The curves are scaled so they overlap at negative time delay and high positive time delay (10
ps). At 10 ps, the difference between the P and AP configuration is expected to be gone, so
that the curves also overlap at delay times greater than 10 ps.

The shape of the two curves is different, meaning that interlayer spin currents do affect
the demagnetisation. The effect, however, is small. this means that either the spin currents
are small, or that the demagnetisation of the different layers somehow counteract each other.
For instance, an increase of the total demagnetisation between P and AP in one layer can be
neutralised by a decrease of the total demagnetisation in the other layer.

The demagnetisation time τm is defined as the time where 1−e−1 of the maximal demag-
netisation is reached. These times are denoted by a dashed line in the figure. τm is almost
equal for both configurations, as can be seen by the overlapping dashed lines in the figure. The
measured demagnetisation time is an interplay of the demagnetisation times of the individual
layers in the bilayer structure. Consequently, it can again mean changes in the individual
layers counteract each other, showing no difference when measuring the demagnetisation of
the whole structure. This fact makes this sample an ideal candidate to study with the layer
specific MOKE setup.

To further investigate the demagnetisation of this sample, the layer specific MOKE setup
is used. Demagnetisation traces are measured at QWP angles of 27.5◦ and 35.8◦, correspond-
ing to the isolation of the Co/Pt and Co/Ni layer respectively. The demagnetisation times
are calculated for each measurement. τm is defined with respect to the start of the demag-
netisation (∆t = −1.6 ps). This time is constant for all measurements done with the layer
specific MOKE setup, assuming the laser pulse and the setup are not changed during the
measurements.

Figure 30: Demagnetisation traces of the sample, at an QWP angle of 27.5 degrees, measured
with the layer specific TRMOKE setup. The Co/Pt layer is isolated from the bilayer structure.
The dashed lines denote the demagnetisation times. The red lines represent the fit with 3TM.
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7.3 Measuring ultrafast femtosecond laser pulse induced demagnetisation

The demagnetisation of the isolated Co/Pt layer in the P and AP configuration can be seen
in figure 30. The calculated demagnetisation times are τm,P = 0.38 ps and τm,AP = 0.44 ps.
The demagnetisation of the isolated Co/Ni layer in the P and AP configuration can be seen
in figure 31. The demagnetisation times are τm,P = 0.45 ps and τm,AP = 0.51 ps for the AP
and P configuration respectively.

Figure 31: Demagnetisation traces of the sample, at an QWP angle of 25.8 degrees, measured
with the layer specific time resolve MOKE setup. The Co/Ni layer is isolated from the bilayer
structure. The dashed lines denote the demagnetisation times. The shaded areas denote the
error due to mixing of the Co/Pt layer. The red lines represent the fit with 3TM.

Comparing the measurements done with QWP to the measurements done without QWP, there
are two main differences. First, it increases the optical path of the probe. This decreases
the optical path length difference between the pump and the probe for negative time delay.
Consequently, the demagnetisation starts earlier when the QWP is included in the setup.
This can be seen in the measurements presented in this section. The time delay difference
between the measurements with and without QWP is in the order 1 ps. This corresponds to
an increase of the optical path length of the probe of ∼ 0.1 mm. This effect does not change
the measurement in any other way.

Second, the probe is directed at a slight different spot than during the measurements
without QWP. Adding the QWP to the setup changes the overlap of the pump and probe.
The demagnetisation percentages measured with and without can therefore not be compared.
The demagnetisation measured with QWP is lower due to the decreased overlap of the pump
and probe. If there are inhomogeneities in the sample, this could mean that the measured
magnetic behaviour is different. Additionally, inhomogeneities in the QWP mean that mea-
surements done at different QWP angles are done with a different overlap. As a result, the
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measurements of the individual layers cannot be compered. Nevertheless, the overlap is equal
for the single layer measurements at a single QWP angle, which means that the AP and P
configuration of single layers can be compared.

