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1
General introduction

The aim of this chapter is to provide the reader with a short motivation that lies at

the basis of the work presented in this thesis. The chapter starts with a more general

introduction, whereafter the fields of spintronics, magnonics, and femtomagnetism

are briefly introduced. At the end of the chapter, the outline of the rest of this

thesis is presented.

1



2 General introduction

1.1 Introduction

Information technology has rapidly developed over the last few decades. Since the

introduction of the first digital computer in the 1940s, a large amount of research

has been devoted to the optimization of the involved technology, which comes

down to the way digital data is stored (memory), transported, and manipulated

(performing logic). At first, the main goals were to make computers (and related

electronic devices) smaller and faster, which has been fueled for a long time by

the discovery of the electrical transistor and the developments in nanotechnology,

doubling the number of transistors per area every two years, which is known as

Moore’s law.

Nowadays, a third, and possibly most important, goal has been added, which is

the optimization of the energy-efficiency of the data processes. This requirement

stems from the so-called ‘power wall’, which prevents further optimization of data

processors by means of downscaling (i.e., more transistors and thus more compu-

tations per area) due to the increasing amount of heat dissipation in the processor.

An additional need for energy efficiency comes from the vast increase in energy

consumption by the Internet, or by the data-centers that lie at its heart, which is

predicted to grow to unsustainable proportions.

As a result, alternative technologies are being developed, using magnetism and/or

light for data memory, transport, and logic. For instance, the fastest and most

energy-efficient means of data transportation is by using photons as the data carrier.

This is already used to transfer data over long distances in optical fibers. A lot

of energy is still lost, however, in the short (electronic) connection in computers

and especially in data-centers. Therefore, a lot of research and development is

performed on photonic integrated circuits, which allow to keep data in optical

form from the moment it is retrieved from data storage in the data-center, till it is

processed and stored in the computer’s memory.

One of the requirements for data storage is non-volatility, meaning that the infor-

mation is retained after the power is turned off. Magnetic data carriers posses this

property, for which reasons they have already been exploited for a long time in

information technology for long-term data storage (e.g., in hard-disk-drives). With

the advances in thin-film magnetism, new functionalities with respect to data pro-

cessing became available, showing high potential for data memory, transport as

well as logic. Two fields of research that are devoted to these possibilities are the

fields of spintronics and magnonics.



1.2 Spintronics 3

A connection between the different strategies can be made by using the interaction

of light with matter, and combining photonics with magnetism in order to create

fast and energy-efficient (integrated) memory devices. The high potential of the use

of optics in the field of magnetic data applications was first demonstrated about two

decades ago, when it was observed that the magnetization in a ferromagnetic thin

film can be manipulated at unprecedented time scales when using femtosecond

laser pulses. This observation initiated the field of laser-pulse induced ultrafast

magnetization dynamics, or femtomagnetism.

The work presented in this thesis investigates two exciting phenomena in femtomag-

netism, i.e., all-optical switching and laser-pulse-excited spin currents, and shows

their high potential for integration with spintronics and magnonics. Therefore, a

brief introduction to these fields is given in the following, whereafter the outline of

the rest of this thesis is given.

1.2 Spintronics

Spintronics, also called spin electronics, is a field in which not only the charge but

also the spin property of the electron is used in devices. One of the most well-known

examples of spintronics is the giant magnetoresistance effect (GMR) [1, 2], for which

its discoverers received the Nobel Prize in Physics in 2007. The effect arises in a

structure containing two ferromagnetic (FM) thin films that are separated by a thin

conducting spacer, in which the magnetization in both FM layers can be aligned

either parallel or antiparallel. The GMR effect describes the large difference in

electrical resistance of the structure for the two allowed magnetization alignments,

resulting from spin-dependent scattering rates in the FM layers. Using the GMR

effect, the sensitivity of the magnetic-field sensor in the read head of the hard-disk-

drive could be highly increased, which allowed a reduction in the (magnetic) bit size

on the disks of a few orders of magnitude, and thus resulting in a large increase in

the data storage density. Nowadays, spintronics is developing the next generation

of data storage devices such as magnetic random access memory (MRAM) [3]

and the racetrack memory [4]. These new devices are promising with respect

to speed, durability, energy efficiency and data storage density. The racetrack

memory is of particular interest with respect to the integration of femtomagnetism

with spintronics, as will become clear in Sec. 1.4, and will be introduced in the

remainder of this section.
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(b)(a)
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Figure 1.1: (a) Schematic representation of the racetrack memory, consisting of a (U-
shaped) magnetic strip, in which digital bits (”1”s and ”0”s) are stored in the form of
magnetic domains having opposite magnetization directions (red and blue). Reading and
writing of the data is done electrically at the bottom of the U-shape, and the data can
be shifted in either direction along the strip by sending electrical current pulses though
the strip. From Ref. [5]. (b) Side view of two magnetic strips on top of a heavy metal
seed layer, illustrating the two types of domain walls in the magnetic strip, and the spin
Hall effect (SHE) in the seed layer. In case of the SHE, a spin current Js is generated
transversely to the applied electrical current Je.

A schematic representation of the racetrack memory is displayed in Fig. 1.1(a)

[5]. The racetrack consists of a (U-shaped) magnetic strip, in which the digital

bits (”1”s and ”0”s) are stored in the form of magnetic domains having opposite

magnetization directions (red and blue). In case of such a U-shaped strip, the data

is stored vertically, meaning that data can be stored in three dimensions when using

a large array of these devices, thereby allowing high data densities per unit area.

Reading and writing of the data is done electrically at the bottom of the U-shape,

and the data can be shifted in either direction along the strip by sending electrical

current pulses though the strip, omitting the need of mechanically fragile moving

parts. It is noted, that a lot of development on 3D nanofabrication techniques (e.g.,

using focused electron-beam induced deposition [6]) is still needed before such U-

shaped racetrack can be realized, and that most research is currently performed

using planar 2D racetracks (as is the case in this thesis).

The magnetic domains in the racetrack are separated by so-called domain walls

(DW’s), which are transition regions in which the magnetization rotates between

the two directions of the domains at either side. The DW can have different

configurations, which are illustrated in Fig. 1.1(b). The figure shows side views
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of a racetrack in which the magnetization is pointing along the surface normal

of the magnetic strip (i.e., out-of-plane), resulting from a perpendicular magnetic

anisotropy (PMA). As can be seen, the magnetization in the DW can rotate in a

direction perpendicular or parallel to the strip, corresponding to a Bloch or Neél

wall, respectively. Having the correct type of DW is of high importance for the

racetrack memory, as will be discussed in the following.

It was mentioned earlier that the magnetic domains in the racetrack can be trans-

ported along the strip by an electrical current, which is achieved by moving the

DW’s. This is most efficiently done by exploiting the spin Hall effect (SHE) in

a heavy-metal layer underneath the magnetic strip [7–9], illustrated by the green

layer in Fig. 1.1(b). As a result of the SHE, electrons in an electrical current Je de-

flect in a direction perpendicular to both the (electrical) current direction and the

direction of the electron spin. In case of the racetracks in Fig. 1.1(b), this results in

a spin current Js along the vertical direction, in which the spins are polarized par-

allel to the strip surface (i.e., in-plane), and parallel or transverse to the (central)

magnetization in the Bloch or Neél DW, respectively. The spin current is injected

into the magnetic strip, where, in case of the Neél DW, it will exert a torque on the

DW, which in turn results in the DW motion. Using this method, DW velocities

up to ≈ 1000 m s−1 have been achieved [10, 11]. In case of the Bloch DW, the

injected spins are parallel to the (central) magnetization in the DW, meaning that

there is no torque and thus no DW motion.

The direction of the DW motion is determined by the direction of the injected

spins (and thus Je) and the chirality of the Neél DW. The chirality, or handedness,

corresponds to the rotation direction of the spins in the DW when looking at it from

left to right, which can either be clockwise [as in Fig. 1.1(b)] or anticlockwise. For a

coherent current-induced motion of the data through the racetrack memory, all the

DW’s need to move in the same direction, meaning that all the DW’s need to have

the same chirality. Without going into detail, it turns out that the Dzyaloshinskii-

Moriya interaction (DMI) present in specially engineered magnetic multilayers both

stabilizes the Neél DW, and favors a single chirality [9]. Therefore, this DMI is a

key property required for fast and coherent DW motion in the racetrack memory.

A more elaborate introduction into the DMI can be found in Ref. [12].
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1.3 Magnonics

In the field of magnonics, data is carried by spin waves, which are often represented

by a quasi-particle called a magnon. A spin wave is a collective phase-coherent pre-

cession of the spins in a magnetic material, and can be used to transport and process

information. The benefit of using spin waves over the use of (spin-polarized) elec-

trons for data transportation is the fact that the (spin) information flows through

the magnetic material without electron motion, meaning that there is no unwanted

heating or energy loss due to Joule heating. With respect to data processing, spin

waves offer several benefits (among others); parallel data processing on different

frequencies, wave-based computing where the wave phase provides an additional

degree of freedom (non-Boolean computing), and non-linear data processing. A

more detailed description of the benefits of magnonics in data processing can be

found in Ref. [13].

The dynamics of the spin waves is governed by the interactions between the spins,

which are the strong exchange interaction, acting on the very short length scale of

the atomic distance, and the much weaker dipole-dipole interaction that extents

over a much longer distance. Consequently, there are two main types of spin

waves, which are called exchange spin waves and dipolar spin waves. The dipolar

spin waves have a typical frequency in the 10− 100 GHz range, and wavelengths in

the micrometer length scale. Therefore, in order to go towards fast and nanometer

sized applications, exchange spin waves are needed, which have frequencies in the

THz range and wavelengths in the nanometer length scale.

Nowadays, a lot of the research in the field of magnonics is (still) done using GHz

spin waves, that are generated using high frequency electronics and/or externally

applied magnetic fields with typical field strengths of a few Tesla, which limit

the dynamics to the GHz regime. In the field of femtomagnetism, which will be

introduced in the following, the magnetization dynamics can be pushed to the (sub-

)picosecond time scale, in principle allowing THz (= ps−1) spin wave excitation.

However, beside the temporal constraint, there is also a spacial restriction for the

excitation that is set by the wavelength of the THz spin waves, which is only a few

nanometers in typical ferromagnets. As will be shown in this thesis, this restriction

can be met by using the laser-pulse-excited spin currents for the THz spin wave

excitation, thereby showing the possible use of femtomagnetism to push magnonics

to the THz regime.
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(b)(a) Electrons Lattice
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Figure 1.2: (a) Ultrafast demagnetization measurement on a 20 nm thick Ni film, and
using a laser-pulse with a pulse duration of 60 fs. The figure shows the normalized (re-
manence) magnetization in the Ni film as a function of the time after the laser-pulse
excitation (∆t). From Ref. [14]. (b) Illustration of the three temperature model (3TM),
in which the magnetic film is divided into three subsystems; the electron system, phonon
or lattice system, and the spin system. Each subsystem is described by a temperature Ti

and a heat capacity Ci. The arrows represent the energy transfer between the different
systems. From Ref. [15].

1.4 Femtomagnetism

The field of femtomagnetism began with the demonstration of a femtosecond (60 fs)

laser-pulse induced demagnetization in a 20 nm thick Ni film, performed by Beau-

repaire et al. about two decades ago [14]. The measured demagnetization curve is

presented in Fig. 1.2(a), which shows the normalized (remanence) magnetization

in the Ni film as a function of the time after the laser-pulse excitation (∆t). As can

be seen in the figure, the magnetization reacts to the laser pulse on a picosecond

(ps) time scale, losing about half its magnetization within the first ≈ 1 ps. On a

longer time scale, the magnetization recovers as the film cools down.

The observation of the ultrafast demagnetization received a lot of attention both

from a fundamental as from an application point of view. In case of the former,

it was unclear how the material could lose its magnetization (angular momentum)

in such a short time, which was much faster than seen in previous magnetization-

dynamics experiments. Since the discovery, several models have been proposed that

can accurately reproduce the experimentally observed demagnetization curves. One

of these models is the three temperature model (3TM) [14], which is illustrated in
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Fig. 1.2(b), and was introduced by Beaurepaire et al. alongside the observation of

the demagnetization. In this model, the Ni thin film is described by three tem-

peratures Ti (with associating heat capacities Ci), each representing a different

subsystem; the electron system (Te), the phonon or lattice system (Tp), and the

spin system (Ts). The dynamics is induced by the excitation of the electron system

by the laser pulse, resulting in a sudden rise of its temperature, which subsequently

cools down via energy transfer to the other systems. Since part of the energy flows

into the spin system, its temperature will rise, resulting in the observed demag-

netization. Although this model could be used to reproduce the rapid loss of

magnetization, it does not include any information on the angular-momentum dis-

sipation mechanism. A few years later, such a dissipation mechanism was added to

the model in the form of Elliott-Yafet scattering, resulting in the microscopic three

temperature model (M3TM) [16]. In this model, angular momentum is dissipated

(locally) to the lattice by a spin flip upon electron-phonon scattering.

A completely different model was proposed by Battiato et al. [17, 18], attributing

the demagnetization to a non-local transfer of angular momentum. In this model,

a (superdiffusive) spin current is excited by the laser pulse, by which angular mo-

mentum flows out of the probed area, and thus resulting in the measured rapid loss

of magnetization. The model was introduced after the first experimental demon-

stration of laser-pulse-excited spin currents a few years earlier [19], which received

considerable attention due to the potential use of these optical spin currents in

fast spintronic devices. A few years later, it was shown that the optical spin cur-

rent generated in one magnetic layer could indeed be used to exert a spin-transfer

torque on the magnetization in a second magnetic layer on an ultrafast time scale

[20, 21], again sparking the interest in this field, and leading to the work presented

in the first part of this thesis, in which the generation and absorption of the laser-

pulse-excited spin current, and the THz standing spin waves that it can excite, are

investigated.

