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Abstract

Very recently in the field of ultra fast magnetization dynamics it was shown that after excitation of
a synthetic ferrimagnet by a femtosecond laser pulse the magnetization direction can be switched.
This all-optical switching (AOS) of the magnetization direction is explained by a difference in the
demagnetization rate of the two sublattices in combination with the antiferromagnetic exchange
coupling. Various models such as atomistic spin models and the microscopic three temperature
model can explain the AOS. In these models, the angular momentum is dissipated locally. Other
non-local models, such as the superdiffusive spin transport model, can explain the demagnetiz-
ation fully by spin currents leaving the probed area. Spin currents are recently used to switch
a Co/Pt ferromagnetic layer. The spin current was generated in a Co/Fe/Gd alloy after which
it flows through a conductive spin valve to the ferromagnet. With addition of local heating the
ferromagnetic layer was able to switch its magnetization direction.

In this thesis the influence of spin currents on AOS is investigated. This is done by measuring the
domain sizes after excitation of the magnetic material with femtosecond laser pulses on different
pulse energies. To get one single AOS efficiency value, the threshold fluence (mJ/cm2) is introduced
and extracted as a fit parameter. The threshold fluence indicates what minimum energy is needed
to switch one square centimeter. For applications, such as magnetic recording devices, a low
threshold fluence is preferred.

In the first part of this thesis the influence of spin currents on the AOS efficiency is investigated
with a Co/non-magnetic/Co/Gd sample. The bottom Co is anti-parallel (AP) or parallel (P)
coupled to the top Co/Gd layer by the interlayer exchange coupling (IEC). A lower threshold
fluence is expected for the AP coupled state in comparison to the P coupled state. The threshold
fluence is measured for three different states, AP, P and AP with consecutively decreasing IEC
strength and is found to be 9.9±0.2 mJ/cm2, 9.6±0.2 mJ/cm2 and 10.3±0.3 mJ/cm2, respectively.
We speculate that spin currents are not assisting in the AOS process since the threshold fluences
for the two AP states are slightly higher that the P state.

In the second part of this thesis the effect of external generated spin current on the threshold
fluence of a Co/Gd bilayer is investigated. The external spin current is generated by a Co/Ni
multilayer, decoupled from the top Co/Gd by a Cu conductive spacer layer. A threshold fluence
of 13.3± 0.6 mJ/cm2 and a threshold fluence of 15± 1 mJ/cm2 is found for the AP→ P and P→
AP switch, respectively, indicating the hypothesis is correct. Further proof is given by inserting
a Pt spin sink on top of the Cu spacer layer. It is shown that the threshold fluence difference
between the AP → P and P → AP switch sharply decreases with only a 1 nm increase in Pt
thickness. Furthermore, it is shown that the spin current contributes up to 25% in the AOS
efficiency, resulting in a fluence window where the Co/Gd bilayer will only switch if the Co/Ni
layer is anti-parallel to the Co/Gd bilayer. These results could lead to future data storage devices
where the energy consumption is lowered by spin currents.
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Chapter 1

Introduction

The Paris agreement, which was signed by 196 nations in 2016, states that the the global temper-
ature increase since pre-industrial time should be below 2 degrees Celsius and preferably below 1.5
degrees Celsius [1]. Global electricity usage for communication technology is expected to increase
to 21% of the global total electricity usage in 2030, and in a worst case scenario this can even
increase to 51% [2]. While these are predictions, the current electricity usage for communication
technology is already around 10% in 2015 of the total electricity usage. In particular, data centers
account for approximately 1.4% in 2011 of the global energy consumption [3]. For this reason, it is
worthwhile to reduce energy usage in data centers and therefore in hard disk drives (HDD).

The hard disk drive is a non-volatile data storage device that was first introduced by IBM in 1956
[4]. The HDD could store up to 3.75 megabyte, which are a few digital images now days, and
would fill a large part of the room. Current HDDs that fit in a laptop can store up to ten terabyte,
which is one million times more than the capacity in 1956.

Data in a HDD is stored on a magnetic disk. By applying a magnetic field on the magnetic disk
the magnetization direction can be changed from up to down and vice versa. The magnetization
in the up or down direction represents the data as binary code. Increasing disk capacity can be
done by making the bits, or magnetic domains, smaller. Currently, the domains are getting so
small that room temperature thermal energy can overcome the magnetic direction energy and
flip the domains at any moment. As a result, data will become unstable en will be lost over
time. The solution for this can be found by using a ”hard” magnetic material, which means that
the magnetization direction is hard to flip and will be very stable over time. The disadvantage
for a hard magnetic material is that a large magnetic field is required to flip the domains. And
consequently, increasing the energy usage of the HDD. Seagate Technology is a HDD producer
that found a solution for this problem by developing heat assisted magnetic recording (HAMR)
[5]. By applying a short laser pulse on the magnetic disk the hard material will become ”softer”
and becomes switchable with lower magnetic fields.

HAMR is the state of the art in commercially available non-volatile data storage. While there are
many other techniques under development to store non-volatile data at the moment, all of them
are electronic [6]. Meaning that the data is stored by applying a voltage or electron charge in
the device. Writing speeds for electronic devices is on the order of nanoseconds and energy usage
is on the order of picojoules to write approximately 103 nm2 [6]. To go much faster than the
nanosecond regime and get lower energy usage, laser-induced magnetization reversal can be used.
In 1996 Beaurepaire et al. demonstrated ultra fast demagnetization in the picosecond timescale of
Ni after excitation with a femtosecond laser pulse [7]. After the fast demagnetization it is possible
to completely reverse the magnetization direction if the correct materials are used. All-optical
switching (AOS) of the magnetization direction after excitation by a femtosecond laser pulse was
discovered for the first time in 2007 in a ferrimagnetic GdFeCo alloy [8]. In a ferrimagnetic
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CHAPTER 1. INTRODUCTION

alloy the transition metal (FeCo) and the rare-earth metal (Gd) are coupled antiparallel (AP) by
the exchange interaction. In 2012 the picosecond switch was explained by a large difference in
the demagnetization rate between the transition metal and rare-earth metal in combination with
the exchange coupling between the rare-earth metal and transition metal [9]. Several theoretical
models were introduced to explain AOS in more detail; The microscopic three temperature model
(M3TM) [10], atomistic spin model [9] and a general theoretical framework [11]. All models are
able to describe AOS.

Lalieu et al. demonstrated in 2017 single-pulse AOS with synthetic ferrimagnets [12]. Furthermore,
he performed AOS on two FM layers separated by a non-magnetic (NM) spacer layer [13]. The two
FM layers are quantum magnetically coupled in the P or AP state by varying the non-magnetic
layer thickness. The top Gd/Co bilayer was explained to switch by the layered-M3TM model.
However, it was unclear how the bottom Co layer was switching. One possible explanation may
be found in the IEC. Since it is expected that the top Gd/Co is switching before the bottom Co,
the top Gd/Co layer may ”pull” the bottom Co layer along the top Gd/Co direction by the IEC.
Lalieu further suggested that non-local spin currents may play a role in switching the bottom
Co.