Lets consider the demagnetisation trace of the isolated Co/Pt layer. These results show
a clear difference between the AP and P configuration. The demagnetisation is twice as large
in the AP configuration as in the P configuration. This is in agreement with the superdif-
fusive spin current model by Battiato et al., as well as previous research [7, 15, 19]. The
Co/Pt in the P configuration demagnetises faster than in the AP configuration, which differs
from previous research. This difference is attributed to the fact that the demagnetisation
time of the Co/Pt layer is smaller than the demagnetisation time of Co/Ni. Spin currents
generated in the Co/Ni upon laser excitation arrive in the Co/Pt while the Co/Pt is already
demagnetising. This further contributes to demagnetisation, but the maximum is reached
at a larger time delay. The demagnetisation of the Co/Pt is thus slower than it would be
without spin currents. Similarly, the remagnetisation of the Co/Pt in the P configuration is
faster than the remagnetisation of the Co/Pt in the AP configuration. This is due to the
majority spins that are transferred from the Co/Ni layer to the Co/Pt layer when the Co/Ni
is demagnetising, while the Co/Pt is already remagnetising. The reason why other researchers
did not measure an increase of the demagnetisation time in the AP configuration, can be due
to the fact that the demagnetisation times of Co/Pt and Co/Ni are considerably different. In
previous experiments, the demagnetisation times of the individual layers in the used samples
were either identical [15] or similar [7, 19].

The demagnetisation of the Co/Ni layer is, as previously stated, slower than the demag-
netisation of the Co/Pt layer. Co/Ni demagnetises faster in the AP configuration than in
the P configuration. Spin currents from the faster Co/Pt layer to the Co/Ni layer results in
a faster demagnetisation of the Co/Ni layer. The demagnetisation percentage of Co/Ni in
the P configuration is twice as big as the demagnetisation percentage of Co/Ni in the AP
configuration. This is contrary to the expectations, as minority spins of the Co/Pt layer are
expected to add to the demagnetisation in the Co/Ni layer. Schellekens et al. found the same
result for one layer, using the same method used in this report. They calculated the error due
to mixing using the hysteresis loops measured during the experiment. In their case, the error
caused by mixing was large enough to explain the fact that the layer demagnetised more in
the P configuration.

The same method has been used to calculate the effect of mixing on the demagnetisation
of the Co/Ni layer. Because the measured MOKE signal is about 8 times higher for Co/Pt
than for Co/Ni, it is assumed that mixing plays an insignificant role in the Co/Pt measure-
ment, while the demagnetisation trace of Co/Ni can be significantly altered by mixing with
the Co/Pt signal. The error areas are determined by manually mixing the Co/Pt measure-
ment with the Co/Ni measurement, based on the error of 5% due to mixing calculated in
section 4.2.2. The error in the AP measurement is bigger than in the P measurement because
the difference between the the MOKE signal of the Co/Pt and Co/Ni layer is bigger for the
AP configuration. The two areas do not overlap, leading to the conclusion that mixing alone
cannot account for the fact that the Co/Ni layer demagnetises more in the P configuration.
This can either mean that more factors should be taken into account when calculating the
error areas, or that there is an alternative explanation for this phenomenon. Because both
the experiments presented in this report and in reference [7] show a larger demagnetisation
of one layer in the P configuration, there is a realistic possibility the latter is the case. The
effect can be caused by an unknown measurement artifact caused by the layer specific MOKE
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setup, as the effect has only been found in experiments done with this method. It can also be
the true magnetic behaviour of this layer. If this is the case, the behaviour of the Co/Ni layer
upon laser pulse excitation cannot be explained by the current superdiffusive spin transfer
model. Consequently, more research has to be done using both the layer specific MOKE setup
and other layer/material specific methods to investigate single layers in multilayer structures.