Around the same time of the first demonstration of optically-excited spin currents,

it was also observed that the magnetization in a magnetic thin film could be com-

pletely reversed by fs laser-pulse excitation, which was called all-optical switching

(AOS) [22]. Again, the link to spintronics was quickly made, where the AOS could

be used to write magnetic information in spintronic devices at an unprecedented

speed and with high energy efficiency. Moreover, regarding the earlier discussed

photonic integrated circuits, the combination of AOS with a spintronic data storage

device is especially relevant since it allows to directly store the optical information
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Figure 1.3: Illustration of the photonic memory device, in which the optical data is
copied into the racetrack using AOS (left), transported as magnetic domains through
the racetrack using the spin Hall effect, and read out all-optically again (e.g., using the
magneto-optical Kerr effect, right).

in a (on-chip) magnetic memory device without the need of any energy-costly elec-

tronics for the conversion. To this end, an integrated photonic memory device

can be envisioned in which AOS is combined with the earlier introduced racetrack

memory, of which an illustration is displayed in Fig. 1.3. In this device, the op-

tical data is copied into the racetrack using AOS (left), transported through the

racetrack using the spin Hall effect, and read out all-optically again (e.g., using

the magneto-optical Kerr effect, right). The second part of this thesis involves

the search for AOS by single fs laser pulses in engineered materials suitable for

integration with the racetrack memory, and a first step that is taken towards this

integration.

As has become clear from the previous discussion, the observation of both all-optical

switching and laser-pulse-excited spin currents gave a boost to the field of femto-

magnetism, and are at the basis of the work presented in this thesis. Therefore,

a more elaborate introduction to these phenomena, and the research performed to

come to the present understanding of them, is presented in the next chapter.

1.5 This thesis

In this thesis, the earlier mentioned laser-induced spin currents and all-optical

switching (AOS) are investigated and exploited towards the integration of femto-

magnetism with the fields of spintronics and magnonics. A background on AOS

and optically-excited spin currents is given in Chapter 2. Next, the fabrication

techniques and measurement methods used throughout this thesis are discussed in
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Chapter 3. In this chapter, also a layered implementation of the M3TM is pre-

sented. Chapter 4 describes the research performed to investigate the generation

and absorption of laser-pulse-excited spin currents, which is done using noncollinear

magnetic bilayers. Moreover, a connection with the field of magnonics is made

by the demonstration of THz standing spin wave excitation in these noncollinear

magnetic bilayers via the laser-pulse-excited spin current. Further investigation

on the optically excited THz standing spin waves is presented in Chapter 5, ex-

amining both the (thickness-dependent) dispersion and damping of the THz spin

waves. Switching gears, Chapter 6 describes the discovery of single-pulse AOS

in synthetic-ferrimagnetic Pt/Co/Gd stacks, a material system with high potential

for spintronic integration. A first step towards the integration of the single-pulse

AOS in micron-sized Pt/Co/Gd racetracks is presented in Chapter 7. Finally,

Chapter 8 reports on preliminary research, including measurements on single-

pulse AOS in different synthetic-ferrimagnetic multilayers and model calculations

on the optical switch using the layered-M3TM. The chapter finishes with a short

outlook concerning the single-pulse AOS.



2
Background

The work presented in this thesis is performed in two subfields of femtomagnetism,

being the fields of all-optical switching and laser-pulse-excited spin currents. The

aim of this chapter is to provide the reader with a background on both of these

subjects, in order to put the presented work into context, and to introduce some

of the terminology used throughout this thesis. First, the development of the field

of all-optical switching is described, whereafter the prior research on laser-pulse-

excited spin currents will be introduced.

11
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2.1 All-optical switching

Following the pioneering work on ultrafast demagnetization by Beaurepaire et

al.[14], the field of femtomagnetism gained another boost after the discovery of

all-optical switching of magnetization in 2007 [22]. All-optical switching (AOS)

describes the reversal of the magnetization in a magnetic material by laser-pulse

excitation, without the use of any additional stimulus (e.g., an external magnetic

field). The discovery of AOS came entirely unexpected, and gained much attention

because the optical switch is both fast (picosecond time scale) and energy efficient,

and thus shows high potential to be used in future magnetic memory devices. For

instance, one can envision AOS to be used as the data writing mechanism in future

spintronic devices, for which efficient current-induced data transportation and ma-

nipulation is currently being realized experimentally [9–11]. Downscaling towards

the nanometer scale can be accomplished by using plasmonic antennas [23, 24].

With future memory applications in prospect, as well as the drive for fundamental

knowledge, the discovery of AOS initiated a field of research that rapidly developed

over the past decade, pursuing full comprehension of the mechanism underlying the

AOS. In the following, a selected overview of the research performed in this pursuit,

and the resulting status-quo, is given.

2.1.1 All-optical switching in ferrimagnetic alloys

The first demonstration of AOS was done using a magnetic thin film made of a

GdFeCo alloy [22]. This is a rare earth-transition metal (RE-TM) alloy, which has

two distinct magnetic sublattices that are occupied by the Gd (RE) and FeCo (TM)

atoms. The alloy is a ferrimagnetic material, in which the two (ferro)magnetic sub-

lattices are coupled antiferromagnetically, and a (net) spontaneous magnetization

is maintained due to unequal sublattice magnetizations (typically at room temper-

ature). Figure 2.1(a) presents the pioneering measurement performed by Stanciu

et al., demonstrating AOS in a 20 nm thick GdFeCo film using single circularly

polarized femtosecond (fs) laser pulses [22]. The figure shows the out-of-plane

magnetization in the GdFeCo layer, initially containing both an up (white) and

down (black) domain. After sweeping a pulsing laser beam across the sample, once

with left (σ−) and once with right (σ+) circularly polarized laser pulses, it can be

seen that domains of reversed magnetization are ‘written’ for specific helicity and

magnetization direction combinations. In other words, the final state of the mag-

netization in these domains is determined by the helicity of the laser pulse. Using

these observations, the AOS was explained as a two step process. First, the spin
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Figure 2.1: (a) Pioneering measurement demonstrating single-pulse all-optical switching
in a GdFeCo alloy, showing the out-of-plane magnetization in the layer, initially containing
both an up (white) and down (black) domain. Using both left (σ−) and right (σ+) circular
polarized laser pulses, it was demonstrated that the magnetization in the exposed area
could be reversed, and that the final direction of the magnetization was determined by the
helicity of the light. From Ref. [22]. (b) Time-resolved element-specific X-ray magnetic
circular dichroism measurements on a GdFeCo thin film, showing the magnetization of
the Gd and Fe sublattices in time after fs laser-pulse excitation. From Ref. [28]

system is heated close to the Curie temperature, where the magnetic susceptibility

diverges, whereafter a light-induced effective field switches the magnetization. The

direction of the effective field, which was attributed to the inverse Faraday effect

[25–27], is set by the helicity of the light, making the AOS a helicity-dependent

process.

In the years that followed, the importance of both the laser-induced heating and

helicity effects for the AOS was under debate [29–34]. Macrospin Landau-Lifshitz-

Bloch [31] and atomistic Landau-Lifshitz-Gilbert [33] calculations showed that

AOS could indeed be achieved via a laser-induced effective-field pulse (in com-

bination with the demagnetization). However, apart from the high amplitude of

the magnetic-field pulse needed for the switch (≈ 20 T), the induced magnetic field

needed to persist in the material for a much longer time than the duration of the

laser pulse itself. This resulted in the notion of some kind of helicity memory

mechanism in the RE-TM system [32, 34].

Some clarity came when it was observed that the magnetization in GdFeCo can be

switched using single linearly polarized laser pulses [35], proving the (single-pulse)

switching mechanism to be a purely thermal process, which was simultaneously

established theoretically as well [36]. Moreover, it was demonstrated that the

helicity dependence presented in Fig. 2.1(a) was the result of magnetic circular



14 Background

dichroism (MCD) [37], which describes the difference in absorption for left and

right circularly polarized light in magnetic materials. In case of AOS, there is a

minimum amount of energy that needs to be absorbed for the switch. Therefore,

the helicity-dependent absorption opens up a fluence window where the AOS is

helicity dependent.

Insight into the thermal single-pulse switching mechanism was actually already ob-

served earlier using time-resolved element-specific X-ray magnetic circular dichro-

ism (XMCD) measurements [28]. In these measurements, the magnetizations of

the individual Gd and Fe sublattices in a GdFeCo thin film were measured in time

after fs laser-pulse excitation, and in the presence of an external magnetic field.

The result of the measurement is presented in Fig. 2.1(b), where the normalized

XMCD signal of both magnetic sublattices is plotted as a function of the time after

laser-pulse excitation (i.e., pump-probe delay). The observed behavior is typically

divided into three subsequent phases; (i) the magnetization of both sublattices

rapidly demagnetizes after the laser-pulse excitation. The magnetizations on the

two sublattices demagnetize at different rates, with the Fe magnetization demagne-

tizing much faster, and reaching zero while the Gd is still demagnetizing. (ii) As a

result of exchange scattering, angular momentum is transfered from the demagne-

tizing Gd to the Fe sublattice, resulting in a build-up of Fe magnetization along the

Gd magnetization direction. This results in a transient ferromagnetic-like state in

the ferrimagnet. (iii) Finally, the system cools down on a longer time scale. With

the relatively large magnetization build-up in the Fe, the antiferromagnetic ex-

change coupling drives the switch of the Gd magnetization. Eventually, the system

recovers to the ferrimagnetic state, having its magnetization reversed with respect

to the initial state, and demonstrating the AOS.

Soon, it was concluded that there are three key ingredients necessary to facilitate

the AOS; (i) two magnetic sublattices, (ii) an antiferromagnetic exchange interac-

tion between the two sublattices, and (iii) a difference in demagnetization rate for

the two sublattices. This was verified theoretically by introducing these ingredi-

ents in various models, including a general theoretical framework [36], atomistic

spin models [28, 35, 38, 39], and the M3TM [40] (introduced in Sec. 1.4), which

all demonstrated the capability of thermal single-pulse switching. Experimentally,

the range of materials for which AOS was found rapidly expanded, including dif-

ferent RE-TM alloys, multilayers, and heterostructures, and RE-free synthetic-

ferrimagnetic heterostructures [41–43]. The common features in all these material

systems are the previously mentioned needed ingredients, supporting their neces-
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sity. The importance of the helicity of the light, however, was not elucidated for

some of the systems.

2.1.2 All-optical switching in ferromagnetic systems

With the AOS mechanism and its requirements believed to be well understood, the

observation of AOS in ferromagnetic thin films, multilayers and granular media

came as a surprise [44]. These ferromagnetic systems have a single magnetic layer,

thus lacking all of the ingredients previously considered necessary. Therefore, the

observation questioned the validity of the established understanding of the AOS

mechanism. Consequently, the inverse Faraday effect as a driving mechanism was

reconsidered. For instance, by adding an effective-field pulse (as well as dipolar

interactions) to the M3TM, the AOS images obtained in experiments on ferromag-

nets could be reproduced [44, 45]. Additionally, ab-initio calculations on the inverse

Faraday effect predicted the high effective-field amplitudes required to model the

AOS [46]. Apart from the need of a deeper insight in the switching mechanism on

a fundamental level, the discovery gave the research field an additional boost since

the ferromagnetic materials showing AOS were the same systems already heavily

used in the field of spintronics. This observation could thus ease the integration of

AOS in future spintronic devices.

The inconsistency between the AOS mechanism resolved for the GdFeCo alloys and

the observation of AOS in ferromagnetic systems was reconciled by the discovery

that there are two different AOS mechanisms at play [47]. For the GdFeCo system,

it was confirmed that the AOS is indeed a single-pulse helicity-independent switch,

corresponding to the earlier discussed thermal single-pulse switching mechanism.

For both a ferromagnetic Pt/Co/Pt multilayer and a ferrimagnetic TbCo alloy,

however, no single-pulse AOS was found. For these systems, a helicity-dependent

multiple-pulse mechanism was revealed. A measurement of this switching mech-

anism in the Pt/Co/Pt multilayer is shown in Fig. 2.2(a). The figure shows the

normalized magnetization (measured by the anomalous Hall voltage VHall) as a

function of time, while simultaneously the structure is exposed to fs laser pulses

which are either left circularly (σ−), right circularly (σ+), or linearly (π) polarized

[47]. As can be seen in the left panel, the magnetization in the Co layer is lost

during the first few laser pulses, independent of the polarization of the light. In

case of the circularly polarized light, the magnetization recovers during subsequent

laser pulses (right panel), where the direction of the recovered magnetization is set

by the helicity of the light. No magnetization recovery is observed for the linearly
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Figure 2.2: (a) Measurement of the multiple-pulse AOS mechanism in a Pt/Co/Pt
sample, showing the normalized magnetization (measured as the anomalous Hall voltage
VHall) as a function of time, while simultaneously the structure is exposed to femtosecond
laser pulses which are either left circularly (σ−), right circularly (σ+), or linearly (π)
polarized. From Ref. [47]. (b) Measurement demonstrating the helicity-dependent laser-
pulse-induced domain wall motion. The direction of the domain wall motion is set by
the helicity of the laser pulses, causing either the up (light) or down (dark) magnetized
domain to grow in size. From Ref. [48].

polarized laser pulses. This measurement clearly showed the helicity dependence

in the multiple-pulse AOS mechanism.

For the ferromagnetic thin films, the helicity dependence was proposed to arise from

laser-pulse-induced domain wall (DW) motion, which on itself was experimentally

demonstrated in Co/Pt multilayers [48, 49]. As presented in Fig. 2.2(b), the latter

experiments showed that an up-down DW (i.e., a DW separating an up (light) from

a down (dark) magnetized domain) moves in opposite direction when exposed by

a train of left (σ−) or right (σ+) circularly polarized laser pulses. In case of the

multidomain state generated by the first few laser pulses [left panel Fig. 2.2(a)], the

helicity-dependent DW motion causes the domains with a certain magnetization

direction to expand, causing the magnetization in the exposed area to ‘grow’ into

the direction set by the helicity of the laser pulses. Both the earlier discussed
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inverse Faraday effect and the magnetic circular dichroism were suggested as a

possible origin of the helicity-dependent DW motion [47–49].