Besides the thermal single-pulse switching described by the M3TM, atomistic spin, theoretical
framework models, AOS can also occur by non-local transfer of angular momentum, so called
spin currents [14]. Spin currents are generated when a single laser pulse excites a ferromagnet by
heating the material on which polarized hot electrons will leave the material. The first indirect
proof for laser pulse excited spin currents was given in 2008 by using two FM layers separated by
a NM layer [15]. In figure 1.1 an illustration is shown for the experiment showing the initial P(a)
and AP(b) states of the experiment. It was shown that after excitation with one laser pulse the
sample in the AP state showed faster demagnetization and an increase in total demagnetization
compared to the P state. This was attributed to the spin current flowing to each FM. Later,
in 2011, direct evidence for laser excited spin currents was given in a Au/Fe/MgO(001) sample.
Spin current was generated in the Fe layer by laser excitation and flowed to the edge of the thick
non-magnetic Au layer, where it was probed by a second laser pulse [16]. Several models were
introduced to explain spin current transport. Namely, the superdiffusive model [17], diffusive
model [18] and a model that combines diffusive and ballistic transport [19].

Iihama et al. demonstrated in 2018 that the AOS can be mediated by spin transport [14]. The
spin current was generated in a GdFeCo alloy after laser excitation, which after it flowed through
a thick conductive spacer layer to a Pt/Co layer. It was proposed that the bottom Pt/Co was
switching through the deposition of spin current from the FdFeCo alloy and by local heating of
the laser. This hypothesis was further proved by inserting a Pt spin sink in the spacer layer to
depolarize the spin current. It was observed that the AOS transitioned to a partly demagnetized
multidomain state for incrasing Pt thickness. This indicates that spin currents are indeed assisting
in the AOS mechanism.

Figure 1.1: Spin current transfer between two FM layers with a conductive spacer in between.
(a), Two FM layers in the parallel (P) state. (b), Two FM layers in the antiparallel (AP) state.
Illustration adjusted from [15].

In the first part of this thesis the effect of spin currents on the threshold fluence is determined
for Co/Ir(NM)/Co/Gd samples. The top Co/Gd is P or AP coupled with respect to the bottom
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CHAPTER 1. INTRODUCTION

Co by adjusting the NM layer thickness. If the switch is spin current assisted, the threshold fluence
will be lower if the sample is in the AP state compared to the P state.

In the second part of this thesis the role of external generated spin currents on a decoupled
Co/Gd switching layer is investigated. The spin current is generated in a thick Co/Ni multilayer
after single-pulse laser excitation. The spin current will flow through a conductive space layer to
the Co/Gd bilayer where it will deposit its angular momentum. With MOKE, the Co/Gd bilayer
can be prepared in the P or AP state with respect to the bottom Co/Ni layer. If the sample is
AP prepared, it is expected that the threshold fluence for the top Co/Gd layer will be lower with
respect to the P prepared state. Furthermore, it is assumed that only the top Co/Gd is switching
after laser excitation since the magnetic moment of the Co/Gd bilayer is much smaller than the
magnetic moment of the Co/Ni layer.

In both parts of this thesis a low threshold fluence is preferred since this will lower the energy
usage in future data storage applications. In this regard, the spin currents that are investigated
in this thesis might play a crucial role for this purpose.

Spin Current Assisted All-Optical Switching 3





Chapter 2

Theoretical background

In this chapter the theoretical background is given to understand all-optical switching, spin current
generation and transport, RKKY coupling and magnetic anisotropy.

2.1 All-optical switching

In 1996 Beaupaire et al. demonstrated ultrafast demagnetization in the subpicosecond timescale
in Ni upon illumination of a short femtosecond laser pulse [7]. The ultrafast demagnetization was
explained by the interaction of the electron, lattice and spin heat reservoirs. However, the full
explanation for ultrafast magnetization dynamics is still being debated in the scientific community.
Alternative models such as the superdiffusive spin transport model by Battiato et al. are able to
fully explain the ultrafast magnetization dynamics [17].

Another surprise in the field of femtosecond magnetism came in 2007, in the form of all-optical
switching (AOS) [20]. In AOS the magnetization direction is reversed without the application of
an external applied field upon laser-pulse excitation. The first AOS experiments by Stanciu et al.
where done on a GdFeCo alloy, which is a ferrimagnet. This means that the Gd is antiferromagnet-
ically coupled to the FeCo, resulting in a net magnetization because the magnetizations of the Gd
and FeCo sublattices are not equal to each other. The AOS was explained by first heating heating
the spin system to the Curie temperature, which diverges the magnetic susceptibility, secondly,
a light-induced effective field will switch the magnetization direction. The final magnetization
direction of the switch was found to be dependent on the helicity of the light. By the inverse
faraday effect the direction of the light-induced effective field is dependent on the helicity of the
light [21].

A few years later, in 2012, Ostler et al. showed single-pulse helicity independent AOS on the same
GdFeCo alloy as Stanciu et al. used. This proved that the switch was thermally driven and not
driven by a laser-induced effective field as Stanciu et al. proposed to describe the switch. The
helicity dependence was shown to be explained by magnetic circular dichroism (MCD) [22]. In
MCD there is a difference in the absorption of light in the magnetic material for left and right
polarized light, resulting in a fluence range where the AOS is helicity dependent.

Time-resolved element specific X-ray magnetic dichroism (XMCD) measurements shed light on the
mechanism behind the single-pulse thermal switch [23]. In figure 2.1 the magnetization (XMCD
signal) is shown as a function of the pump-probe delay for a GdFeCo thin film. After exciting the
sample with a short laser pulse, both the Gd and Fe sublattices will start to demagnetize rapidly.
The Gd will transfer angular momentum to the Fe by exchange scattering, which after the Fe
magnetization direction is aligned to the Gd direction. In this transient ferromagnetic state the
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Figure 2.1: Normalized X-ray magnetic circular dichroism (XMCD) as a functon of
Pump-probe delay. for the Fe (blue) and Gd (red) sublattices. Illustration obtained from [23]

Gd will switch its direction by antiferromagnetic exchange coupling such that the sample is again
in a ferrimagnetic state and completing the AOS.

Multiple experiments demonstrated AOS and in all experiments three ingredients where essential
for the switch [24], [25]. The ingredients are; two magnetic sublattices such as the Co and Gd lat-
tices, antiferromagnetic coupling between the two sublattices and a difference in demagnetization
rate between the two sublattices. All three ingredients are proven to be essential in theoretical
models such as atomistic spin model [23] and the M3TM model [10].