8 Conclusion and outlook

For the second part of the project, the layer specific MOKE setup is used to investigate
the femtosecond laser pulse induced ultrafast demagnetisation of a bilayer structure. The
structure consists of a Co/Pt multilayer and a Co/Ni multilayer, separated by a conducting
nonmagnetic Pt/Ru/Pt spacer. An extensive static analysis of the sample showed how the
sample behaves as the field is swept from large negative fields to large positive fields and vice
versa.

The layer specific MOKE setup is used to isolate the Co/Pt and Co/Ni layers, and de-
magnetisation traces are measured with the two layers in antiparellel (AP) and parallel (P)
configuration. This is done to investigate the effect of interlayer spin transfer on the de-
magnetisation of each layer. Co/Pt demagnetises faster than Co/Ni for both configurations.
This makes Co/Pt an interesting candidate for magnetic data storage devices. Because the
MOKE signal of the Co/Pt measurement is about 8 times larger than the signal for the
Co/Ni measurement, mixing of the signals only plays a role in the demagnetisation of the
Co/Ni layer. The demagnetisation of the Co/Pt is assumed to be correct. For the Co/Pt
layer, the maximum demagnetisation is largest in the AP configuration. Minority spins from
the Co/Ni layer contribute to the total demagnetisation of Co/Pt. The Co/Pt demagnetises
fastest in the P configuration. This is attributed to the fact that Co/Ni demagnetises slower
than Co/Pt. Spin transfer from Co/Ni to Co/Pt takes place after Co/Pt already has begun
demagnetising. The Co/Ni measurement is harder to interpret because of possible mixing of
the Co/Pt signal. The Co/Ni demagnetises faster in the AP configuration due to spin transfer
from the faster demagnetising Co/Pt layer. Contrary to expectations, The maximum demag-
netisation is larger for Co/Ni in the P configuration. Schellekens et al. attributed this to
mixing of the two layers, but in this report, the error area’s were not large enough to explain
the measurements. The results could be explained by a yet unknown measuring artifact of
the layer specific MOKE setup, or an unknown physical mechanism. Either way, more re-
search should be done on this subject. Both a more in-depth analysis of this sample, and
the analysis of a wider range of samples could greatly add to the understanding of interlayer
spin transfer. In future research, The demagnetisation of separately grown Co/Ni and Co/Pt
layers can be compared to the demagnetisation traces measured in this report. This could
provide insights in the effect of spin currents, as well as insights in the effect of a magnetic
layer being embedded in a bilayer structure.

The effect of mixing of the MOKE signals of the two individual layers in layer specific
MOKE can be further investigated by measuring demagnetisation loops as a function of the
QWP angle, with small deviations from the angle at which a layer is isolated. In this report,
the uncertainty areas due to mixing for the Co/Ni measurement are still relatively big, despite
the use of the automated rotation stage. This is due to the fact that the signal-to-noise ratio
in the TRMOKE setup is low. Possible mixing of the signals of the two individual layers can
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be hidden by noise generated during the measurements. In future measurements, a larger
set of hysteresis loops can be averaged to counter this problem. The results also show that
extreme care should be taken when determining the disappearance angle of a layer. Addition-
ally, the offset caused by adding the QWP to the setup further decreases this signal-to-noise
ratio. This again shows the need for a better understanding of this offset, such that it can be
reduced or eliminated.
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A Appendix

A.1 Modelling the MOKE signal

The MOKE signal is modelled with the Jones formalism. Every optical component is described
by a matrix. Multiplying these matrices yields the system matrix, which can be used to
calculate the intensity on the detector. The MOKE setup described in section 3.1.1 consists
of two polarisers, a sample and a PEM. First, calculations are done without PEM. A polariser
is described by

Mpol =

(
1 0

0 0

)
. (A.26)

The incident light is s-polarised after the first polariser. The corresponding Jones vector for
the incident light is

Mpol,1Ein =

(
1

0

)
. (A.27)

The second polariser is positioned at an angle θ. The rotation matrix is given by

Mrot(θ) =

(
cos(θ) − sin(θ)

sin(θ) cos(θ)