Around the same time of the discovery of the two different switching mecha-

nisms, also came the observation of a (large-)domain-size criterion for the helicity-

dependent multiple-pulse AOS [50]. Using magnetic-layer-thickness-dependent stud-

ies, it was revealed that the helicity-dependent AOS is observed when the magnetic

domain size during cool-down after the laser-pulse excitation is larger than the

laser-spot size. This criterion can be seen as an extension to an earlier found

low-remanence criterion for ferrimagnetic alloys [51]. The latter showed that the

helicity-dependent multiple-pulse AOS in ferrimagnetic alloys is only found when

the remanent magnetization is below a specific value, resolving the earlier observa-

tion that helicity-dependent AOS was only found when the magnetization compen-

sation temperature was close to room temperature [42]. Both criteria demonstrate

the need of a low dipolar energy to prevent (small) domain formation during the

multiple-pulse AOS.

The AOS in the (high-anisotropic) granular media was also found to be a helicity-

dependent multiple-pulse process [52]. However, a different (stochastic) cumulative

switching mechanism was proposed, based on a helicity-dependence of the magne-

tization switching probability of the single-domain grains [52–55]. This helicity-

dependence was again linked to both the inverse Faraday effect and the magnetic

circular dichroism.

2.1.3 New directions in all-optical switching

With the integration of AOS in future memory applications in mind, the research

on AOS shifted back towards the GdFeCo alloys, because it was the only material

system for which the single-pulse AOS mechanism was found, which is needed for

fast future spintronics. Realizing that the AOS is a purely thermal process, it was

found that the switch could also be obtained using ultrafast hot-electron pulses

[56, 57]. These hot-electron pulses were generated by laser-pulse excitation of the

Pt layer in a Pt/NM/GdFeCo multilayer, whereafter the hot-electron pulse flows

through the thick nonmagnetic conductive spacer (NM) towards the GdFeCo layer.

There, the hot electrons will deposit their energy and induce the magnetization

reversal. Later, using a photoconductive switch, it was demonstrated that the fast

switch can also be induced by a picosecond charge-current pulse [58].
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Alongside the investigation on the different modes of stimuli for the thermal AOS,

research was done trying to achieve the single-pulse AOS in other material systems

that are more relevant for spintronic applications. For instance, it was demon-

strated that a ferromagnetic layer can be switched using single laser pulses when

it is deposited on top of a GdFeCo layer, in which case the ferromagnet switches

along with the GdFeCo alloy due to the exchange coupling between the two lay-

ers [59]. A similar mutual AOS can be achieved when the GdFeCo layer and the

ferromagnet (FM) are separated by a nonmagnetic (NM) spacer layer to create

a GdFeCo/NM/FM spin-valve structure [60]. In this case, the single-pulse AOS

in the GdFeCo alloy can be transfered to the ferromagnet by the spin current

generated by the Gd sublattice upon laser-pulse excitation [61].

In the work presented in this thesis, a different approach is taken by using a

synthetic-ferrimagnetic multilayer which mimics the earlier discussed properties

of the GdFeCo alloy that are needed for the thermal single-pulse AOS. More

specifically, single-pulse AOS is experimentally demonstrated in Pt/Co/Gd stacks,

which are shown (Chaps. 6 and 7) to possess; a perpendicular magnetic anisotropy

(PMA), large spin-orbit torques (spin Hall effect, SHE), chiral Neél walls resulting

from a sizable interfacial Dzyaloshinskii-Moriya interaction (DMI), a synthetic-

ferrimagnetic arrangement due to an antiparallel coupling between the Co and Gd

layers, and a significant difference in the laser-induced demagnetization time scale

for both magnetic entities, making the structure an ideal candidate to facilitate the

integration of single-pulse AOS with spintronic devices such as the racetrack mem-

ory. Moreover, a first step towards this integration is taken in Chap. 7, combining

single-pulse AOS with SHE-induced domain wall motion in a single racetrack.

Additionally, in recent experiments it was demonstrated that the DW velocity

in synthetic-antiferromagnetic [10] or ferrimagnetic [11, 62] systems dramatically

increase when having a compensated magnetization or angular momentum, re-

spectively. Combined with the easy fabrication and engineering of the synthetic-

ferrimagnetic multilayers used in this thesis for the single-pulse AOS, this shows

great prospect for fast spintronic devices and future integrated photonic memory

applications.

2.1.4 Open questions

Although the large research effort on AOS in the past decade rapidly increased

the understanding of AOS, some properties are still not comprehended. Two of



2.1 All-optical switching 19

these properties are; (i) the necessity of Gd for the thermal single-pulse AOS in

(synthetic) ferrimagnets, or the lack of this AOS mechanism in ferrimagnets con-

taining Tb instead, and (ii) the importance of spin currents in the single-pulse AOS

process. Both of these open questions will be briefly discussed in the following.

While GdFeCo and GdFe alloys show single-pulse AOS [22, 47, 63], the switching

mechanism in TbCo has been identified to be the helicity-dependent multiple-pulse

AOS mechanism [47]. Interestingly, using an element-specific detection method, it

was observed that a TbFeCo alloy does go through the transient ferromagnetic-

like state after laser-pulse excitation [64]. Similar as seen in GdFeCo [28], the Fe

magnetization reverses sign on the background of the slow demagnetizing Tb. In

the case of TbFeCo, however, the Fe switches back on cool-down instead of the

Tb, leaving the ferrimagnet in the original state, and thus showing no single-pulse

AOS. One clear difference between Gd and Tb is their spin-orbit coupling, which

is only weak for Gd (due to zero orbital momentum) and is much larger for Tb.

Due to the spin-orbit coupling, the Tb magnetization is coupled strongly to the

lattice resulting in a strong anisotropy for the Tb magnetization. Although this

anisotropy is desired for data applications, it was also put forward as the property

that prevents the reversal of the Tb [64]. However, with the thermal single-pulse

AOS explained as a purely linear process, i.e., without any transverse magnetization

or processional dynamics, it is not clear how the anisotropy comes into play.

The difference in AOS behavior for the Gd and Tb containing alloys could be related

to the difference in demagnetization dynamics measured for pure Gd and Tb using

XMCD measurements [65]. For both materials, a two-step demagnetization was

found, in which the fast demagnetization time constants for both elements were

identical (≈ 0.75 ps), while the slow demagnetization constant of Gd (≈ 40 ps)

was five times slower than that of Tb (≈ 8 ps). This difference was explained

by an accelerated demagnetization in the Tb due to the high spin-orbit coupling.

A similar (qualitative) observation can be made in case of the AOS experiments

in GdFeCo and TbFeCo [28, 64], where the fast dynamics are similar, creating a

transient ferromagnetic-like state, while the slow dynamics are different, switching

either the RE (GdFeCo) or the TM (TbFeCo) back upon cool-down. The lack of

the single-pulse AOS in Tb-based alloys might thus be related to the effect of the

spin-orbit coupling on the demagnetization dynamics of the Tb.

Another open question is the importance of laser-pulse-induced transfer of angular

momentum, i.e., spin currents, in the thermal single-pulse AOS process. Although

thermal AOS is successfully reproduced in many theoretical studies [36, 40, 66],
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and in this thesis (Chap. 8), using exchange relaxation as the sole driving mecha-

nism, this does not exclude a possible contribution of spin currents to the switch.

Moreover, as discussed previously, it has recently been demonstrated that the mag-

netization of a ferromagnet in a GdFeCo/NM/FM spin-valve can be switched by

the spin current generated by the Gd sublattice upon laser-pulse excitation [60]. A

similar contribution might be present in the synthetic-ferrimagnetic multilayers for

which single-pulse AOS is demonstrated in this thesis (Chaps. 6, 7 and 8). It has

even been shown that spin currents can play an important role in case of a GdFeCo

alloy that exhibits chemical inhomogeneities, in which spin currents are flowing be-

tween the Gd-rich and Fe-rich regions [67]. This last observation, in combination

with very recent work which indicates that the spin current generated by the Tb

sublattice in a TbFeCo alloy is much smaller than the spin current generated by the

Gd sublattice in GdFeCo [61], might also be at the origin of the previously discussed

absence of single-pulse AOS in Tb based ferrimagnets. The fs laser-pulse-induced

spin currents, and their ability to induce magnetization dynamics in neighboring

layers, will be discussed in the following section.

The synthetic-ferrimagnetic multilayers for which single-pulse AOS is demonstrated

in this thesis allow easy fabrication and (interface) engineering, making them very

suitable to examine the properties and dynamics of the AOS, by which more in-

sight might be obtained in the earlier mentioned open questions. This is exploited

in Chapter 8, in which some preliminary measurements on different Pt/FM/Gd

stacks are presented (with FM a ferromagnetic layer), followed by layered-M3TM

calculations, in order to gain more insight into the single-pulse AOS that is present

in these synthetic-ferrimagnetic multilayers.

2.2 Optical spin currents & spin-transfer torque

Around the same time of the first observation of all-optical switching, it was also

discovered that the fs laser-pulse excitation of ferromagnetic layers can induce a

non-local transfer of angular momentum [19]. In other words, it was demonstrated

that a current of spin polarized electrons, i.e., a spin current, can be generated upon

fs laser-pulse excitation of a ferromagnetic thin film. As was the case for all-optical

switching, part of the excitement over the observation derived from its potential use

in future spintronic applications. Within the field of spintronics, spin currents are

heavily used to manipulate magnetic information in (future) data storage devices,

e.g., to write data in magnetic random access memory [3] or transport data in the

earlier introduced magnetic racetrack memory [4]. Conventionally, these spin cur-
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rents are generated electronically on a nanosecond time scale. The manipulation of

the magnetization can be pushed to the ultrafast time scale by using the optically

generated spin currents, which operate at the sub-picosecond time scale. On a more

fundamental level, the discovery of the fs laser-pulse-excited spin current sparked

a debate about the underlying mechanism of ultrafast demagnetization, discussing

the importance of both local and non-local dissipation of angular momentum. In

the following, a selected overview of the research performed on the optically gener-

ated spin currents, and their ability to control the magnetization in magnetic thin

films, is given.

2.2.1 Optically-induced spin transfer

The presence of laser-pulse-excited spin currents was demonstrated for the first

time in a collinear magnetic bilayer, consisting of two identical out-of-plane mag-

netized FM layers that were separated by a nonmagnetic conductive spacer [19].

As illustrated in Fig. 2.3(a), the magnetizations in the FM layers can either be

in a parallel (P) or an antiparallel (AP) alignment. Upon laser-pulse excitation,

both FM layers demagnetize, and angular momentum is exchanged between the

two layers by the spin currents that are generated in each layer and are injected

into the other layer. The spin current leaving each layer is polarized along the mag-

netization in the concerning layer, as illustrated in Fig. 2.3(a). As a result, in case

of a parallel (antiparallel) alignment, majority (minority) spins are injected in each

layer after laser-pulse excitation, which increases (decreases) the magnetic moment

in the layer, and thereby hinders (assists) the demagnetization. The effect of the

transfer of angular momentum on the demagnetization in either layer is shown in

Fig. 2.3(b), which indeed demonstrates that both the speed and amplitude of the

demagnetization is increased for the antiparallel alignment with respect to the par-

allel alignment. Performing similar measurements on a magnetic bilayer with an

insulating spacer showed no difference in the demagnetization for the parallel and

antiparallel configurations, confirming the presence of angular momentum exchange

by the laser-pulse-excited spin currents in the case of the conducting spacer.

Soon after the discovery, a first model on the generation mechanism of the optically-

excited spin current was developed [17, 18]. In this model, a spin current is gener-

ated as a result of spin-dependent lifetimes and velocities of the excited hot elec-

trons. The spin current is considered to propagate in the ‘superdiffusive’ regime,

starting in the ballistic regime just after excitation and relaxing to normal diffusion

on a longer time scale. Moreover, it was shown that the demagnetization measured
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Figure 2.3: (a) Illustration of the collinear magnetic bilayer used to demonstrate the
presence of laser-pulse-excited spin currents. (b) Demagnetization traces measured with
the magnetic bilayer in the parallel (P) and antiparallel (AP) configuration, showing an
increase in demagnetization speed and amplitude for the AP alignment with respect to
the P alignment. (a,b) From Ref. [19]. (c) Illustration of the second harmonic generation
pump-probe measurement on a Fe/Au bilayer, directly measuring the laser-induced spin
current injected from the Fe layer into the nonmagnetic Au layer. From Ref. [68].

in thin nickel films could be explained purely based on this non-local transfer of

angular momentum away from the probed area, starting the discussion on the lo-

cal versus non-local dissipation of angular momentum as the driving force of the

demagnetization.

That the laser-pulse-excited spin currents play a role in the demagnetization pro-

cess was already shown in the experiment presented in Fig. 2.3(a,b). Determin-

ing the actual size of its contribution to the demagnetization, however, turned

out to be a difficult exercise. While some experiments were explained using the

optically-excited spin current as the dominant source of demagnetization [69–72],

other demagnetization studies showed no sign of its contribution [73]. An increasing

amount of experiments, however, demonstrated that both the local and non-local

angular momentum dissipation mechanisms are of importance, and that the rel-

ative contribution of either is dependent on the precise material system [74–77].

Using element-specific XMCD measurements, even a laser-induced enhancement of

the Fe magnetization in a Fe/Ru/Ni multilayer was measured [69, 74, 78]. The

enhancement was attributed to the spin current generated in the (parallel) Ni layer

being absorbed in the Fe layer, and exceeding the local demagnetization. This

observation, however, could not be reproduced using different measurement tech-

niques, i.e., by XMCD measurements at a different absorption edge of the Fe and

Ni [76], or using the layer-specific MOKE technique [79] (see Sec. 3.2.3).
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The first direct detection of the optically-excited spin current was done using a

Fe/Au bilayer [68]. An illustration of the measurement is shown in Fig. 2.3(c). A

spin current was generated in the Fe layer by laser-pulse excitation at the Fe side,

whereafter it is injected into the (thick) nonmagnetic Au layer and flows towards the

outer Au surface. Using a probe pulse incident from the Au side, the spin current

was measured at the Au surface via second-harmonic generation [80]. Later, this

laser-pulse-excited spin current injection into the nonmagnetic layer in a FM/NM

bilayer was also measured using a similar measurement in a typical time-resolved

MOKE setup [81, 82], and more recently, using a layer-specific MOKE technique

[77] (see Sec. 3.2.3).