2.2 Spin current generation and transport

Spin currents play an important role in this thesis. However, the full theoretical explanation
of spin current transport is not trivial and several different theories exist that can describe it
[26],[27],[19],[28] and [17]. First, a phenomenological description is given for spin current genera-
tion.

Mott [29] showed that ferromagnetic transition metals such as Nickel have a lower resistance if
the electron spin is aligned with the magnetization direction. Therefore, there are two different
conductivities for the up and down spins resulting in a spin polarized current. In figure 2.2(a)
the energy of an electron is presented as a function of the density of states (DOS). With the up
arrow as the majority spins (in the magnetization direction) and the down arrow as the minority
spins. Upon laser excitation in 2.2(b) the electrons will be excited to a higher energy state and fall
back again to the Fermi energy in 2.2(c). The lifetimes for the majority spins will be longer than
the lifetimes of the minority spins because the DOS is smaller at the Fermi level for the majority
spins, which is represented by the red bar in (c). The lifetimes for the majority spins are up to
40 fs and for the minority spins the lifetimes are less than 2 fs [30].

Initially several large approximations where used to describe spin transport. For example, the
local electron temperature was used [27],[19] and [28], while it is known that the electrons are
strongly out of equilibrium [32]. Furthermore, modeling is done in the diffusive regime and in
the ballistic regime. However, both extremes are not adequate in describing spin current. In the
standard diffusion regime it is assumed that the mean free path approaches zero and the electron
velocity approaches infinity, while it is known that in metals the lifetimes and mean free paths
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Figure 2.2: Illustration for the energy of an electron as a function of the density of states
(DOS). Where the up and down arrows represent the majority and minority spins, respectively.
Schematic obtained from [31].

are in the order of tens of femtoseconds and tens of nanometers, respectively [17]. The complete
ballistic transport approximation is also to extreme since the electron will scatter multiple times in
a metal. Battiato et al. introduced the superdiffusive model where the transport starts as ballistic
transport and changes to diffusive transport over time. In this model the geometric flight path
of the electrons with scattering events is included in the Boltzmann transport equations and spin
dependent lifetimes are used. The result is a model without fitting parameters where the transport
happens in the superdiffusive regime. The variance σ2(t) of the displacement of a single-particle
distribution for standard Brownion motion is given by,

σ2(t) = Kwt
2/dw , (2.1)

With Kw the diffusion constant and dw = 2 for Brownian motion, the anomalous diffusion ex-
ponent. If dw = 1 the transport is ballistic. In Battiato et al. superdiffusive model it is derived
that 1 ≤ dw < 2, i.e., the model is in between the diffusive and ballistic regime. Furthermore, in
Battiato et al. model dw is a function of time,

dw(t) =
2

t

σ2

dσ2/dt
. (2.2)

Showing that the transport starts as ballistic transport, dw = 1, and changes over time to diffusive
transport, dw = 2, as illustrated in figure 2.3.

Spin Current Assisted All-Optical Switching 7
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Figure 2.3: dw as a function of time for a lifetime of 40 fs (dashed curve) and for a lifetime of
10 fs (solid curve). Figure obtained from [17].

2.3 RKKY Coupling

Ruderman, Kittel, Kasuya and Yosida (RKKY) first introduced a model for the indirect exchange
coupling of nuclear magnetic moments by conduction electrons [33] [34] [35]. The same principle
is used to describe the coupling between two FM layers separated by a NM layer [36]. In this
section a simple 1D model will be given to describe the RKKY coupling between the two FM
layers [36].

Figure 2.4: 1D model for RKKY coupling with only one electron. The electron will experience
a potential step at the NM/FM interface, z = 0. Illustration obtained from [37]

The model starts with only one conduction electron in the NM layer approaching the FM layer on
the right, see figure 2.4. On the interface of the NM and FM layer there will be a potential step V 0,
because the band structure in the NM and FM layers are different. By using standard quantum
mechanical methods [38], the time-independent Schrödinger wave equation can be calculated to
be,

ψ(z) = eikiz +ReikRz (z < 0), (2.3)

ψ(z) = TeikT z (z ≥ 0). (2.4)

With ki the incoming wave vector, kR the reflected wave vector, kT the transmitted wave vector,
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R the reflection amplitude and T the transmitted amplitude. These equations can be simplified
by noticing that −kR = ki ≡ kz. Resulting in,

ψ(z) = eikzz +Re−ikzz (z < 0). (2.5)

The probability to find the electron in the NM spacer is,

|ψ(z)|2 = 1 +R2 + 2Rcos(2kzz) (z < 0). (2.6)

This is the result from the potential step V 0. However, the electrons with spin up and spin
down will experience a different potential step, V ↑ and V ↓ respectively. The probability to find
the electrons in the NM layer with the spin dependent potential steps can be calculated and
subtracted from each other, which result in a standing spin wave density. If the spin wave density
is than integrated from zero up to the Fermi wave vector, the total spin density is obtained. The
total spin density in the NM layer is given by,

σ(z) =
(R↑ −R↓)sin(2kF z)

z
. (2.7)

With R↑ and R↓ the reflection coefficients for spin up and pin down, respectively. In figure 2.5
the normalized spin wave density is given as a function of distance. When the spin density is
positive there will be a net spin up accumulation and when the spin density is negative there will
be a net spin down accumulation. The FM layer will align itself with the net spin accumulation.
Resulting in the RKKY P (spin up,blue) or AP (spin down,red) coupling between two FM layers.
The coupling strength is decreasing with distance.

Figure 2.5: Normalized spin wave density as a function of distance with period of π/kF . Figure
obtained from [37]

2.4 Magnetic anisotropy

Hard disk drive (HDD) producers like Seagate Technology PLC are already exploiting magnetic
anisotropy engineering since 2006 to improve HDD capacity [39]. By engineering very thin mag-
netic magnetic layers, that are in the nanometer order, the direction of the magnetization will

Spin Current Assisted All-Optical Switching 9
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turn from a horizontal direction to a vertical direction, perpendicular to the thin film. More mag-
netic domains will fit on the HDD with perpendicular domains since they require less space than
horizontal domains.

Magnetic anisotropy is the preferred magnetization direction of a ferromagnet. The preferred
direction, or the easy axis, is the direction where the energy of the system is minimized. If the
energy is maximized, the magnetization is in the hard axis direction. The energy to push the
magnetization direction from the easy axis to the hard axis direction in first approximation is
given by [40]

Eani = K(sin θ)2, (2.8)

with K the anisotropy constant and θ the angle between the easy axis and the magnetization. The
anisotropy constant K can be both positive and negative. If K is positive the ferromagnet exhibits
perpendicular magnetic anisotropy (PMA). If K is negative the ferromagnet has in-plane magnetic
anisotropy (IMA). Thin films in the nanometer order have a large amount of surface atoms with
respect to the bulk atoms and the surface atoms have a different environment than the bulk atoms.
For this reason it makes sense to divide the anisotropy constant K in two terms,

K = KV +
KS,top +KS,bottom

t
. (2.9)

With KV the volume anisotropy term, KS the surface anisotropy terms for two different environ-
ments and t the tickness of the thin film.