)
. (A.28)

A polariser, under an angle θ is written as

Mpol(θ) = Mrot(θ)MpolMrot(−θ) =

(
cos2 θ cos θ sin θ

cos θ sin θ sin2 θ

)
. (A.29)

The sample can be described with [2]

MS =
√
R

(
1 −Θ

Θ 1

)
, (A.30)

with R the reflection coefficient of the sample and Θ the Kerr rotation. The system matrix
is constructed by multiplying these matrices. The incoming and outgoing electric field are
related through the system matrix as

Eout = Mpol,2(α)MSMpol,1Ein . (A.31)

The intensity on the detector is then

I = Eout ·E∗
out = R(cos2 α+ (θ2 + ε2) sin2 α+ θ sin 2α) . (A.32)

The PEM is used to modulate the signal at frequency Ω. It causes a retardation between the
s- and p- components of the polarisation. A is the amplitude of the retardation.The Jones
matrix of a PEM at angle θ is

MPEM (θ) = Mrot(θ)

(
1 0

0 cos(A cosΩt) + i sin(A cosΩt)

)
Mrot(−θ) . (A.33)
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A APPENDIX

The angle between the first polariser and the PEM is 45 degrees, and the angle of the analyser
and the PEM has to be zero, on order to prevent an offset cause by the analyser. The incoming
and outgoing electric field are related as follows:

Eout = Mpol(π/4)MSMPEM (π/4)Mpol,1Ein . (A.34)

The intensity on the screen is then

I = Eout ·E∗
out = R(

1

2
+ θ cos(A cosΩt) + ε sin(A cosΩt)) , (A.35)

A.2 Modelling the layer specific MOKE

The MOKE signal is modelled like the MOKE signal in appendix A.1, with the addition of a
quarter wave plate. The quarter wave plate at an angle α is described with

MQWP (α) =Mrot(α)

(
1 0

0 i

)
Mrot(−α)

=

(
cos2 α+ i sin2 α (i− 1) cosα sinα

(i− 1) cosα sinα i cos2 α sin2 α

)
.

(A.36)

The incoming and outgoing electric field are related through the system matrix as

Eout = Mpol(π/4)MSMQWP (α)MPEM (π/4)Ein . (A.37)

The intensity on the detector can be calculated next. This intensity can be expanded in
terms of Bessel functions of the first kind, extracting the contributions to the first and second
harmonic of the signal. The First and second harmonic are given by(

V1f

V2f

)
∼

(
− sin2 2α − cos 2α

− cos 2α sin2 2α

)(
ε

θ

)
. (A.38)

A.3 Modelling the influence of the depth of a FM layer within a structure
on the quarter wave plate measurement

To theoretically investigate the influence of the spacer thickness on the Kerr signal, one can
simplify the system by assuming s-polarised incident light, and a constant Kerr rotation Φ̃i

at every magnetic interface i. For the top interface, only reflection plays a role, because
Pt is nonmagnetic. For the bottom interface, there is an additional phase-shift due to the
propagation of the light through the spacer layer. This situation is visualised in figure 32.
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A.3 Modelling the influence of the depth of a FM layer within a structure on the quarter
wave plate measurement

Figure 32: The sample as described by the model. E0 is the incident s-polarised light. E1

and E2 are the reflected light of the first and second interface. ϕ and ϕ′ are the angle of
incidence on the first and second interface respectively. d is the thickness of the Pt layer.