With the increasing amount of research on the optically-excited spin currents, also

came more models and observations on the spin current generation mechanism.

Next to the earlier discussed superdiffusive spin current model [17, 18], a diffuse

spin current model was proposed [81]. In this model, the angular momentum con-

servation of the electron-magnon coupling causes the demagnetization to generate

spin polarized electrons at a rate of −dM/dt, which diffuse into the neighboring

layers. It was also observed that a laser-induced temperature gradient across a

ferromagnetic layer results in a long-lived spin generation at the FM/NM interface

[20], and ultrafast spin current pulses were shown to be generated by a laser-induced

non-thermal spin-dependent Seebeck effect at FM/NM interfaces [83].

2.2.2 Optical spin-transfer torque

Alongside the investigation on the laser-pulse-excited spin current generation mech-

anism, research focused on the generated spin current itself, and its ability to ma-

nipulate the magnetization in a second FM layer on an ultrafast time scale [20,

21, 81, 84]. The experiments were performed using noncollinear magnetic bilayers,

as illustrated in Fig. 2.4(a). In the experiments, the optically-excited spin current

generated in an out-of-plane magnetized layer (FM1), called the generation layer,

travels through a conductive spacer layer and is injected into an in-plane (transver-

sally) magnetized layer (FM2), called the absorption layer. The injected transverse

spins are absorbed in the absorption layer, which results in a spin-transfer torque

(STT) on its magnetization [85], canting the magnetization towards the direction

of the injected spins.

One way to measure the magnetization canting is by performing such an experiment

in the presence of an external magnetic field that is aligned parallel to the (initial)
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Figure 2.4: (a) Illustration of a noncollinear magnetic bilayer used to measure the
laser-induced spin-transfer torque. From Ref. [81]. (b) Time-resolved measurements of
the out-of-plane component of the magnetization for two different configurations of the
noncollinear magnetic bilayer. Adapted from Ref. [21].

direction of the magnetization in the absorption layer. After the initial canting of

the magnetization due to the absorbed spin current pulse, the magnetization is no

longer aligned with the applied magnetic field, resulting in a damped precessional

motion of the magnetization around the applied field direction [86]. An example

of such a precession measurement for a [Co/Ni]4/Co/Cu/Co system is presented in

Fig. 2.4(b). The figure shows the measured Kerr rotation as a function of time after

the fs laser-pulse excitation (demagnetization signal is subtracted), measured with a

polar time-resolved MOKE setup (Sec. 3.2.4), and for two different configurations of

the non-collinear magnetizations. The measured dynamics is a superposition of two

precessions, which are individually shown by the red and blue solid curves for the

top measurement. The blue curve corresponds to the precession of the out-of-plane

magnetization in the [Co/Ni]4 generation layer (blue arrow), and originates from a

laser-induced change in the magnetic anisotropy [21, 86]. The red curve, however,

corresponds to the precession of the in-plane magnetization in the Co absorption

layer (red arrow), and is driven by the optical STT mechanism demonstrated in

Fig. 2.4(a). Comparing the dynamics for the two different configurations shows

that the phase of the magnetization precession in the absorption layer is set by the

orientation of the magnetization in the generation layer (i.e., the polarization of
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the generated spin current), as is expected for the laser-induced STT mechanism.

This laser-induced STT in the noncollinear magnetic bilayer can be used as a tool

to probe the optically-excited spin current, and has been exploited to investigate

the transport of the laser-pulse-excited spin current through different spacer layers

[21], and the optical excitation of spin currents in ferrimagnetic alloys [61].

In this thesis, the noncollinear magnetic bilayer is used to investigate both the ab-

sorption and generation of the laser-pulse-excited spin current, which is presented

in Chap. 4. Additionally, the observed absorption profile of the spin current in the

absorption layer allows for the excitation of higher-order (sub)THz standing spin

waves, of which the thickness-dependent dispersion and damping are investigated

using noncollinear magnetic bilayers in Chap. 5. These findings show that in addi-

tion to its general importance in the field of spintronics, the optically-excited spin

currents could also be of high potential for future THz magnonics.





3
Methodology

In this chapter, the different methods that were used to generate the results pre-

sented in this thesis are discussed. The chapter starts with an introduction on

the various fabrication techniques that were utilized to create the measured sam-

ples, including sputter deposition, ultraviolet lithography, electron-beam lithography

and ion-beam milling. In the second part, the measurement methods are discussed,

covering both the (normal and layer-specific) static and time-resolved magneto-

optical Kerr effect (MOKE) techniques, and the anomalous Hall effect measurement

method. In the last part, a derivation of the layered microscopic three temperature

model (M3TM) is presented, which is used to investigate all-optical switching in

layered magnetic structures.

27
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3.1 Sample fabrication

The samples used throughout this thesis are so-called thin multilayered films, which

are stacks of ultra-thin layers made of different materials and having sub-nanometer

thicknesses. These multilayer structures were fabricated using magnetron sputter

deposition. Some of the deposited multilayers are patterned into micron-sized

wires, using a combination of electron-beam lithography and ion-beam milling.

The contacts needed to electrically connect to the wires were deposited utilizing

a ultraviolet lithography lift-off process. Both the deposition and the patterning

techniques will be introduced in this section.

3.1.1 Magnetron sputter deposition

Sputter deposition is a physical vapor deposition technique in which a certain

material is sputtered from a target, usually a high-purity disk made of the required

material, and condenses on a substrate to form a thin film. In order to prevent

contamination, the deposition is performed in an ultra-high-vacuum chamber with

a typical base pressure of ∼ 10−8 mbar, and using an ultra-pure inert argon (Ar)

sputter-gas. A schematic overview of the sputter process is shown in Fig. 3.1. First,

a substrate is cleaned by acetone and isopropanol in an ultrasound bath, and loaded

into the vacuum chamber. To start the deposition, Ar gas is let into the sputter

chamber, increasing the pressure to ∼ 10−2 mbar. With the Ar gas in the sputter

chamber, a high voltage is applied between the target (cathode) and an anode ring.

The high voltage ionizes the Ar gas, creating Ar+ ions that are accelerated towards

the target that is kept at a negative potential. When the Ar+ ions collide with the

target, momentum is transfered from the highly energetic Ar+ ions to the target

atoms, causing them to be ejected, i.e., sputtered, from the target disk. Some of

these sputtered atoms reach the substrate where they will condense to form a thin

film. In the case of magnetron sputtering, which is used throughout this thesis, a

magnet is placed behind the target to increase and stabilize the sputter rate. The

stray field of the magnet confines the electrons near the target, which enhances

the ionization of Ar atoms and thereby increases the sputter rate. The increased

sputter rate in turn results in an increased deposition rate. Typical deposition

rates are in the order of 0.1 nm s−1.

In some of the research presented in this thesis, certain properties or phenomena

are investigated as a function of the thickness of one of the layers in the multilayer

structure. This can be done efficiently using a single structure by incorporating a
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Figure 3.1: Schematic overview of the magnetron sputter deposition process. The argon
(Ar) gas is ionized using a high voltage applied between the target and the anode ring,
causing Ar+ ions to accelerate towards the target material. Upon collision, target atoms
will be sputtered and reach the substrate where they will condense to form a thin film.
Using the wedge mask, a wedge-shaped layer can be fabricated.

wedge-shaped layer within the multilayer, i.e., a layer that has a lateral thickness

gradient. The wedged layer can be deposited using a wedge mask that is located

closely above the substrate surface, as illustrated in Fig. 3.1. Since there is no

deposition on the substrate area that is shielded by the wedge mask, a wedge-

shaped layer is created when the wedge mask is moved along the lateral direction

during deposition. The main advantages of using the wedge-shaped layer is that

the thickness dependence can be measured with a high thickness resolution without

the need to fabricate a large amount of samples, consequently also eliminating any

sample to sample variation.

3.1.2 Ultraviolet and electron-beam lithography

Lithography is a technique that is widely used in the fabrication of micro- and

nanodevices. In a typical lithography process, a 2D template is created on top of a

substrate surface that can either be used to deposit a structure in the desired pat-

tern, e.g., using sputter deposition, or to pattern a previously deposited structure

in the required shape, e.g., using an etching technique. In this thesis, electron-beam

(E-beam) and ultraviolet (UV) lithography are used to create micron-sized wires

and electrical contacts, respectively. Both lithography processes are illustrated in

Fig. 3.2, and will be introduced in the following.
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Figure 3.2: Top row: schematic overview of the ultraviolet (UV) lithography lift-off
process, used to deposit electrical contacts (blue) on top of a full-sheet structure (green).
The pre-designed pattern is imprinted in the resist layer (gray) by means of UV irradi-
ation through a mask (black). Bottom row: illustration of the electron-beam (E-beam)
lithography combined with ion-beam milling procedure, employed to etch the structure
into micron-sized wires.

First, electrical contacts (blue) are deposited on top of a full-sheet structure (green)

using UV lithography in a lift-off approach. This process starts by spin-coating a

thin layer (∼ 1 µm) of negative resist (maN-415, gray) on top of the structure, Fig.

3.2.I. After a bake-out on a hot plate to remove the solvents in the resist (120 s at

95 ◦C), the resist is exposed to UV irradiation through a mask (black), Fig. 3.2.II.

Subsequent to the exposure, the sample is put in a developer (85 s in maD-332s)

which removes the unexposed resist. The exposed regions are hardened by the UV

irradiation and are preserved, leaving the pattern of the mask imprinted in the

resist, Fig. 3.2.III. Using a deposition technique, the sample is covered with a thin

film of the required material (blue), Fig. 3.2.IV. Lastly, the hardened resist and

the material deposited on top of it is removed using acetone, leaving the deposited

material in the desired pattern, Fig. 3.2.V.

Continuing with the full-sheet structure including the electrical contacts, Fig. 3.2.V,

E-beam lithography in combination with ion-beam milling is used to etch the

structure into micron-sized wires. This process also starts by spin-coating a thin

(∼ 1 µm) layer of resist on top of the structure, in this case maN-2410 (negative

resist), Fig. 3.2.VI. Again, a bake-out on a hot plate is performed to remove the sol-

vents in the resist (150 s at 90 ◦C). Using a focused electron-beam (150µC cm−2),

the desired pattern is ‘written’ into the resist by scanning the beam across the

surface, Fig. 3.2.VII. The resist in the exposed regions hardens, leaving a hard

mask after development (80 s in maD-332s), Fig. 3.2.VIII. Using ion-beam milling,

discussed in Sec. 3.1.3, the structure is etched away from top to down, apart from

the regions that are covered by either the hard mask or the contacts, Fig. 3.2.IX.

Actually, the contacts will be etched away as well. However, since they are much
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thicker than the structure itself (typically 10 times thicker), only a small amount

at the surface of the contacts is milled away, while the structure underneath stays

shielded. Finally, the hard mask is removed using acetone, leaving the patterned

structure with the electrical contacts on top, Fig. 3.2.X.

3.1.3 Ion-beam milling

Ion-beam milling is an etching technique in which the full surface of a sample

is bombarded by a collimated beam of highly-accelerated ions. Upon collision,

the highly-energetic ions transfer their momentum to the surface atoms, causing

them to be removed from the sample (similar as used in sputter deposition). The

milling rate, i.e., the rate at which the surface material is etched away, is material

dependent. Consequently, a hard mask as introduced in Sec. 3.1.2 can be created

using a material with a milling rate that is much lower than the milling rate of the

structure that needs to be patterned. The ion beam milling that is performed to

create the devices used in this thesis was done using Ar+ ions, and a rotating sample

holder to promote homogeneous milling. A secondary ion mass spectrometer was

used to monitor the milling progress by analyzing the ejected secondary ions.

3.2 Measurement methods

The main measurement methods used throughout this thesis are based on the

magneto-optical Kerr effect (MOKE) and the anomalous Hall effect (AHE), which

are both introduced in the following. This section starts with the description of

MOKE, followed by a discussion on the measurements techniques that make use

of it; ordinary (or static) MOKE, layer-specific MOKE, time-resolved MOKE, and

Kerr microscopy. The section ends with a short introduction on the AHE.

3.2.1 Magneto-optic Kerr effect

Magneto-optical (MO) effects describe phenomena in which the properties of an

electromagnetic wave are altered when it interacts with a magnetized medium. One

of the most well-known MO effects is the Faraday effect, which was discovered in

1845 by Michael Faraday [87], and is often seen as the birth of magneto-optics.

Faraday observed that the polarization axis of linearly polarized light rotates when

it propagates through a transparent medium that is placed in a magnetic field,

with the field aligned along the propagation direction of the light. About three
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Figure 3.3: (a) Illustration of the magneto-optical Kerr effect (MOKE). A linearly
polarized laser beam is reflected of a magnetic thin film. Upon reflection, the polarization
of the laser beam is rotated, and gains a certain ellipticity. (b) Illustration of the different
MOKE configurations, which are defined by the alignment of the magnetization (blue)
with respect to both the sample surface and the plane of incidence of the laser beam (red).

decades later, John Kerr discovered a similar change in the polarization of linearly

polarized light when it reflects from a magnetic material [88]. As illustrated in Fig.

3.3(a), the light both rotates its polarization axis and gains a certain ellipticity

upon reflection of a magnetic thin film. This effect is commonly known as the

magneto-optical Kerr effect, or MOKE.

In a phenomenological view, the Kerr effect arises from a difference in the (complex)

refractive index for right and left circularly polarized light in a magnetic material.

The incoming linearly polarized light can be expressed as a superposition of the two

circular modes, being equal in amplitude and traveling in phase. Upon reflection,

the light travels a short distance through the material, typically 10 − 20 nm for

metals. The difference in the refractive index causes the two polarization modes to

travel through the material at different velocities and experience a different amount

of absorption. As a result, the two circular modes in the reflected light travel out of

phase, and are different in amplitude. The phase difference results in a rotation of

the polarization axis of the reflected light with respect to the incoming light, called

the Kerr rotation θ, whereas the different amplitudes causes a change in ellipticity,

denoted by the Kerr ellipticity ε. Since the difference in refractive index is directly

proportional to the magnetization in the material, both θ and ε can be used as a

measure of the magnetization in the material.