It can be derived that the volume anisotropy term is dominated by shape anisotropy [41], and
the shape anisotropy is governed by dipole-dipole interaction. Dipole-dipole interaction is the
interaction between two spins which are regarded as dipoles that generate a dipole field. The
shape anisotropy constant can be derived to be,

Kshape = −1

2
µ0M

2
s . (2.10)

Where µ0 is the vacuum permeability and M2
s is the saturation magnetization. With this equation

it can be seen that a material with a large saturation magnetization will pull the magnetization
in plane, since a negative anisotropy constant will result in IMA.

The surface anisotropy terms KS,top and KS,bottom are heavily influenced by the adjecent layer.
Atoms of the FM layer can hybridize with the adjecent layer by Spin-orbit interaction [41]. If
Co/Pt is used this will result in a postive surface anisotropy constant KS > 0. Because the
hybridization results to in-plane orbitals and the orbitals themselves have out-of-plane angular
momentum. This in turn results to out-of-plane crystalline anisotropy. In the entire thesis Pt will
be used as a seed layer to achieve PMA in all samples.

10 Spin Current Assisted All-Optical Switching



Chapter 3

Methodology

3.1 Sample fabrication

To produce thin multilayered films, a deposition technique called DC magnetron sputtering is
used. An illustration for this technique is presented in figure 3.1. Magnetron sputtering is a
physical process where fast argon ions are accelerated in a electric field and collide with the target
of the desired material for deposition. After collision, the atoms are separated from the target
and some of them will condense on the substrate with a sputtering rate in the order of 0.1 nm/s.
To keep the sample clean the sputtering is done under ultra-high-vacuum, which is in the order
of 10−8 mbar. In many experiments the characteristics of the sample are measured as a function
of layer thickness. With a thickness gradient in a layer those measurements can be done with one
sample, instead of many separate samples. The depicted wedge mask in figure 3.1 is used to create
a thickness gradient on the sample by moving the mask over the sample.

Figure 3.1: Schematic illustration of DC magnetron sputtering. Atoms are deposited on the
sample by colliding high energy ions on the target. Illustration obtained from [13]

Spin Current Assisted All-Optical Switching 11
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3.2 MOKE

In 1877 John Kerr discovered the magneto-optical Kerr effect (MOKE) [42]. He found that the
polarization of linearly polarized light rotates after reflection from a magnetic material. Linearly
polarized light can be regarded as a superposition of left and right circular polarized modes.
These different modes have different refractive indexes. As the light is traveling through the
material and eventually reflecting from the surface, the left and right circular polarized modes
will be out of phase and have different amplitudes. The phase difference will result in a change
of the polarization axis of the reflected light compared to the incident light, the Kerr rotation θ.
The amplitude difference will result in a certain amount of ellipticity, the Kerr ellipticity ε. The
refraction index can be derived from the Maxwell equations and is given by,

n =
√
εrµr. (3.1)

With n the refractive index, εr the relative permittivity and µr the relative permeability. The
relative permeability µr, is linked to the magnetization for linear materials as,

⇀

M = χm
⇀

H = (µr − 1)
⇀

H (3.2)

With
⇀

M the magnetization, χm the magnetic susceptibility and
⇀

H the auxiliary field. From these
equations it can be seen that the magnetization and refractive index are related to each other
and the magnetization can be determined from the Kerr rotation. In figure 3.2(a) a schematic
is shown of the rotation from linear to elliptical polarized light. In figure 3.2(b) the blue arrow
represents the magnetization direction. It is possible to measure all three directions. However, in
this thesis only the polar MOKE is used.

Figure 3.2: Schematic illustration of the magneto-optical Kerr effect (MOKE).(a), rotation of
the polarization axis and attaining a certain ellipticity.(b), MOKE with different magnetization
directions where the blue arrow represents the magnetization direction. Image taken from [13]

In figure 3.3 the MOKE setup is shown to measure the hysteresis loops. The MOKE arrangement
is in the so called polar MOKE, which means that the incident laser is perpendicular on the
sample. First the laser goes through the polarizer P1 after which the laser will reflect from the
sample and goes through a second polarizer P2, or analyzer. After the analyzer the intensity will
be measured by a detector. The photo-elastic modulator (PEM) and a lock-in amplifier is added
to boost the signal-to-noise ratio. For an in depth derivation of the MOKE setup the reader is
referred to [13].
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Figure 3.3: Schematic illustration of the laser setup to measure MOKE. Schematic illustration
obtained taken from [13]

3.3 Laser

The laser used in this thesis to perform the switching experiments is a Spirit-NOPA system. The
laser emits approximately 35 fs laser pulses with a pulse energy up to 440 mW. The pulse energy
is measured with a power meter that is inserted in the laser beam by hand. The actual power of
the laser is regulated by inserting a neutral density filter wheel in the beam. The filter wheel is
regulated by rotating it by hand. In normal operation the laser is operating at a frequency of 500
KHz. With the pulse picker this frequency is reduced to 1 pulse per four seconds. To pick out a
single pulse from the laser beam, a shutter is placed in the beam. A typical switching measurement
would go as follows. First the sample is mounted on the sample holder. To know where the laser
spot is on the sample, the sample is aligned. The alignment is done by measuring the reflection
from the sample. If the edge of the sample is found the DC signal will drop. After alignment the
desired pulse energy is set by measuring the beam power with a power meter. This beam power
measurement is done at the high frequency of 500 KHz. After this, the frequency is lowered to
only one pulse per four seconds. To get only one pulse on the sample the shutter is momentarily
opened and immediately closed after one pulse and the measurement is done.

3.4 Kerr microscope

To observe the switched domains, which have a radius on the order of 0.01 mm, a light microscope
in combination with MOKE principle is used. The microscope can work in the polar MOKE or in
the out-of-plane MOKE setup by adjusting the angle of the incident light on the sample. In this
thesis only polar MOKE setup is used

After the written domains are found on the sample a snapshot is taken and saved. The domain size
is then analyzed with software that uses an automatic threshold technique. A general description
for this automatic thresholding and the error in determining the domain sizes is further discussed
in appendix A.
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Chapter 4

Results and discussion

In the first part of this chapter the influence of spin currents on RRKY coupled samples is in-
vestigated. First, the hysteresis loops are presented to show that the sample is in a parallel (P)
or anti-parallel (AP) state with zero applied field. Next, the domain sizes and threshold flu-
ences are compared to each other after laser excitation for the initial P and AP RKKY coupled
samples.