The reflected field for both interfaces can be written as

E1 = R1x̂ , (A.39)

E2 = T1R2e
2ikd′(x̂+ (θ2 + iε2)ŷ) , (A.40)

where R1 and R2 are the reflection coefficients at interface 1 and 2, and T1 the transmission
through interface 1, d′ = d cosφ the path length, k the complex refractive index of platinum
and λ the wavelength of the laser light. The x and y directions are defined perpendicular to
the propagation direction of the laser beam. From this, the total Kerr rotation of the sample
can be calculated, using Φ =

Ey

Ex
[29]:

Φ = θ + iε =
Ey

Ex
=

R2T1e
2ikd′

λ (θ2 + iε2)

R1 +R2T1e2ikd
′ . (A.41)

The rotation as a function of the spacer thickness is then:

θ = R(Φ) =
R2T1(R2T1ε2 +R1ε2 cos(

2ikd′

λ ) +R1θ2 sin(
2ikd′

λ ))

R2
1 +R2

2T
2
1 + 2R1R2T1 cos(

2ikd′

λ )
. (A.42)

Because d′/λ is small, sin(x) ≈ x and cos(x) ≈ 1. This reduces equation A.42 to

θ ≈
R2T1(R2T1ε2 +R1ε2 +R1θ2(

2ikd′

λ ))

R2
1 +R2

2T
2
1 + 2R1R2T1

, (A.43)
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from which can be concluded that θ ∝ d for small d. Analogous, the elipticity is given by
ε = I(Φ). The disappearance angle can be calculated by calculating the roots of equation
3.18. One of the four roots of the second harmonic is given by

V2f,0 = tan−1

√
ε2 +

√
ε2 + 4θ2

ε
. (A.44)

R1, R2 and T1 are calculated using the Fresnel equations. At a wavelength of 632 nm, the
refractive index of platinum is 2.32+3.68i, and the refractive index of cobalt 2.21+4.17i [35].
The angle of incidence is 5◦. The used values of θ and ε are −0.070 and −0.045, respectively,
which are realistic values of these constants [37].

A.4 Modelling the effect of the quarter wave plate on the Faraday rotation

The effect of the quarter wave plate on the Faraday rotation can be modelled using the Jones
formalism [34], in the same way this is done for the MOKE signal in appendix A.1.

It is assumed that the polarisation of the laser light undergoes a rotation f due to the
Faraday rotation in the optical components. Because the sample thickness is much smaller
than the thickness of all other components, the Faraday rotation in the sample can be ne-
glected. The sample therefore acts only as a mirror. The Jones matrix of a mirror is

Mmir =
√
R

(
1 0

0 −1

)
. (A.45)

Here is R the reflection coefficient of the sample, because the sample is not a perfect mirror.
After the first polariser, the laser is polarised at an angle of 45 degree. The PEM is at zero
degrees and the analyser is parallel to the PEM. The total Jones matrix of the MOKE setup
is then the multiplication of all individual matrices. The electric field after the setup can be
described as

Eout = Mpol(0)MmirMrot(f)MPEM (0)MQWP (α)Mpol(π/4)Ein . (A.46)

This can be translated to the intensity measured on the detector as follows:

I = (Eout ·E∗
out) =−R sin(A cosΩt)(

1

2
sin 2f cos 2α)

+R cos(A cosΩt)(sin 2f sin2 2α) + C ,
(A.47)

where C encompasses the terms independent of A. Using the following harmonic expansion
in A, with Jn the n’th Bessel function

sin(A cosΩt) = 2J1(A) cosΩt+ 2J3(A) cos 3Ωt+ ... (A.48)

cos(A cosΩt) = J0(A) + J2(A) cos 2Ωt+ ..., (A.49)

the first and second harmonic can be separated. The first and second harmonic signal can
thus be written as

V1f ∝ sin 2f cos 2α , (A.50)

V2f ∝ cos 2f sin2 2α . (A.51)

50



REFERENCES

References

[1] I. Tudosa et al., ”The ultimate speed of magnetic switching in granular recording media,”
Nature, vol.428(6985), pp.831-833, (2004).

[2] A.J. Schellekens, Manipulating spins: novel methods for controlling magnetization dynam-
ics on the ultimate timescale, PhD. Thesis, Eindhoven University of Technology, (2014).

[3] E. Beaurepaire, J.C. Merle, A. Daunois and J.Y. Bigot, ”Ultrafast spin dynamics in
ferromagnetic nickel,” Physical review letters, vol.76(22), pp.4250, (1996).