The magnetization can be measured in three different MOKE configurations, which

are illustrated in Fig. 3.3(b). The different MOKE configurations are defined by

the alignment of the magnetization (blue) with respect to both the sample surface

and the plane of incidence of the laser beam. In the ‘longitudinal’ and ‘transverse’
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Figure 3.4: Schematic overview of the (static) MOKE measurement setup.

configurations, the magnetization is parallel to the sample surface (in-plane) and

aligned parallel and perpendicular to the plane of incidence, respectively. ‘polar

MOKE’ describes the configuration in which the magnetization is aligned with the

surface normal of the sample (out-of-plane), and parallel to the plane of incidence.

In the case of polar MOKE, the sensitivity to the out-of-plane magnetization is

highest when the incoming (and reflected) laser beam is parallel to the surface nor-

mal of the sample, i.e., parallel to the magnetization axis. Moreover, in this case

the MOKE signal is only sensitive to the out-of-plane component of the magnetiza-

tion. Therefore, out-of-plane magnetized samples are usually measured using polar

MOKE with normal incidence of the laser beam, causing this to be the standard

arrangement referred to by the term ‘polar MOKE’. In the following, the MOKE

measurement setup will be introduced based on the polar configuration.

3.2.2 MOKE

The most elementary way to measure the magnetization in a sample is by using

two polarizers, P1 and P2, as is illustrated in Fig. 3.4 (disregarding the PEM and

QWP for the moment). A laser beam is (linearly) polarized by P1, whereafter it

is focused onto the sample using a lens. The reflected beam is collimated again by

passing through the same lens, and is sent through the second polarizer P2, which

is also called the analyzer. Finally, the intensity of the light that passes through

the analyzer is measured by the detector. Using Jones formalism [89], which will

be introduced in more detail later in this section, the intensity measured by the

detector can be calculated to be

Idet = I0R
[
cos2(α) +

(
ε2 + θ2

)
sin2(α) + θ sin(2α)

]
. (3.1)
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In this equation α represents the angle between the polarization axes of P1 and P2,

I0 is the intensity of the incident light, R the reflection coefficient of the sample, and

additional intensity losses in other optical components are neglected. The values

of ε and θ are usually small, in which case the quadratic terms can be neglected,

resulting in

Idet ≈ I0R
[
cos2(α) + θ sin(2α)

]
. (3.2)

The sensitivity of the measured intensity to the MO signal (second term right-hand

side) with respect to the non-magnetic background (first term right-hand side) can

be optimized by aligning the analyzer P2 nearly perpendicular to the first polarizer

P1, i.e., setting α = π/2 + γ for small γ. Substituting this value for α in Eq. 3.2

and expanding for small γ leaves

Idet ≈ I0R
(
γ2 − 2θγ

)
, (3.3)

indeed showing that the signal to noise ratio in the experiment is most optimal

for small γ. Due to the (almost) crossed aliment of the two polarizers, this setup

is often referred to as the crossed-polarizer MOKE configuration. By placing two

electromagnets around the sample, as shown in Fig. 3.4, this technique can be used

to measure the response of the magnetization to the externally applied magnetic

field.

In order to increase the signal-to-noise ratio in the measurement, a signal modu-

lation technique is used in combination with a lock-in amplifier. In this case, a

photo-elastic modulator (PEM) is placed in between the first polarizer P1 and the

sample, see Fig. 3.4. The PEM consists of a wave-plate of which the retardance

oscillates in time, causing an oscillation in the polarization of the light. By mea-

suring the signal of the detector using a lock-in amplifier, locked to the oscillation

frequently of the PEM (50 kHz in this thesis), only the polarization dependent ef-

fects are measured, while other effect are filtered out. To see the effect of the PEM

on the measured signal, the light intensity at the detector is calculated. This is

done using the Jones formalism [89], and will demonstrate that both ε and θ can

be obtained by measuring at different harmonics of the PEM frequency.

In case of an electromagnetic plane wave traveling along the +z direction, the

electric field oscillates in the xy plane with a certain frequency ω. For any fixed

point along the z axis, the two orthogonal electric field components Ex and Ey can
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be written as
Ex = Axe

i(φx−ωt)

Ey = Aye
i(φy−ωt).

(3.4)

In this equation, Ax and Ay are the field amplitudes, and φx and φy denote the

phases. In the Jones formalism, the amplitude and phase of both field components

are written in a single Jones vector E0, resulting in E = E0e
−iωt, with

E0 =

[
Axe

iφx

Aye
iφy

]
=

[
Ex,0

Ey,0

]
. (3.5)

Using the Jones vector that describes both the intensity and polarization of the

light, the effect of a certain optical component on the incoming light is represented

as a matrix operator which operates upon the Jones vector. For instance, the

Jones matrix representing a polarizer Px with its polarization axis along the x axis

is given by

Px =

[
1 0

0 0

]
. (3.6)

This simple matrix can be used to generate the Jones matrix of a polarizer at an

arbitrary angle α with respect to the +x axis (counterclockwise), by realizing that

the effect the polarizer has on light that is linearly polarized along the x axis is

equivalent to the effect a polarizer along the x axis has on light that is linearly

polarized at an angle of −α. Therefore, the Jones matrix Px can be transformed

into one describing a polarizer at angle α by rotating the incoming light by an angle

−α before it passes the polarizer, and rotating the light back by an angle α after it

has passed the polarizer. The rotation matrix R that rotates the polarization axis

of the light by an angle α is given by

R(α) =

[
cos(α) − sin(α)

sin(α) cos(α)

]
. (3.7)

The Jones matrix for a polarizer at angle α is then given by

P(α) = R(α) Px R(−α) =

[
cos2(α) cos(α) sin(α)

cos(α) sin(α) sin2(α)

]
. (3.8)



36 Methodology

As a simple example, the electric field Eout of light that is sent through a polarizer

that is aligned along the y axis (α = π/2) is calculated using

Eout = P(π/2) E0 =

[
0 0

0 1

][
Ex,0

Ey,0

]
=

[
0

Ey,0.

]
. (3.9)

As is expected, only the y component of the incoming light is transmitted while

the x component is blocked by the polarizer. In order to calculate the electric field

at the detector in the MOKE setup, Fig. 3.4, also the Jones matrices of the PEM

and the reflection matrix of the sample are needed. The Jones matrix of the PEM

with its fast axis aligned along the x direction (PEMx) is given by

PEMx =

[
1 0

0 e+iA cos(ωt)

]
. (3.10)

It can be seen that the PEM adds an oscillating phase difference of A cos(ωt) be-

tween the electric field components, where A is the amplitude of the phase differ-

ence, also known as the retardance, and ω is the frequency by which the retardance

is oscillating. In order to generate the Jones matrix of the PEM along an arbitrary

angle α, the same approach as used for the polarizer [Eq. (3.8)] can be adopted.

The reflection matrix of the sample S is given by

S =
√
R

[
1 −θ − iε

θ + iε 1

]
, (3.11)

in which R is the reflectivity. With all the necessary matrices known, the electric

field at the detector in the MOKE setup can be calculated by

Edet = P2(αP2) S PEM(αPEM) P1(αP1) E0. (3.12)

The detector measures the intensity of the light, which is equal to

Idet = Edet E∗det. (3.13)

In case of a MOKE measurement, the PEM is set to 45◦ with respect to the

polarization axis of the incoming light [90], which can be chosen to be parallel to

the x axis. This means that αPEM = π/4 and αP1 = 0. The analyzer P2 needs to

be aligned parallel to the PEM, meaning that αP2 = π/4. Using linearly polarized

light along the x axis with a normalized amplitude as the incoming light E0, the
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intensity of the light at the detector can be calculated to be (assuming small θ and

ε)

IDet = I0R

(
1

2
+ θ cos[A cos(ωt)]− ε sin[A cos(ωt)]

)
. (3.14)

The trigonometric functions can be expanded into harmonic series of the PEM

frequency using

cos[A cos(ωt)] = J0(A) + 2
∞∑
n=1

(−1)nJ2n(A) cos(2nωt)

sin[A cos(ωt)] = 2
∞∑
n=0

(−1)nJ2n+1(A) cos[(2n+ 1)ωt],

(3.15)

in which Jn(x) is the nth order Bessel function of the first kind. Incorporating this

expansion into Eq. (3.14) up to the second harmonic, the intensity measured by

the detector can be decomposed into three different contributions, given by

Idc = I0R

[
1

2
+ θJ0(A)

]
I1f = −2εI0RJ1(A) cos(ωt)

I2f = −2θI0RJ2(A) cos(2ωt).

(3.16)

This shows that the Kerr ellipticity ε or Kerr rotation θ is measured when the

signal of the detector is measured with the lock-in amplifier referenced at the first

(V1f) or second (V2f) harmonic of the PEM frequency, respectively. Moreover, the

size of the signal can be maximized by setting the retardation A of the PEM to

coincide with the first maximum of the corresponding Bessel function.

3.2.3 Layer-specific MOKE

In the previous section, it was shown that ε or θ can be measured separately in

the MOKE setup by measuring the first (V1f) or second (V2f) harmonic of the

output voltage of the detector, respectively. In case of a multilayer structure in-

cluding multiple magnetic layers, the measured value of ε or θ is proportional to a

weighted average of the magnetization in the different layers, where the weighting

factors depend on the details of the structure. Often, e.g., for the time-resolved

measurements discussed in Sec. 3.2.4, it is not possible (or at least very challeng-

ing) to disentangle the signals of individual magnetic layers from the measured

signal. In this section, an extension to the previously discussed MOKE setup will
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be introduced, which makes it possible to perform layer-specific measurements in

a magnetic bilayer systems, i.e., individually measuring the magnetization of one

of the two magnetic layers [79, 91]. The layer-specific technique discussed here is

based on the previously introduced PEM configuration of the MOKE setup, but it

is noted that it works for other MOKE configurations as well.

A phenomenological explanation of the layer-specific MOKE measurement tech-

nique starts by representing the magneto-optical (MO) response of a single mag-

netic layer by a Kerr vector Θ = θ+ iε = Ωeiξ in the complex Kerr plane spanned

by ε and θ. The Kerr vector is described by a Kerr amplitude Ω and Kerr angle

ξ, as illustrated in Fig. 3.5(a). Within this representation, the V1f (V2f) signal

in the ‘ordinary’ MOKE setup measures the projection of the Kerr vector on the

imaginary (real) axis. In case of a magnetic bilayer, the Kerr vector describes the

MO signal of the complete structure, and is equal to the sum of the Kerr vectors of

the individual layers, Θtot = Θ1 + Θ2, as illustrated in Fig. 3.5(b). Measuring, for

instance, V2f (i.e., θ) yields the projection of Θtot on the real axis, also called the

projection axis P , and thus includes the MO signal of both layers. Measurement of

an individual layer would be possible when the projection axis P is rotated to be

perpendicular to one of the two Kerr vectors, e.g., Θ1, as illustrated in Fig. 3.5(b).

In that case, the projection of Θ1 is zero and the measured signal only includes

the projection of Θ2. This shows that by rotating the projection axis, it is possible

to individually measure the magnetization in one of the two layers in a magnetic

bilayer by removing the contribution of the other layer to the measured MO signal.

One possible method to rotate the projection axis is by adding a quarter-wave plate

(QWP) to the MOKE setup [79]. As indicated in Fig. 3.4, the QWP is placed in

between the first polarizer and the PEM. Depending on the angle of the QWP, V1f

and V2f measure linear combinations of ε and θ, corresponding to a rotation of the

projection axis. The effect of the QWP on the measured signal is demonstrated

using a similar Jones matrix calculation as shown in Eq. (3.12). The Jones matrix

for a QWP with its fast axis aligned along the x axis is given by

QWPx =

[
1 0

0 e+iπ2

]
. (3.17)

In order to generate the Jones matrix of a QWP aligned along an arbitrary angle

α with respect to the +x axis, the same approach as used for the polarizer [Eq.

(3.8)] can be adopted. Using Eq. (3.12) with the included QWP, the measured

intensity of the light at the detector is calculated. The first and second harmonic
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Figure 3.5: (a) Illustration of the Kerr vector Θ in the complex plane spanned by
the Kerr ellipticity ε and the Kerr rotation θ. The Kerr vector is described by a Kerr
amplitude Ω and Kerr angle ξ, and represents the magneto-optical (MO) response of a
single magnetic layer. The measured value of ε or θ in the MOKE setup is the projection
of the Kerr vector on the imaginary or real axis, respectively. (b) Total Kerr vector
representing the MO response of a magnetic bilayer. The total Kerr vector Θtot is equal
to the sum of the Kerr vectors of the individual layers, Θ1 and Θ2. Rotating the projection
axis P to be perpendicular to Θ1 causes the MO signal of this layer to be excluded in the
projection. (c) Kerr vector for different depths di of a magnetic layer within a structure,
with d1 < d2 < d3. Burying the magnetic layer deeper into the structure causes a rotation
of the Kerr vector, as well as a decrease in its amplitude. Figures adapted from Ref. [91].

contributions to the intensity are given by

I1f = −2I0R
[
θ sin(2α) + ε cos2(2α)

]
J1(A) cos(ωt)

I2f = −2I0R
[
θ cos2(2α)− ε sin(2α)

]
J2(A) cos(2ωt),

(3.18)

in which α is the angle of the QWP with respect to the +x axis. The equations

show that for both I1f and I2f there are two values for α, over a 180◦ rotation,

at which the intensity is zero. At these angles, denoted by α0, the MO signal is

excluded from the measured signal.

When the Kerr vectors of the two magnetic layers (i = 1, 2) in a magnetic bilayer

have different Kerr angles ξi, as is the case in Fig. 3.5(b), the MO signal of the

individual layers will disappear at different angles α0,i. When the QWP angle

is set to α0,i of layer i, only the magnetization of the other layer is measured,

resulting in a layer-specific measurement. One way to assure different Kerr angles

is by using two magnetic layers made of different materials. This was used in Ref.