In the second part, the influence of spin currents from a Co/Ni multilayer on a Co/Gd bilayer is
investigated. In this second part the same procedure is followed as the in the first part of this
chapter. First the hysteresis loop is show and secondly the domain sizes and threshold fluences
are compared to each other for the initial P and AP states.

In the third part, the observed instability over time of the samples is discussed.

In both the RKKY coupled samples and in the Co/Ni multilayer sample the top Gd/Co bilayer is
antiferromagnetic coupled with a compensation temperature of 120 K, as shown by Lalieu et al.
He further showed that at room temperate the magnetic moment per unit area is 1.4 mA for Co
and 0.82 mA for Gd, which is represented in figure 4.1 by the smaller arrows of Gd. The MOKE
field is too weak to decouple the Co/Gd layer since this coupling is expected to be several Tesla’s
strong. For this reason the Co/Gd layer is regarded as a single ferromagnetic layer with scaled
saturation magnetization that will always switch as one.

4.1 RKKY coupled multilayer

Lalieu has shown in the outlook of his PhD thesis that RKKY coupled samples show single pulse all-
optical switching (AOS) [13]. The sample stack Lalieu investigated was a Co/NM/Co/Gd RKKY
coupled sample with a non-magnetic (NM) spacer layer. The top Gd/Co layer was explained to
switch by the layered-M3TM. For the bottom Co layer it was unclear what mechanism was driving
the switch.

In this section the influence of spin currents from the top Co/Gd layer on the bottom Co layer is
investigated. It is expected (as described in section 1), that the samples in the initial AP state
will switch with a lower threshold fluence than the switch with the initial P state if spin currents
is major contributor.

First, the hysteresis loops are measured to confirm that the sample is in the P or AP RKKY
coupled state. After this confirmation the samples are excited with femtosecond (fs) laser pulses
to switch the samples from the P state to the AP state and conversely. The domain sizes for
all samples are plotted in one graph for a clear overview. With this information the threshold
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Figure 4.1: Synthetic magnetic behavior for two different Ir thicknesses.(a), Hysteresis loop
with Ir thickness of 0.8 nm. The two cobalt layers are coupled in the P state. (b), Hysteresis
loop with Ir thickness of 1.2 nm. The bottom Co is coupled AP with the top Co layer.

fluence is extracted as a fitting parameter and compared to each other for the P and AP coupled
states.

Measurements are done on a sample with a non-magnetic Ir wedge. The full sample structure is
Ta(4)/Pt(4)/Co(1)/Ir(wedge(nm))/Pt(0.5)/Co(1)/Gd(3)/Ta(4), grown on a boron doped silicon
substrate. Laser excited AOS is done on the first and second AP peaks (Ir 0.5, 1.2 nm) and on
the P peak, which should lie in between the two AP peaks at 0.8 nm. Furthermore, the Pt under
the Co is used as a seed layer to make sure the sample has PMA over the entire sample, as is
described in section 2.4.

4.1.1 Confirming iridium thickness for RKKY coupling

Using MOKE (as described in section 3.2), the hysteresis behavior is measured over the entire Ir
wedge(0-2 nm) thickness. From this behavior the coupling peaks on the Ir wedge can be identified.
In figure 4.1 the hysteresis loops are shown for the first P and second AP coupled peaks. In figure
4.1(a) only two magnetization levels are visible. This corresponds to the P coupled state. In
figure 4.1(b) four magnetization levels are visible. Because magnetization levels 2 and 3 are in
between magnetization levels 1 and 4 this has to be the AP coupled state, since only four levels
are possible with the applied magnetic field range. The first and second AP coupled peaks are
found to be at 0.5 nm and 1.2 nm, respectively. This means that the coupling period is 0.7 nm,
which corresponds with previous found value for the coupling period [36]. The P coupled peak is
found to be at 0.8 nm which is approximately in the middle of the two AP coupled peaks.

PMA is present in the sample because the hysteresis loops are sharp, i.e., the magnetization is
increasing and decreasing with almost infinite slope from magnetization level 1 to 2 and all other
steps in magnetization. On laser excitation there is no external applied field, thus the switching
with a laser pulse will happen between level 1 and 2 (P to P) in figure 4.1(a) and between level 2
and 3 (AP to AP) in figure 4.1(b).
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Figure 4.2: Domain size as a function of pulse energy for the first AP peak, P peak and second
AP peak. The solid lines are fits through the data.

4.1.2 Threshold fluences for RKKY coupled sample

In section 4.1.1 the RKKY coupling peaks where found by measuring the hysteresis loops over
the Ir wedge. With this information, laser pulse induced AOS is done on the corresponding Ir
thicknesses.

In figure 4.2 the domain sizes for the three coupling peaks are plotted as a function of pulse energy.
It can be seen that the data points lie very close to each other and no immediate conclusion can be
drawn. To get more insight into the data, the threshold fluence is introduced, which is expressed
in mJ/cm2. The threshold fluence is extracted as a fit parameter with the following fit function
[43],

Domain size = πσ2 ln

(
P

F0πσ2

)
, (4.1)

with P the pulse energy of the laser, σ the radius of the gaussian pulse and F0 the threshold
fluence. The threshold fluence for the first AP coupled peak, P peak and second AP peak is
9.9 ± 0.2 mJ/cm2, 9.6 ± 0.2 mJ/cm2 and 10.3 ± 0.3 mJ/cm2 respectively, with the uncertainties
as standard errors. If spin current is assisting the switching, then the AP coupled samples would
have a lower threshold fluence than the P coupled sample. However, as can been seen here, the
threshold fluences fall within each uncertainty.

As Lalieu et al. suggested in his PhD thesis [13], the AP or P coupling between the top Gd/Co
and bottom Co may be responsible for the bottom Co switch. If the top Gd/Co is switched
by the layered-M3TM, which will probably happen before the bottom Co is switched, there will
be an effective field on the bottom Co layer in the AP direction with respect to the initial Co
magnetization direction. When the bottom Co is than remagnetizing, after the demagnetization,
it will align itself with this effective field. The total Co/Ir/Co/Gd stack is than switched from P
to P or from AP to AP.