[4] C.D. Stanciu, A. Tsukamoto, A.V. Kimel, F. Hansteen, A. Kirilyuk, A. Itoh and T. Ras-
ing, ”Subpicosecond magnetization reversal across ferrimagnetic compensation points,”
Physical review letters, vol.99(21), pp.217204, (2007).

[5] B. Koopmans, J.J.M. Ruigrok, F.Dalla Longa and W.J.M. De Jonge, ”Unifying ultrafast
magnetization dynamics,” Physical review letters, vol.95(26), pp.267207, (2005).

[6] M. Battiato, K. Carva and P.M. Oppeneer, ”Superdiffusive spin transport as a mechanism
of ultrafast demagnetization,” Physical review letters, vol.105(2), pp.027203, (2010).

[7] A.J. Schellekens, N. de Vries, J. Lucassen and B. Koopmans, ”Exploring laser-induced in-
terlayer spin transfer by an all-optical method,” Physical Review B, vol.90(10), pp.104429,
(2014).

[8] P. Bruno, ”Physical origins and theoretical models of magnetic anisotropy.” Ferienkurse
des Forschungszentrums Julich, (1993).

[9] J. Walowski, Physics of laser heated ferromagnets : Ultrafast demagnetization and
magneto-Seebeck effect, PhD. Thesis, Niederschsische Staats-und Universittsbibliothek Gt-
tingen, (2012).

[10] P.J.H. Bloemen, Metallic multilayers: experimental investigation of magnetic anisotropy
and magnetic interlayer coupling, PhD. Thesis, Eindhoven University of Technology,
(1993).

[11] P. Bruno and J.P. Renard, ”Magnetic surface anisotropy of transition metal ultrathin
films,” Applied Physics A, vol.49(5), pp.499-506, (1989).

[12] C.Tannous and J.Gieraltowski, ”The StonerWohlfarth model of ferromagnetism,” Euro-
pean Journal of Physics, vol.29(3), pp.475, (2008).

[13] S.I. Anisimov,B.L. Kapeliovich and T.L. Perelman, ”Electron emission from metal sur-
faces exposed to ultrashort laser pulses,” Zh. Eksp. Teor. Fiz, vol.66(776), pp.375-377,
(1974).

[14] F. Dalla Longa, J.T. Kohlhepp, W.J.M. De Jonge and B. Koopmans, ”Influence of
photon angular momentum on ultrafast demagnetization in nickel,” Physical Review B,
vol.75(22), pp.224-431, (2007).

[15] G. Malinowski, F. Dalla Longa, J.H.H. Rietjens, P.V. Paluskar, R. Huijink, H.J.M.
Swagten and B. Koopmans, ”Control of speed and efficiency of ultrafast demagnetization

51



REFERENCES

by direct transfer of spin angular momentum,” Nature Physics, vol.4(11), pp.855-858,
(2008).

[16] K. Carva, D. Legut and P.M. Oppeneer, ”Influence of laser-excited electron distributions
on the X-ray magnetic circular dichroism spectra: Implications for femtosecond demag-
netization in Ni,” EPL (Europhysics Letters), vol.86(5), pp.57002. (2009).

[17] G.P. Zhang, W. Hbner, G. Lefkidis, Y. Bai and T.F. George, ”Paradigm of the time-
resolved magneto-optical Kerr effect for femtosecond magnetism,” Nature physics, vol.5(7),
pp.499-502, (2009).

[18] M. Krauß, T. Roth, S. Alebrand, D. Steil, M. Cinchetti, M. Aeschlimann and H.C.
Schneider, H. C. ”Ultrafast demagnetization of ferromagnetic transition metals: The role
of the Coulomb interaction,” Physical Review B, vol.80(18), pp.180407, (2009).