[79], in which the magnetization dynamics of the individual Ni and Fe layers in

a Fe/Ru/Ni multilayer were measured separately at different angles of the QWP

(α0,Ni 6= α0,Fe).

An additional advantage of this technique over other element-specific measurement

techniques is the ability to perform layer-specific measurements on magnetic bilay-
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ers containing two identical magnetic layers. This is made possible by a depth

dependence of the MO signal [75, 91], as illustrated in Fig. 3.5(c). The figure illus-

trates the Kerr vector of a (single) magnetic layer for different depths di within a

structure, with d1 < d2 < d3. Burying the magnetic layer deeper into the structure

causes a rotation of the Kerr vector, as well as a decrease in its amplitude. The ro-

tation of the Kerr vector with depth causes the Kerr angle of two identical magnetic

layers in a magnetic bilayer to be (slightly) different, resulting in a different α0 for

the two layers, and making it possible to perform a layer-specific measurement.

An experimental demonstration of the depth dependence of α0 for a single out-of-

plane magnetized Co layer buried in Pt is presented in Fig. 3.6(a). In this figure,

the V2f signal coming from the magnetization in the Co layer is measured as a

function of the QWP angle, for different thicknesses of the Pt capping layer. The

V2f signal is determined from the hight of the hysteresis curve measured using polar

MOKE. The solid lines are fits to the data using Eq. (3.18), showing a very good

agreement. It can be seen that indeed for each curve there are two angles of the

QWP at which the V2f signal is zero. These angles correspond to the α0 angles

of the Co layer. More importantly, highlighted in the inset, a clear shift in α0 of

about 0.4◦nm−1 is seen when the Co layer is buried under an increasing amount

of Pt. This shift correlates to the ration of the Kerr vector, as illustrated in Fig.

3.5(c), whereas the decrease in the signal amplitude with increasing Pt thickness

corresponds to the decrease of the Kerr amplitude.

That the small shift in α0 allows for a layer-specific measurement in a magnetic bi-

layer containing two magnetic layers made from the same material is demonstrated

in Fig. 3.6(b). The presented measurement is performed on a Ta(2)/Pt(10)/Co(1)

/Pt(0.4)/Ru(1)/Pt(0.4)/Co(1.3)/AlOx(2.0) (bottom to top, thickness in nanome-

ters) multilayer, containing two out-of-plane magnetized Co layers that are anti-

ferromagnetically coupled by a thin Pt/Ru/Pt spacer. Measuring the hysteresis

curve using polar MOKE at an arbitrary angle of the QWP (α = 3.00◦, top panel),

results in the typical hysteresis curve of a synthetic antiferromagnet. In this curve,

the outer (inner) two steps in the MOKE signal correspond to the magnetization of

the bottom (top) Co layer switching its direction. When the QWP angle is set to

α0,bottom (α = 3.57◦, middel panel), the MO signal of the bottom layer is excluded

from the measured signal. As a result, the measured hysteresis curve only shows

the behavior of the magnetization in the top Co layer. As expected, when the QWP

angle is set to α0,top (α = 5.01◦, bottom panel), only the MO signal of the bottom

Co layer is visible in the measured hysteresis curve. This measurement clearly
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Figure 3.6: (a) Measurement of the V2f signal coming from the magnetization in the Co
layer as a function of the QWP angle, for different thicknesses of the Pt capping layer. The
inset highlights the shift in α0 when the Co layer is buried under an increasing amount of
Pt. The solid lines are fits to the data using Eq. (3.18). (b) Layer-specific measurement
performed on a Ta/Pt/Co/Pt/Ru/Pt/Co/AlOx (bottom to top) multilayer, showing three
hysteresis loops measured at three different angles α of the QWP. The top panel shows the
hysteresis curve in which both Co layers are visible, in which the outer (inner) switches
correspond to the magnetization in the bottom (top) Co layer. The middle and bottom
curves show layer-specific measurements, in which the signal of one of the two layers is
excluded from the measurement.

demonstrates that although the difference in α0 for the two Co layers is quite small

(1.44◦), a layer-specific measurement is possible when the two magnetic layers are

made of the same material, which is not possible with element-specific measure-

ment techniques. It is noted that the two Co layers in the used multilayer are not

completely identical due to the small difference in thickness and different neighbor-

ing layers. This might result in a small additional difference in α0, meaning that

the difference in α0 for two truly identical layers might be smaller. However, with

the high resolution of present day motorized rotation stages (typically < 0.01◦),

this is not expected to become a problem.

3.2.4 Time-resolved MOKE

The previously discussed MOKE setup measures the magnetization in the sample

in the quasi-static regime. A time-resolved measurement can be performed using

the MOKE in a pump-probe scheme. In such pump-probe measurement, the mag-

netization in a sample is excited by a short and intense laser pulse, called the pump

pulse, whereafter the dynamic response of the magnetization is measured in time

using a weaker probe pulse. An illustration of the time-resolved MOKE setup is

shown in Fig. 3.7. The setup uses a pulsed laser, with a typical pulse duration in
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Figure 3.7: Schematic overview of the time-resolved MOKE measurement setup. Using
a delay-line to alter the path length of the probe pulse, the magnetization can be measured
as a function of time after the pump-pulse excitation by adjusting the pump-probe time
delay (∆t).

the order of 10− 100 fs. As soon as the pulses leave the laser, they are split into a

pump and a weaker probe pulse using a beam splitter, with a 90:10 intensity ratio.

The pump pulse passes a chopper and is focused onto the sample where it excites

the magnetization dynamics. The reflected pump pulse is blocked using a beam

blocker. The probe pulse first passes a so-called ‘delay-line’, which consists of a

retroreflector mounted on a linear translation stage, and is used to adjust the path

length traveled by the probe pulse. From the delay-line on, the setup is identical to

the one used in the ordinary MOKE setup (Sec. 3.2.2) to measure the magnetiza-

tion in the sample. With both the pump and probe pulse focused to the same spot

on the sample, the probe pulse measures the magnetization in the area excited by

the pump pulse. To measure the pump-induced magnetization dynamics in time,

the measurement is performed as a function of time delay between the pump and

probe pulses. The pump-probe time delay (∆t) is adjusted using the delay-line in

the probe path (Fig. 3.7), typically having a micrometer precision allowing a time

resolution of a few femtoseconds.

The pump-induced changes to the magnetization are often quite small. Therefore,

in order to improve the signal-to-noise ratio in the measurement, a double mod-

ulation technique is used by adding a chopper to the pump path. The chopper

periodically blocks the pump pulses at a certain frequency (60 Hz in this thesis),

which is usually much lower than the PEM frequency (50 kHz in this thesis). In this

setup, a (first) lock-in amplifier measures the MO signal by measuring the detector

output voltage at the frequency of the PEM (or a higher-harmonic), similar as

used in the ordinary MOKE setup (Sec. 3.2.2). The measured MO signal oscillates
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between the pumped and un-pumped values at the frequency of the chopper. Using

a second lock-in amplifier, which measures the output of the first lock-in amplifier

at the frequency of the chopper, the pump induced changes to the MO signal (and

thus the magnetization) are measured with an increased signal-to-noise ratio.

3.2.5 Kerr microscopy

In the previously discussed MOKE setups, the measured MO signal is the weighted

average of the MO response to the magnetization in the entire probed area, where

the weights are defined by the spacial intensity profile of the laser spot. In some of

the work presented in this thesis, a spatially resolved image of the magnetization

is needed, e.g., to investigate magnetic domains in a ferromagnetic thin film. One

convenient way to obtain such an image is to use a Kerr microscope, which is an

optical microscope that makes use of the MOKE in order to obtain an image with

MO contrast. The MO sensitivity in the Kerr microscope is generated by adding

two (almost) crossed polarizers to the light path in the optical microscope, similar

as used in the crossed-polarizer configuration discussed in Sec. 3.2.2. The angle

of incidence of the light on the sample is regulated using an aperture located in

between the light source and the objective. In case of a centered opening, the light

is incident along the surface normal of the sample, resulting in a polar MOKE

measurement sensitive to the out-of-plane component of the magnetization.

In order to enhance the MO contrast in the recorded images, a differential imaging

technique is used in which a background image is subtracted from the live image

to remove non-magnetic contributions. Usually, the background image is recorded

with a saturated magnetization in the sample, causing the differential image to be

only sensitive to changes in the magnetization with respect to the saturated state.

3.2.6 Anomalous Hall effect

The anomalous Hall effect (AHE) describes the phenomenon in which a transverse

voltage is generated when an electrical current I is sent through a magnetic con-

ducting material. In case of an out-of-plane magnetized thin film in the presence

of an external field Hz, the measured Hall voltage VH can be written as

VH = ROHEIµ0Hz +RAHEIµ0Mz, (3.19)
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where ROHE is the ordinary Hall coefficient resulting from the Lorentz force, and

RAHE is the anomalous Hall coefficient. The first term on the right hand side is

equal to the ordinary Hall voltage, and scales with the out-of-plane component of

the applied field. The second term corresponds to the anomalous Hall voltage, that

scales linearly with the out-of-plane component of the magnetization Mz. Equation

(3.19) shows that the anomalous Hall voltage can be used to measure the out-of-

plane magnetization in a thin film. This is often done in a ‘Hall cross’ geometry, in

which the magnetic film is patterned into a (micron-sized) cross using a lithography

process (see Sec. 3.1.2). The out-of-plane component of the magnetization in the

intersect area of the cross is measured by sending an electrical current through

one bar of the cross, and measuring the anomalous Hall voltage across the other

(transverse) bar.

The microscopic origin of the AHE turned out to be an enigma and is still not fully

comprehended. The current understanding includes intrinsic Berry phase effects

as well as extrinsic scattering effects like side jump and skew scattering. For an

in-depth review on the AHE the reader is referred to Ref. [92].

3.3 Layered-M3TM

It was mentioned in Sec. 1.4 that the demagnetization in a ferromagnetic thin film

can be described using the microscopic three temperature model (M3TM). In this

thesis, the M3TM is used to investigate all-optical switching in magnetic multilay-

ers. This is done by modeling the magnetization dynamics in each of the coupled

atomic layers in the multilayer using the M3TM, and including exchange scatter-

ing between neighboring layers to allow for the exchange of angular momentum.

In this section, a short introduction into the general M3TM is given, whereafter

the implementation of this model into a layered configuration is presented. Since

the derivation of the M3TM is well documented in other works [16, 93], only a

brief introduction of the used assumptions and the resulting coupled differential

equations is given. These differential equations are then used as the basis of the

layered-M3TM.

3.3.1 General M3TM

In the M3TM, the ferromagnetic system is divided into three subsystems; the

electron system (e), the phonon or lattice system (p), and the spin system (s),

which are modelled using the free-electron model, the Debye model, and the Weiss
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model, respectively. Each system is described by a temperature Ti and a heat

capacity Ci, with i = e,p or s. Three assumptions about these subsystems are

made; (i) the subsystems are in internal equilibrium at all times, (ii) the presence

of the spin system does not influence the energy flow between the electron and

phonon systems, and (iii) the heat capacity of the spin system is negligible. As a

result of assumptions (ii) and (iii), the electron and phonon systems behave as if

the spin system is not there. This means that the two systems can be described

by the well-known two temperature model (2TM) [94], in which the systems are

described by the following two coupled differential equations,

γTe
dTe

dt
= gep (Tp − Te) + P (t)

Cp
dTp

dt
= gep (Te − Tp) .

(3.20)

In this equation, P (t) corresponds to the laser-pulse excitation that directly heats

the electron system, and gep is the electron-phonon interaction constant. Also, the

relation Ce = γTe is used, in which γ is the electron heat capacity constant.

The spin system is described by the Weiss mean field model, and it is assumed that

it can be described as a S = 1/2 system. The microscopic aspect of the M3TM lies

in the implementation of the angular momentum dissipation, which is done using

the Elliott-Yafet scattering mechanism [95, 96]. Within this mechanism, and as

a result of spin-orbit coupling, there is a certain chance asf that an electron flips

its spin when it scatters with a phonon, during which the angular momentum is

transfered from the spin system to the lattice. Using Fermi’s Golden rule to evaluate

the scattering probabilities, the relation between the normalized magnetization m

(= M/Ms), Te and Tp is given by

dm

dt
= R

Tp

TC
m

[
1−m coth

(
TC

Te
m

)]
, (3.21)

in which R describes the demagnetization rate, and is given by

R =
8asfgepkBT

2
CVat

(µat/µB)E2
D

. (3.22)

In this equation, kB is the Boltzmann constant, µB the Bohr magneton, and TC,

Vat, µat and ED the Curie temperature, atomic volume, atomic moment and the

Debye energy of the material, respectively. Together, the set of three differential

equations given in Eqs. (3.20) and (3.21) form the M3TM. Again, it is noted that
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an elaborate derivation of the M3TM can be found in Refs. [16, 93].

In order to calculate the magnetization dynamics in a magnetic thin film using the

M3TM, the initial conditions need to be determined. For the electron and phonon

temperatures, this is simply the ambient temperature. For the spin system, the

magnetization at the ambient temperature needs to be calculated. This is done

using the Weiss model that is used to describe the spin system. In the Weiss

model, the exchange interaction of a single spin with all the other spins in the

system is simplified to the interaction of the spin with an effective mean field that

is proportional to the magnetization of the system. In case of a spin S = 1/2

system, this results in a splitting of the energy levels (∆ex) for the up and down

spin state that is equal to

∆ex = 2kBTCm. (3.23)

Note that in this definition the exchange splitting can have both positive and

negative values, depending on the sign of m. Using Boltzmann statistics, the

relation between the normalized magnetization and the ambient temperature Tamb

can be derived to be (for S = 1/2)

m = tanh

(
∆ex

2kBTamb

)
. (3.24)

3.3.2 Layered-M3TM

In case of the layered-M3TM, the ferromagnetic structure is decomposed into

atomic layers that are stacked on top of each other, as illustrated in Fig. 3.8(a).