In previous AOS experiments by Lalieu et al. a threshold fluence of around 3 mJ/cm2 was found
for a Ta(4)/Pt(4)/ Co(1)/Gd(3)/Pt(2) stack [12]. This value is approximately 3.3x lower than the
threshold values in figure 4.2. A possible explanation might be the top Ta capping layer used here
instead of a Pt capping layer. In order to investigate if this could be the cause of the discrepancy,

Spin Current Assisted All-Optical Switching 17



CHAPTER 4. RESULTS AND DISCUSSION

the threshold fluence is determined for the same stack as Lalieu et al. used but with a top Ta layer.
The extracted threshold value is 4.5±0.1 mJ/cm2. So the Ta capping increased the threshold value
by 1.5 mJ/cm2 , this is still half the value of the values shown in figure 4.2. Another explanation
is that the samples used in this section has an extra Co(1) below the Ir that is switched with the
top Co(1)/Gd(3), i.e., there is in total more magnetic material switched. Lalieu et al. determined
the threshold fluences on samples with increasing Co thicknesses [12], showing a linear increase in
the threshold fluence of approximately 5 mJ/cm2 per nanometer, which explains the increase in
threshold fluence presented here.

To investigate with more detail if laser-induced spin currents are influencing the switch, the coup-
ling field of the first AP peak should be measured and compared to the second AP peak. Because a
changing coupling field may affect the threshold fluence. Furthermore, a sample with a Ru spacer
layer, with a spin diffusion length of 4 nm [44], can be used since Ir has a short spin diffusion
length of less than 1 nm [45].

4.2 Cobalt/Nickel spin generation layer

Figure 4.3: Illustration for spin current assisted and non-assisted AOS. After single-pulse laser
excitation the top Co/Gd bilayer will switch. The small arrows in the Cu and Co layers
represent the spin current.

In section 4.1.2 no evidence was found for spin current assisted AOS. Several reasons for this
negative result where mentioned, the short spin diffusion length of Ir and the unknown coupling
strength for the P coupled peak. Another reason for this negative result may be in the fact
that the spin generation layers, bottom Co(1) and top Co(1)/Gd(3) are very thin and have a
low total magnetization. Since the spin current generation rate scales with the demagnetization
rate, -dM/dt, more spin current is expected with a thicker magnetic layers [18]. For this reason,
samples with a thicker spin generation layer are investigated for cases where the moment of the
spin current generation layer is either P or AP aligned with respect to the moment of the top
switching layer of Co/Gd.

The complete sample composition is Ta(4)/Pt(4)/4x(Co(0.2)/Ni(0.6))/Co(0.2)/Cu(5)/Pt(0.5)-
/Co(1)/Gd(3)/Ta(4). Where 4x(Co(0.2)/Ni(0.6) is the thick spin generation layer and Cu(5) is
the conductive spacer layer with a long spin diffusion length [44]. Co(1)/Gd(3) is the only layer
that is expected to switch upon laser excitation since the magnetic moment of 4x(Co(0.2)/Ni(0.6)
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is much larger than the antiferromagnetically coupled Co(1)/Gd(3) bilayer. Also, no coupling is
expected between the spin generation layer and top Co/Gd layer because the coupling strength
between two ferromagnets separated by a distance D, scales as D-2 [37]. It is expected that the
spin generation layer will assist in the AP → P switch and no spin current assistance is expected
in the P → AP switch, as is illustrated in figure 4.3.

Figure 4.4: MOKE hysteresis loop for the thick spin generation layer sample. The sample is
prepared in the AP state by first saturating the sample, followed by applying a field of ±20mT.
By applying a field of ±40 mT or greater the sample is prepared in the P state.

By using MOKE, the sample is prepared in the P or AP state. In figure 4.4 the hysteresis loop
is presented. Four distinct magnetization levels can be seen. Around ±40 mT the sample is in
the parallel (P) state. The P state is defined as the state where the moment of the bottom Co/Ni
(purple) layer is P with respect to the moment of the top Co/Gd (brown) bilayer. Around ±20
mT the sample will be in the antiparallel (AP) state. The AP state is defined as the state where
the moment of the bottom Co/Ni layer is AP with respect to the moment of the top Co/Gd layer.
The two AP states are equal for switching with a laser pulse since the direction of the spin current
in both AP states is in the AP direction with respect to the top Co/Gd layer.

After the sample is prepared in the P or AP state, single pulse AOS is done on the sample at
different pulse energies. In figure 4.5 the domain size as a function of pulse energy is presented.
The threshold fluence of the AP and P state is 13.3±0.6 mJ/cm2 and 15±1 mJ/cm2, respectively.
The threshold fluence for the AP state is 1.7 ± 1.2 mJ/cm2 lower than the P state. Indicating
that spin currents play an import role in the switching mechanics. Interestingly, when a pulse
energy between 350 and 400 nJ is used to switch the sample, only the AP→ P switch works while
there is no switch when the sample is prepared in the P state. That makes this the first reported
selective (dependent on the initial AP or P state) AOS switch.

The statistical error of ±1 mJ/cm2 for the P state is large. To reduce this error an additional
measurement with more data points is done on the same sample, which is discussed in the next
section.
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Figure 4.5: Domain size as a function of pulse energy for single pulse AOS. The sample
structure is Ta(4)/Pt(4)/4x(Co(0.2)/Ni(0.6))/Co(0.2)/Cu(5)/Pt(0.5)/Co(1)/Gd(3)/Ta(4). The
bottom Co/Ni is initially P (black) or AP (red) aligned with respect to the top Co/Gd. The
threshold fluence F0 is extracted as a fit parameter.

4.2.1 Co/Ni sample instability

In figure 4.6 the domain sizes as a function of pulse energy is presented for the old and new
sample. Both samples have the same composition as in section 4.2. However, they are produced
on a different date. In the legend the threshold fluence for each state is given and how many days
after sample production the AOS measurements are done.

In the old sample, with the dashed fit lines, the black data points (P state) are measured 7 days
after sample production. This black line should overlap with the blue (P sate) fitting line. As one
can see in figure 4.6, the black data points are almost twice as large as the blue data points and
the threshold fluence is 3.4 mJ/cm2 lower.

In the new sample, the solid fit lines have a larger slope than the old sample. In addition to this,
the fitting lines are crossing each other and the zero crossing is at a higher pulse energy than the
old sample. The threshold fluence for the new sample is approximately half of the old sample,
which is not expected since the zero crossing is higher. This can be explained by looking to the
fit parameter σ, which represents the radius of the gaussian pulse, in the fit function. The fit
function 4.1 can be rewritten to the threshold fluence,

F0 =
P

πσ2

1

exp
(
D
πσ2

) , (4.2)

with F0 the threshold fluence, P the pulse energy of the laser, D the domain size and σ the radius
of the gaussian pulse. With this equation it can be seen that on the zero crossing line, or D
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Figure 4.6: Domain sizes as a function of pulse energy for two samples. The old and new
sample composition are is same. In the legend it is indicated how many days after sample
production the measurements are done.

equals zero, the threshold fluence will decrease with increasing σ. For the new and old sample, σ
is approximately 45 µm and 29 µm, respectively. Explaining the lower threshold fluence with a
higher zero crossing. The crossing in the fit lines of the new sample (solid lines) is explained in
the same way, there is a difference of 7 µm in σ between the P and AP states.