[19] D. Rudolf, L.O. Chan, M. Battiato, R. Adam, J.M. Shaw, E. Turgut, P. Maldonado et
al. ”Ultrafast magnetization enhancement in metallic multilayers driven by superdiffusive
spin current,” Nature communications vol.3, pp.1037, (2012).

[20] S.P. Parkin, ”Systematic variation of the strength and oscillation period of indirect mag-
netic exchange coupling through the 3d, 4d, and 5d transition metals.” Physical Review
Letters, vol.67(25) pp.3598, (1991).

[21] P. Bruno and C. Chappert, ”Interlayer Exchange Coupling: RKKY Theory and Beyond,”
In Magnetism and Structure in Systems of Reduced Dimension, pp. 389-399. Springer US,
(1993).

[22] M. Faraday, J. Kerr and P.Zeeman, The Effects of a Magnetic Field on Radiation: Mem-
oirs by Faraday, Kerr, and Zeeman. American book Company, Vol. 8 (1900).

[23] A.K.Zvezdin and V.A. Kotov. Modern magnetooptics and magnetooptical materials,
(CRC Press, 1997), p.1.4, 3.4.

[24] K.C. Kuiper, Exciting spins : revealing nonlocal effects in ultrafast magnetization dy-
namics, PhD. Thesis, Eindhoven University of Technology, (2013).

[25] F. Dalla Longa, Laser-induced magnetization dynamics: an ultrafast journey among spins
and light pulses, PhD. Thesis, Eindhoven University of Technology, (2008).

[26] S. Yakata, Y. Ando, T. Miyazaki and S. Mizukami, ”Temperature dependences of spin-
diffusion lengths of Cu and Ru layers,” Japanese journal of applied physics, vol.45(5R),
pp.3892, (2006).

[27] N. Nagaosa, J. Sinova, S. Onoda, A.H. MacDonald and N.P. Ong, ”Anomalous hall
effect,” Reviews of modern physics, vol.82(2), pp.1539, (2010).

[28] C.Z. Chang et al., ”Experimental observation of the quantum anomalous Hall effect in
a magnetic topological insulator,” Science, vol.340(6129), pp.167-170, (2013).

[29] J. Zak, E.R. Moog, C. Liu and S.D. Bader, ”Universal approach to magneto-optics,”
Journal of Magnetism and Magnetic Materials, vol.89(1), pp.107-123, (1990).

[30] D.F. Swineheart, ”The Beer-lambert law,” Journal of chemical education, vol.19(7),
pp.333, (1962).

52



REFERENCES

[31] H.M. Lu, W.T. Zheng, and Q. Jiang, ”Saturation magnetization of ferromagnetic and
ferrimagnetic nanocrystals at room temperature,” Journal of Physics D: Applied Physics,
vol.40(2), p.320, (2007).

[32] H. Brandle, D. Weller, J.C. Scott, S.S.P. Parkin and C.J. Lin, C. J. ”Optical and
magneto-optical characterization of evaporated Co/Pt alloys and multilayers,” IEEE
Transactions on Magnetics, vol.28(5), p.2967-2969, (1992).

[33] R. Lavrijsen, A. Fernndez-Pacheco, D. Petit, R. Mansell, J.H. Lee and R.P. Cow-
burn, ”Tuning the interlayer exchange coupling between single perpendicularly magnetized
CoFeB layers,” Applied Physics Letters, vol.100(5), pp.052411, (2012).

[34] R.C. Jones, ”A new calculus for the treatment of optical systems,” JOSA, vol.31(7),
pp.488-493, (1941).

[35] D.R. Lide, ed. ”CRC handbook of chemistry and physics,” CRC press, vol.85, (2004).

[36] A. Bergman, et al., ”Ultrafast switching in a synthetic antiferromagnetic magnetic
random-access memory device,” Physical Review B, vol.83(22), pp.224429, (2011).

[37] C.Y. You and S.C. Shin, ”Derivation of simplified analytic formulae for magnetooptical
Kerr effects,” Applied physics letters, 69(9), pp.1315-1317, (1996).

53