Each layer i is coupled to its neighboring layers i + 1 and i − 1 via the exchange

interaction. In the Weiss model approximation, this is translated to the energy

splitting each layer experiences from its neighboring layers. Using a fcc lattice for

the magnetic structure, having 6 nearest neighbors within the plane and 3 in each

neighboring layer, the energy splitting for the ith layer is given by

∆ex,i = 2kB

(
3TC,i−1mi−1 + 6TC,imi + 3TC,i+1mi+1

12

)
. (3.25)

A layered-Weiss model is obtained by substituting Eq. (3.25) into Eq. (3.24),

mi = tanh

(
∆ex,i

2kBTamb

)
, (3.26)
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Figure 3.8: (a) Illustration of the magnetic structure that is composed of atomic layers
that are coupled by the exchange interaction. (b) Schematic representation of exchange
scattering, in which two neighboring layers (blue and red) exchange spins upon electron-
electron scattering. (c) Schematic representation of the spin occupation levels for two
neighboring (S = 1/2) layers.

which can be used to calculate the magnetization in each layer of the structure,

and at a given ambient temperature. A typical example of such layer-resolved

magnetization calculation for a Co/Gd bilayer, containing 5 Co layers on top of 3

Gd layers, is shown in Sec. 8.2.

The differential equation for the spin system in the general M3TM model [Eq.

(3.21)] can be rewritten in a similar way, using Eq. (3.25), in order to obtain its

equivalent for the layered-M3TM,

dmi

dt

∣∣∣∣
EY,i

= Ri
∆ex,i

2kBT 2
C,i

Tp

[
1−mi coth

(
∆ex,i

2kBTe

)]
. (3.27)

In this equation, Ri denotes the demagnetization rate of the ith layer [Eq. (3.22)],

and the subscript EY refers the Elliott-Yafet scatter mechanism that is used to

model the dissipation of angular momentum.

The exchange of angular momentum between the layers is included by exchange

scattering, in which angular momentum is exchanged upon electron-electron scat-

tering between two electrons from neighboring layers, as illustrated in Fig. 3.8(b).

Enforcing conservation of energy, the relation between the energy of the two elec-

trons before and after the scattering event is given by

E1 + E2 = E3 + E4 ±∆ex,i,i±1. (3.28)

In this equation, ∆ex,i,i±1 describes the energy loss/gain upon the spin reversal, as

illustrated in Fig. 3.8(c), and is given by

∆ex,i,i±1 = ∆ex,i −∆ex,i±1. (3.29)
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Using the Fermi-Dirac distribution f(E) that describes the occupation level of the

density of states at an energy E (relative to the Fermi energy), the integral SI over

all electronic transitions can be calculated to be

SI(±∆x) =

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

[1− f(x1 + x2 − x3 ±∆x)] [1− f(x3)]

× [f(x2)] [f(x1)] dx1dx2dx3, (3.30)

in which xj denotes the electron energy [Fig. 3.8(b)] normalized to the thermal

energy kBTe. Due to the lack of an analytical solution for this integral, a numerical

approximation is used in the calculations. For the S = 1/2 system, the occupation

level of the up (n↑) spin states is given by

n↑ =
1±m

2
, (3.31)

where the + or − correspond to the spin up being the lower or higher energy

state, respectively. The occupation level of the spin down states (n↓) is equal to

n↓ = 1 − n↑. Using Fermi’s golden rule, the rate of demagnetization in layer i

resulting from the exchange scattering with layer i± 1 can be calculated to be

dmi

dt

∣∣∣∣
ex,i,i±1

=
ηi,i±1

(µat,i/µB)
T 3

e

[
−SI

(
−∆ex,i,i±1

kBTe

)(
1 +mi

2

)(
1−mi±1

2

)
+SI

(
∆ex,i,i±1

kBTe

)(
1−mi

2

)(
1 +mi±1

2

)]
. (3.32)

in which ηi,i±1 describes the efficiency of the exchange scattering between layers i

and i± 1, and is given by

ηi,i±1 =
2π

h̄
3∆̃2

ex,iD
2
F,iD

2
F,i±1DS,iDS,i±1k

3
B. (3.33)

In this equation, h̄ is the reduced Planck constant, DF the density of states of

the electrons, DS the number of spins per atom, and ∆̃ex the exchange splitting

per atom, defined as ∆ex/12. The factor 3 corresponds to the number of nearest

neighbors in layer i±1 for an atom in layer i. As also discussed in Ref. [40], the value

of the exchange scattering efficiency cannot be easily obtained from experiments,

but it can be shown that the observed (all-optical switching) behavior does not

strongly depend on this parameter, and is very robust. In this thesis, the expression

given in Eq. 3.33 is used (obtained using Fermi’s golden rule), directly relating

the exchange scattering efficiency to the exchange splitting, and corresponding to
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λex/λex,0 = 1 in Ref. [40].

The total differential equation for the magnetization in layer i is given by the sum of

the dynamics induced by the Elliott-Yafet scattering [Eq. (3.27)] and the exchange

scattering with both neighboring layers, resulting in

dmi

dt
=

dmi

dt

∣∣∣∣
EY,i

+
dmi

dt

∣∣∣∣
ex,i,i+1

+
dmi

dt

∣∣∣∣
ex,i,i−1

. (3.34)

The electron and phonon systems of the different layers are assumed to be in

equilibrium at all times, and are described using two global temperatures, Te and

Tp, which are modelled using the coupled differential equations of the 2TM given in

Eq. (3.20). Including a Gaussian laser pulse, and heat diffusion (from the phonon

system) to the surroundings on a time scale τ , the electron and phonon systems

are modelled by

γTe
dTe

dt
= gep (Tp − Te) +

P0√
πσ

e−t
2/σ2

Cp
dTp

dt
= gep (Te − Tp) + Cp

Tamb − Tp

τ
.

(3.35)

In this equation the energy and duration of the laser-pulse are given by P0 and σ,

respectively.

Together, the set of coupled differential equations given in Eqs. (3.34) and (3.35)

form the layered-M3TM. It is noted that the layered-M3TM is a simplified model,

e.g., describing the spin system in each layer by a S = 1/2 system and using a

general electron and phonon system, and is used to investigate trends in the AOS

behavior in Co/Gd bilayers in order to get insight into the switching dynamics and

structural dependencies, as is done in Chap. 8. It is not designed to reproduce

experimental observations with the highest accuracy. The (bulk) material param-

eters of both Co and Gd used in the calculations are listed in Table 3.1, where the

shared parameters related to the electron and phonon systems are the ones of Co.
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Table 3.1: Material parameters used for the layered-M3TM calculations, including the
Curie temperature TC, Elliott-Yafet spin-flip probability asf , atomic magnetic moment
µat, atomic radius (used to calculate the atomic volume Vat) rat, Debye energy ED, Density
of states DF, number of spins per atom DS, electron heat capacity constant γ, phonon
heat capacity Cp, electron-phonon interaction constant gep, heat diffusion time τ , laser-
pulse duration σ, and the ambient temperature Tamb. The (bulk) material parameters
are taken from Refs. [16, 93, 97].

Parameter Unit Co Gd
TC K 1388 292
asf 1 0.15 0.08
µat µB 1.72 7.55
rat Å 1.35 1.86
ED J/kB 400 400
DF eV−1 3 3
DS 1 1.72 7.55
γ J m−3 K−2 2000
Cp J m−3 K−1 4 · 106

gep J m−3 K−1 ps−1 4.05 · 106

τ ps 10
σ ps 0.05
Tamb K 295



4
Absorption and generation of

femtosecond laser-pulse excited spin

currents in noncollinear magnetic bilayers

In this chapter, both the generation and absorption of optically excited spin currents

are investigated. This is done using noncollinear magnetic bilayers, i.e., two FM

layers separated by a conductive spacer. Spin currents are generated in a Co/Ni

multilayer with out-of-plane (OOP) anisotropy, and absorbed by a Co layer with

an in-plane (IP) anisotropy. This behavior is confirmed by careful analysis of the

laser-pulse induced magnetization dynamics, whereafter it is demonstrated that the

transverse spin current is absorbed very locally near the injection interface of the

IP layer (90 % within the first ≈ 2 nm). Moreover, it will also be shown that this

local absorption results in the excitation of THz standing spin waves within the

IP layer. The dispersion measured for these high-frequency spin waves shows a

discrepancy with respect to the theoretical predictions, for which an explanation in-

volving intermixed interface regions is proposed. Lastly, the spin current generation

is investigated using magnetic bilayers with a different number of repeats for the

Co/Ni multilayer, which proves to be of great relevance for identifying the optical

spin current generation mechanism.∗

∗ This chapter has been published in Physical Review B as an Editor’s Suggestion [98]
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52 Absorption and generation of femtosecond laser-pulse excited spin currents...

4.1 Introduction

The discovery of ultrafast demagnetization in ferromagnetic (FM) thin films after

femtosecond (fs) laser-pulse excitation induced a growing interest in the field of fs

magnetization dynamics. Two decades ago, Beaurepaire et al. demonstrated that

the magnetization in a Ni thin film can be quenched to almost half its initial value

within a picosecond after the excitation [14]. Although the discovery triggered

an interesting debate on the physical mechanism responsible for the rapid loss of

magnetization [16–18, 99, 100], its relevance for fast and energy efficient magnetic

data storage was quickly recognized. This realization eventually led to the discovery

of all-optical magnetization reversal in both (synthetic) ferrimagnets [22, 42] and

ferromagnets [44].

A third important discovery was that spin currents are generated upon excitation

of a FM film. This was first demonstrated in a collinear magnetic bilayer, where

angular momentum transfer through the spacer layer resulted in a faster and larger

demagnetization of the two antiparallel FM layers [19]. Several more recent studies

have confirmed these laser-pulse induced spin currents [20, 21, 68, 69, 81, 101]. It

has even been claimed that the optically excited spin current can enhance the

magnetization in one of the FM layers of the magnetic bilayer [69]. Nowadays,

electrically generated spin currents are heavily used in the field of spintronics,

where they are exploited to control the direction of the magnetization in a FM

layer via the spin transfer torque (STT). A similar control of the magnetization on

an ultrafast time scale can be established using an optically generated spin current,

as was recently demonstrated using a noncollinear magnetic bilayer [20, 21, 81]. It

was argued that this optical STT is an accurate probe of the spin current, and it

will be employed in this chapter to investigate both the generation and absorption

of the laser-pulse-induced spin current.

Since its discovery, several mechanisms for the generation of an optical spin cur-

rent have been suggested. Battiato et al. proposed a mechanism based on the

spin-dependent transport of excited electrons. In this model, a superdiffusive spin

current is generated due to spin filtering of the hot electrons in the FM layer [17].

A second mechanism uses the spin-dependent Seebeck effect to explain the optical

generation of spin currents [20]. In this case, the spin current is generated due

to a temperature gradient across the FM material caused by the laser excitation.

Lastly, there are models in which the spin current is generated by demagnetiza-

tion, for instance, using magnon-electron coupling. In this case, electrons become

spin polarized due to the excitation of magnons and the conservation of angular
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momentum, acting as a source for a diffuse spin current that follows dM/dt [81].

In this chapter, the generation of the fs laser-pulse excited spin current is inves-

tigated in order to identify which mechanism is at play. Besides the spin current

generation, also the absorption depth of the spin current in a second FM layer

is investigated. Both phenomena are studied using a noncollinear magnetic bi-

layer. This magnetic bilayer consists of one FM layer with an out-of-plane (OOP)

anisotropy (generation layer), and a second FM layer with in-plane (IP) anisotropy

(absorption layer). The two FM layers are separated by a metallic (nonmagnetic)

spacer layer. By varying the thickness of the generation layer the thickness depen-

dence of the spin current generation is examined. It is found that the generation

of spin currents is almost independent on the thickness of the generation layer.

Using a wedged absorption layer, the absorption of the spin current is investigated,

revealing an absorption depth in Co of 2− 3 nm. It will be demonstrated that this

very local absorption near the interface allows for THz spin wave excitation in these

noncollinear magnetic bilayers, as was recently also demonstrated by Razdolski et

al. [84], and being of great relevance for the upcoming field of (THz) magnonics

[13, 102].

4.2 Sample structure and characterization

The basic structure of the noncollinear magnetic bilayers used in this chapter

is Si:B(substrate)/Ta(2)/Pt(4)/[Co(0.2)/Ni(0.6)]N/Co(0.2)/Cu(5)/Co(tCo)/Pt(1)

(thickness in nm). All samples are fabricated using dc magnetron sputtering at

room temperature. In this structure, the Co/Ni multilayer has an easy axis along

the OOP direction [perpendicular magnetic anisotropy (PMA)], and the top Co

layer has an easy plane along the in-plane direction. The two FM layers are sepa-

rated by a 5 nm-thick Cu layer which allows for the transfer of spin currents and

decouples both FM layers. The measurements are performed using a standard

time-resolved magneto-optic Kerr effect setup (TR-MOKE) in the polar config-

uration, and in the presence of an external field that is applied parallel to the

sample surface. The probe and pump pulses have a spot size of ≈ 10µm and a

pulse length of ≈ 150 fs. The pulses are produced by a Ti:sapphire laser with a

wavelength of 790 nm and a repetition rate of 80 MHz. In the experiments, the

pump pulse is used to excite the spin dynamics, and the probe pulse is used to

measure the time-resolved OOP magnetization component of both FM layers of

the noncollinear magnetic bilayer.
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The dynamics in the noncollinear system during the measurements is illustrated

by the cartoon in Fig. 4.1(a). Before excitation, the system is in a steady state,

where the in-plane field sets the direction of the IP magnetization as well as a slight

canting of the OOP magnetization (depending on its PMA). When the structure

is excited by the laser pulse, spin currents are generated in both layers. These spin

currents will flow through the spacer layer to be injected in the other layer. The

transverse spins injected in each layer will be absorbed, resulting in a spin transfer

torque (STT) on the magnetization. As a result, the magnetization is canted away

from the effective field, and a damped precession is initiated. Using the probe

pulse, the precessions can be measured by measuring the OOP magnetization as a

function of time. The amount of initial canting of the magnetization in each layer,

i.e., the initial amplitude of the damped precession, is proportional to the absorbed

angular momentum. In this chapter, the precession amplitude of the IP layer, in

combination with the demagnetization of the OOP layer, is used to investigate the

absorption and generation of the spin current generated in the OOP layer. The

precession in the OOP layer is not visible in the measurements due to the smaller

MO sensitivity to the (bottom) OOP layer compared to the (top) IP layer, as will

be shown in the following.