One possible explanation for the change in threshold fluence over time (black line) is that the Gd
layer may intermix with the Ta capping layer. In previous AOS experiments, with simple layer
structures, such as a Co/Gd bilayer, no change over time was noticed. In the Co/Ni sample used
here, more than 10 layers are grown on top each other and 5 different materials are used. With
this increased complexity, the likelihood of surface roughness and thereby layer intermixing can
be expected.

The large difference in the gaussian pulse radius may be explained by a difference in the alignment
of the laser on the samples. To align a sample the laser beam will approach the sample at a slight
angle with respect to the sample normal. This angle may affect the gaussian pulse radius because
a pulse falling on the sample at an angle will produce a slight elliptical domain.

4.2.2 Co/Ni spin generation layer with platinum spin sink

In section 4.2 it was shown that the threshold fluence for the AP → P switch is lower than the
P → AP switch. The lower threshold fluence was attributed to a spin current flowing from the
Co/Ni multilayer to the top Co/Gd layer. To give further proof for this, a platinum spin sink
wedge(0-2nm) is grown on top of the Cu(5) conductive spacer layer, where previously a layer of 0.5
Pt was grown for PMA. It is known that the Pt spin diffusion length is short, in the order of a few
nanometers, and is expected to scatter the spin current by Elliot-Yafet scattering [14]. At every
momentum scattering event in Pt there is a chance of 1 in 25 that the spin will flip its orientation
as is experimentally showed by Freeman et al. [46]. With the addition of a Pt spin sink the AP→
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P switch should not be spin current assisted anymore. This means that the domain size difference
between the, (AP → P) - (P → AP), switch should converge over increasing Pt thickness.

Figure 4.7: Domain size as a function Pt thickness after single pulse AOS. The dashed lines are
guides for the eye and not a fit on the data. The sample composition is 4x(Co/Ni)/Cu/Pt(0-2
nm)/Co/Gd.

In figure 4.7 the domain size is presented as a function of platinum thickness for single pulse AOS.
All domain sizes are produced with a laser fluence of 600 nJ. From 0 nm to 0.5 nm Pt thickness
there is no PMA in the top Co/Gd layer because the Pt is to thin to act as a seed layer, as is
discussed in section 2.4. It can be seen from the figure that the AP → P domain sizes are more
than twice as big as the P → AP domain sizes, indicating that spin currents are assisting the
switch for the AP → P switch. It is expected that the domain size difference between the AP
→ P switch and the P → AP switch should converge over increasing Pt thickness. However, in
figure 4.7 no such convergence is shown. The strong decrease in the domain size for the P → AP
switch over increasing Pt thickness is not expected, since the spin current should not be able to
assist the P → AP switch. One possible explanation might be that the top Co/Gd layer is not
only switching by the layered-M3TM mechanism, but is also being assisted by spin currents. The
Co/Gd layer might demagnetize faster when spin currents are flowing to the bottom Co/Ni layer,
resulting in spin current assisted AOS.

Another explanation for the decreasing domain size for the P→ AP switch over Pt thickness may
be found in producing the Pt wedge. The sputtering machine that is used to grow the samples
is growing layers at a rate of approximately 0.1 nm/s. However, the sputtering is a stochastic
process, which means that the error in the thickness will decrease over sputtering time and the
error might be large for very thin (1 nm) layers.

In section 4.2.2 proof was given for spin current assisted AOS with a Pt spin sink wedge. However,
there might be growing issues with the Pt wedge as is previously discussed. In this section three
new samples are presented with a constant Pt thickness of 1 nm, 2 nm, and 4 nm. The total
thickness of the complete sample is kept constant by decreasing the Cu layer accordingly.

All threshold fluences in figure 4.8(a) and the threshold fluence differences in figure 4.8(b) are
presented as a function of Pt thickness. In 4.8(a), on Pt thickness 0 nm, the threshold fluences
of the old and new sample are presented. It can be seen that the threshold fluence for the new
sample is approximately half of the old sample. However, both samples show the same threshold
fluence difference within 10% of each other as can be seen in 4.8(b). In 4.8(b) it was expected
that for increasing Pt thickness the difference in threshold fluence would go to zero. It can be
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Figure 4.8: (a), Threshold fluence as a function of Pt thickness. (b), Threshold fluence
difference as a function of Pt thickness.

seen that this holds for 1 nm Pt. However, for Pt 2 nm and 4 nm the threshold fluence difference
is negative, meaning that the AP → P threshold fluence is larger than the P → AP threshold
fluence. At the moment it is unclear how this is possible since it is expected that all spin current
is scattered within 4 nm of Pt.

To get more insight to the relative threshold fluence difference, the threshold fluence difference as
a percentage of the average threshold fluence is presented in figure 4.9. On Pt 0 nm, the relative
threshold fluence differences are 25% and 13%. Indicating that the spin currents assist the AOS
at a minimum of 13% and a maximum of 25%. While these values are 12% apart from each
other, the error bar on the old sample overlaps with the error bar of the new sample. The value
of 25% is interesting because in the paper of Malinowski et al., from 2008, the same percentage
was observed in the decrease of the demagnetization time and increase in total magnetization
[15]. While Malinowski used a different (simple) sample and did not observe AOS, the agreement
between the percentages found here and Malinowski indicate that the decrease in threshold fluence
for the AP→ P switch with respect to the P→ AP switch is indeed caused by spin currents and it
might indicate at a general spin current law between different samples. On all other Pt thicknesses
the threshold fluence has decreased below 6% and the error bars almost zero cross. This indicates
that most spin current is scattered with only 1 nm increase of Pt thickness.

To investigate the negative threshold fluence difference further, found in figure 4.8(b), the samples
are excited with multiple pulses every 4 seconds on the same spot. In figure 4.10 the switched
domains are illustrated for two pulses on the same spot over increasing Pt thicknesses. Because
the threshold fluence for the P→ AP switch is higher than the AP→ P switch, a ring is expected
to appear on the second laser pulse. If the threshold fluence difference between AP → P and P
→ AP is decreasing to zero, it is expected that the ring thickness will also decrease to zero with
increasing Pt thickness.

In figure 4.11 the Kerr microscopy images are shown for 0 nm and 1 nm Pt thickness in the initial
AP and P state. In 4.11(a) a ring is visible at the 2x switch and no ring is visible in 4.11(b) 2x
switch. A thinner ring at Pt 1 nm is visible in 4.11(c), which confirms the expectation discussed
previously. No rings where observed for thicker Pt thicknesses. The fact that there are no rings
observed for thicker Pt thicknesses contradicts the results presented in figure 4.8(b). For Pt 2 nm
and 4 nm, the threshold fluence difference is negative, which predicts rings for the 2x switch if
the sample is initially prepared in the P state. The reason that rings are observed for thicker Pt
thicknesses is unclear at the moment.
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Figure 4.9: Threshold fluence difference as a percentage of the average threshold fluence for
increasing Pt thickess.

Figure 4.10: Illustration for multiple pulses on the same spot for increasing Pt thickness. The
sample is initially in the AP state prepared (grey) and switched to the P state (purple). Above
the domains it is indicated how many times the spot is excited with a laser pulse. The red ring
at Pt: 4nm indicates where the switched domain should be.

The sample was aligned on the sample holder with too much laser power, resulting in the large
stripes on the left and in the top of the image. Interestingly, the stripes show a continuous AP
→ P switch. The complete explanation for this effect is unclear at the moment. However, several
ingredients should be kept in mind for explaining the stripes. When aligning the sample, the
laser is operating at 500 kHz and the speed of sample holder is approximately 0.7 mm/s. With
this information the distance between laser pulses can be calculated to be at 1.4 nm. The ring
thickness is approximately 1 µm. This means that the distance between two laser pulses is a factor
thousand smaller than the ring thickness. For this reason it might be a good idea to consider the
laser as a continuous beam instead of a pulsating beam.

In addition to the unexpected stripes, horizontal markings are visible in inside the stripes. At the
moment it is unclear what caused this. One possible explanation is that there may be gear wheal
damage in the XYZ table used to move the sample around.
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Figure 4.11: Kerr microscopy images for Pt 0 nm and 1 nm. The red rings indicate where the
written domain should be.





Chapter 5

Conclusions and outlook

In the first part of this thesis the influence of spin current on the threshold fluence was determined
for a RKKY coupled Co/NM/Co/Gd sample. The threshold fluences where found to be 9.9± 0.2
mJ/cm2, 9.6 ± 0.2 mJ/cm2 and 10.3 ± 0.3 mJ/cm2 for the first AP peak, P peak and second
AP peak, respectively. This indicates that spin current does not play a significant role in the
AOS process. To investigate this further the exact coupling strength of all three peaks should
be measured, because they may have a influence on the AOS. Furthermore, the Ir spacer layer
used here has a short spin diffusion length of less than one nm, a spacer layer with a longer spin
diffusion length can be used such as Ru, with a spin diffusion length of 4 nm.

In the second part of this thesis the influence of externally generated spin current was determined
on the threshold fluence for a Co/Gd bilayer. The external spin current was generated in a Co/Ni
multilayer, decoupled with a conductive spacer layer from the Co/Gd bilayer. The found threshold
fluence for the AP → P and P → AP switch where found to be 13.3 ± 0.6 mJ/cm2 and 15 ± 1
mJ/cm2, respectively. Which indicates that spin currents are assisting in the AOS. Additional to
this positive result, we found a laser fluence window where the sample would only switch if it was
initially prepared in the AP state. To give further proof for the spin current assisted switch, a Pt
spin sink was grown on to top of the Cu layer to scatter the spin current. The threshold fluence
difference sharply reduced with only a 1 nm increase in Pt thickness, indicating that spin current
is assisting the AOS. Measurements with a thicker Pt layer resulted in a negative threshold fluence
difference. For now it is unclear how this is possible.

Additional measurements where done one week later on the same sample to check the reprodu-
cibility of the postive result. We found that the absolute value of the threshold fluence for the
P → AP switch was decreased from 15 ± 1 mJ/cm2 to 11.6 ± 0.2 mJ/cm2. The explanation for
this change was attributed to Gd/Ta intermixing. Furthermore, measurement where performed
on a new sample, produced on another day, but with the same composition. Again, the threshold
fluences where found to be different. While the threshold fluences of the new sample are roughly
half of the old sample, the threshold fluence difference between the AP → P switch and P →
AP switch only differ approximately 10% for the new and old sample. For the old sample the
spin currents assists the switch approximately 13% and for the new sample approximately 25%.
Concluding that the all-optical switch is probably spin current assisted up to 25%.

A few ingredients where given to explain the continuously switched stripes, found in figure 4.11(a).
In future research it may be worth the effort to investigate this phenomenon in more detail, since it
may lead to new technologies for data storage devices. The reproducibility issues found in section
4.2.1 may further be investigated in future research. This can be done by plotting the domain
sizes as a function of time over several weeks. It may also be interesting to investigate the change
in domain size between two consecutively laser pulses, since the laser fluence may not be stable if
only a few seconds is in between the laser pulses.
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Appendix A

Domain size uncertainty
estimation

In this appendix the method used to determine the size of the error bars in the domain size as a
function of pulse energy figures is determined.

The largest error in the experiment is in the measurement of the laser power. This measurement is
done by manually translating a power meter in the laser beam. By testing a few times, the power
meter can be translated in this beam within ±2 mW accuracy. However, this are error bars on the
independent variable (laser power). To calculate this independent error to a dependent (domain
size) error, the variance formula,

sf =

√(
∂f

∂x

)2

s2x +

(
∂f

∂y

)2

s2y + ..., (A.1)

with sf the standard deviation of the function f , s2x the standard deviation in x and s2y the
standard deviation in y, is used on the domain size fit function. The result is,

sdomainsize =
πσ2

P
sP . (A.2)

Where P is the laser power, σ is a fit parameter of the fit function and sP is the standard error in
the laser power. And the error in the fit parameter is neglected, because this fit parameter error
is dependent on the domain size error.

Besides the laser power error there is an error in the software used for determining the domain
sizes. The software uses automatic thresholding to detect the domain sizes. Several algorithms
exists that uses automatic thresolding, in this thesis Otsu’s method algorithm is used [47]. To get
an idea how well this works an image with low contrast domains is analyzed with the software
and compared with domains selected by hand. Selection by hand is done by zooming in on the
domain and use a polygon selection tool in image software. In figure A.1 the difference in domain
sizes between the two methods is shown. In A.1(a) the domains are recognized by software and in
A.1(b) the domains are selected by hand. In A.1(a) it can be seen that the edges are very rough.
this is because a low contrast image is used and the thresholding method has trouble finding a
sharp edge. When the differences between A.1(a) and A.1(b) are taken and averaged, there is an
error of 5% in the software, assuming the hand selected domains are the correct sizes.

Combining the software error of 5% with the error in laser power A.2, and following the method
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Figure A.1: (a), Domain sizes recognized by the software used in this thesis.(b), Domain sizes
selected by hand.

for combining errors in chapter 4.6 of Taylor [48], we arrive at the domain size error of,

sdomainsize =

√(
πσ2

P
sP

)2

+ (0.05 x domain size)
2
. (A.3)

The second term in the right hand side of equation A.3 is dominant over the first term. The first
term is only relevant with the lowest laser power energies.
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