A typical measurement performed on a noncollinear bilayer with N = 4 and

tCo = 3 nm is shown in Fig. 4.1(a). In this figure the OOP magnetization of both

layers, normalized to the magnetization of the OOP layer, is plotted as a function

of the pump-probe delay. In the first few picoseconds the demagnetization and

subsequent remagnetization of the OOP layer is visible. On the long time scale a

clear precession of ≈ 10 GHz is observed. As is illustrated in the cartoon of Fig.

4.1(a), the optical generated spin currents are expected to induce a precessional

motion of both the IP and OOP magnetization. Moreover, a precession in both

FM layers was measured in previous experiments by Schellekens et al. [21], using

similar structures. In their work, it was demonstrated that the precession of the IP

magnetization was indeed initiated by the STT mechanism discussed earlier. The

precession of the OOP magnetization, however, was attributed to a laser-pulse

induced anisotropy change, which was called the ∆K mechanism, and will be dis-

cussed in more detail later. In this chapter, the precession in the IP layer will be

used to measure the absorption and generation of the spin current generated in

the OOP layer. Therefore, it needs to be confirmed that the measured precession

actually is the precessional motion of the IP magnetization, initiated by the STT

mechanism. In the following, it will be shown that this is indeed the case.
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Figure 4.1: The measurements performed on a noncollinear system with N = 4 and
tCo = 3 nm. (a) Typical precession measurement with an in-plane applied field of 95 mT.
The demagnetization of the OOP layer is visible in the first picosecond, and a clear pre-
cession (≈ 10 GHz) is present on the long time scale. The cartoon shows the different
stages before, during and after the optical excitation. (b) Precession frequency measured
as a function of the in-plane applied field. The solid line represents the fit using the Kit-
tel relation, resulting in a saturation magnetization of 1.3 − 1.4 MA m−1, using a surface
anisotropy of 0.3−0.6 mJ m−2 taken from literature [103] and γ = 1.76 × 1011 rad s−1 T−1.
(c) Precession measurements for all combinations of IP field direction (parallel to IP mag-
netization) and OOP magnetization direction (remagnetization of OOP layer subtracted
from the signal).
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One way to identify to which layer the precession corresponds is to perform field-

dependent precession measurements. In case of the IP magnetization in an in-plane

external field, the frequency fIP is given by the Kittel relation

fIP =
γ

2π

√
Bapp

(
Bapp + µ0Ms −

2Ks

tMs

)
, (4.1)

in which γ is the gyromagnetic ratio, Bapp is the applied magnetic field, t and

Ms the thickness and saturation magnetization of the magnetic layer, and Ks the

surface anisotropy constant (including the contribution of both interfaces of the

FM layer). In the case of the OOP magnetization in an in-plane field, where the

applied field is small compared to the anisotropy field, the precession frequency

fOOP is given by

fOOP =
γ

2π

√(
µ0Ms −

2Ks

tMs

)2

−B2
app. (4.2)

From these equations it is seen that in the case of the IP (OOP) magnetization, the

frequency increases (decreases) when the applied field is increased. Figure 4.1(b)

shows the measured frequency as a function of the applied field (black dots). A clear

increase of the frequency with field is observed. Moreover, the field dependence

is nicely fitted with the Kittel relation of Eq. (4.1) (red curve), resulting in a

saturation magnetization of 1.3− 1.4 MA m−1, using a surface anisotropy of 0.3−
0.6 mJ m−2 derived from the literature [103] and γ = 1.76× 1011 rad s−1 T−1. The

found saturation magnetization compares well with the bulk value for Co of 1.4

MA m−1, unambiguously demonstrating that it is the precessional motion of the

IP magnetization that is measured.

Next, it should be verified that the mechanism initiating the precession is indeed the

STT mechanism, and not the earlier mentioned ∆K mechanism or a magnetostatic

coupling due to orange-peel coupling. An analysis on the magnetostatic coupling

for similar structures has already been performed by Schellekens et al., ruling out

orange-peel coupling to be the source of the observed precessions [21]. The ∆K

mechanism arises when the field is applied at a certain angle to the sample surface

[86], i.e., due to a minor misalignment. With the field at an angle, the equilibrium

direction of the effective field and thus the magnetization is no longer IP, but

is canted slightly out of plane. A precession can be initiated by a laser-pulse

induced change in the magnetization and anisotropy, abruptly altering the effective

field direction and resulting in a precession of the magnetization. Fortunately, a
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distinction between the two mechanisms can be made by looking at the sign of

the measured precession when the applied field and OOP magnetization directions

are inverted. In the case of the ∆K mechanism, the precession signal inverts with

the field direction, but is independent of the OOP magnetization direction. On

the contrary, for the STT mechanism, the precession signal is independent of the

field direction, and is inverted when the magnetization direction of the OOP layer

reverses. Figure 4.1(c) shows the precession measured for all combinations of IP

field direction (parallel to IP magnetization) and OOP magnetization direction.

Looking at the top two curves, it can be seen that the precession is identical for

both field directions. The precession signal inverts when the OOP magnetization

direction is reversed, as can be seen in the bottom two curves. This confirms that

the measured precession of the IP magnetization is indeed initiated by the STT

mechanism.

It was noted before that in previous experiments on similar structures performed

by Schellekens et al., also a precession of the OOP magnetization was measured,

which was initiated by the ∆K mechanism [21]. The absence of this precession in

the present measurements is caused by the addition of a Ta seed layer underneath

the Co/Ni multilayer, causing a strong increase in the PMA and the corresponding

anisotropy field. With an increase of the anisotropy field of the OOP layer, the

effect of the laser-pulse excitation on the effective field becomes smaller, reducing

the amplitude of the ∆K precession to a point where it is no longer measurable.

The exclusion of the precession of the OOP magnetization from the measurements

allows for a more straightforward analysis of the measured data.

With the measured spin dynamics verified, it can be used to investigate the gener-

ation and absorption of the laser-pulse excited spin current. To do so, two param-

eters are defined, the efficiency ε and the initial canting angle θc. The efficiency is

defined as the ratio of OOP angular momentum absorbed per unit area by the IP

layer, ∆Mz,IP, to the angular momentum lost per unit area during demagnetiza-

tion by the OOP layer, ∆Mz,OOP,

ε =
∆Mz,IP

∆Mz,OOP
. (4.3)

The initial canting angle is defined as the angle of the IP magnetization with

respect to the sample surface after absorption of the OOP spin current, and can

be calculated using

θc = arcsin

(
∆Mz,IP

Ms,IPtIP

)
. (4.4)
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Figure 4.2: Fluence dependent measurement performed on a noncollinear system with
N = 4 and tCo = 3 nm. The figure shows the measured canting angle of the IP magneti-
zation as a function of the demagnetization of the OOP layer. The solid line represents a
linear fit with fixed zero offset.

In this equation, Ms,IP and tIP are the saturation magnetization and thickness of

the IP layer, respectively. A discussion on how the efficiency and canting angle are

derived from a precession measurement as shown in Fig. 4.1(a) can be found in

Appendix 4A.

It is important to note that measurements on different samples or different areas

on the same sample are going to be compared. The amount of demagnetization

in these different measurements might be slightly different, e.g., due to a small

difference in spot size or pump-probe overlap. In order to be able to compare

the different measurements, care should be taken that the measured parameters

are independent of the demagnetization of the OOP layer. This is investigated

by measuring θc as a function of the demagnetization of the OOP layer for a

noncollinear system with N = 4 and tCo = 3 nm. The results of this measurement

are presented by the black dots in Fig. 4.2. The figure shows that for the low

demagnetization regime used throughout this chapter, θc is linear in the amount

of demagnetization (red line). The achieved θc is on the order of millidegrees,

and thus can be approximated by ∆Mz,IP/ (Ms,IPtIP). This means that ∆Mz,IP

scales linearly with the demagnetization, i.e., with ∆Mz,OOP, and thus that the

efficiency is independent of the amount of demagnetization. Moreover, the linear

dependence of θc shown in Fig. 4.2 also means that the canting angle per percent

demagnetization θc,% can be used as a demagnetization-independent parameter. In



4.3 Results and discussion 59

conclusion, both ε and θc,% are good parameters to be compared between different

measurements.

4.3 Results and discussion

Spin current absorption and THz spin wave excitation

First, the absorption of the spin current in the IP layer is investigated. By us-

ing a wedge-shaped top Co layer, the penetration depth of the transverse spins

is measured. The structure used in this measurement is given by the basic non-

collinear bilayer introduced earlier, now with N = 4 and a wedge-shaped top Co

layer with tCo ranging from 0 to 6 nm over a distance of 20 mm. Using the fact

that the TR-MOKE measurement is a very local technique (spot size ≈ 10µm),

the thickness-dependent measurement can be performed by measuring ε and θc,%

at different points along the Co wedge.

The saturation magnetization and surface anisotropy of the wedged IP layer, needed

for the determination of ε and θc,%, are obtained by measuring the frequency of the

precession as a function of the IP layer thickness. The Kittel relation [Eq. (4.1)]

shows that indeed the thickness dependence of the anisotropy term allows one to

determine both Ms,IP and Ks from the measured data. The measured frequencies

as a function of the Co layer thickness, for different applied field strengths, are

shown by the solid dots in Fig. 4.3(a). The solid curves are fits to the data using

Eq. (4.1). The fits are performed using a global fit with shared fitting parameters

Ms,IP and Ks, resulting in Ms,IP ≈ 1240 kA m−1 and Ks ≈ 0.70 mJ m−2. Looking

at the fitted curves, it can be seen that the measured data are not well described

by the Kittel relation. For all field strengths it seems that there is an additional

thickness dependence that is not captured by Eq. (4.1). As will be discussed later,

one possibility is a thickness-dependent saturation magnetization, decreasing for

thinner layer thicknesses. For simplicity, however, the simplest case with constant

Ms,IP and Ks throughout the wedged layer will be used in the remainder of this

discussion. The analysis including a thickness-dependent Ms,IP can be found in

Appendix 4C [results are shown by the dashed curves in Fig. 4.3(a)]. There it is

shown that the overall behavior of the efficiency and canting angle as a function of

the Co layer thickness is robust and similar for both cases.

The efficiency calculated as a function of the top Co layer thickness is shown in

Fig. 4.3(b) (solid dots). For the very thin Co thicknesses (gray area) no precession



60 Absorption and generation of femtosecond laser-pulse excited spin currents...

0 1 2 3 4 5 6
0

1

2

3

4

5

6

7

8

E
ffi

ci
en

cy
(%

)

Co thickness (nm)

(b)(a)

0 1 2 3 4 5 6
0

2

4

6

8

10

12

14

16

18

Applied field:
70.8 mT 151.9 mT
98.9 mT 178.5 mT
128 mT 204.1 mT

Fr
eq

ue
nc

y
(G

H
z)

Top Co thickness (nm)

Figure 4.3: Measurements performed on a noncollinear magnetic bilayer with N =
4 and wedged top Co layer with thickness ranging from 0 to 6 nm over a distance of
20 mm. (a) Precession frequency measured as a function of top Co layer thickness for
six different in-plane applied field strengths. The solid curves represent fits using the
standard Kittel relation, resulting in Ms,IP ≈ 1240 kA m−1 and Ks ≈ 0.70 mJ m−2. The
dotted curves represent fits using the Kittel relation including a thickness dependent
saturation magnetization. (b) Efficiency and canting angle per percent demagnetization
(inset) as a function of top Co layer thickness. The solid curve represents a fit to the
data showing a finite absorption depth (i.e., 90 % absorbed within first 2.1 ± 0.2 nm).
The dotted lines represent constant efficiency and corresponding θc,%, which describes
the case when there is full absorption independent of top Co layer thickness.

amplitudes could be determined, which is attributed to the surface anisotropy

(PMA) becoming too pronounced. The solid curve is a fit to the data following

ε = εmax

(
1− e−

tCo
λt,Co

)
, (4.5)

where εmax is the efficiency for infinite Co thickness tCo, and λCo the characteristic

spin absorption length. For the thinnest Co thicknesses, the efficiency shows a

small increase, deviating from the behavior of Eq. (4.5). This deviation is mainly

the result of using the simplest case with constant Ms,IP and Ks. The deviation

is less pronounced when a thickness-dependent Ms,IP is used in the analysis, of

which the result is shown in Appendix 4C. For large thicknesses, the efficiency

saturates, corresponding to full absorption of the transverse spin current. At zero

thickness, i.e., no IP layer, the efficiency must be zero. Looking back at the defi-

nition of the efficiency [Eq. (4.3)], it can be seen that the behavior shown in Fig.

4.3(b) corresponds to a transverse spin absorption that decays exponentially with

the distance from the interface where the spins are injected. From the fit, the

values λCo = 0.93± 0.07 nm and εmax = 7.3± 0.1 % are obtained. This result

shows that the spin current is absorbed very locally near the interface, i.e., 90 %
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of the transverse spins are absorbed within the first 2.1± 0.2 nm of the Co layer.

This penetration depth agrees well with the penetration depth of 1.7 nm found for

electrically driven transverse spin currents in Co by Ref. [104].

The effect of the limited penetration depth of the transverse spins is also seen

in the canting angle per percent demagnetization, as shown in the inset of Fig.

4.3(b). Here, θc,% is plotted as a function of tCoMs (solid dots). For small canting

angles, a (tCoMs)
−1 dependency is expected when there is full absorption, i.e.,

constant efficiency (λCo → 0 nm), illustrated by the dotted curve. It is seen that

for Co thicknesses below approximately 3 nm the canting angle is not reaching its

maximum value, demonstrating again the incomplete absorption of the spin current

for these thicknesses.

The results on the spin absorption show that the absorption of the transverse spins

falls off exponentially with the distance from the injection interface. This results

in a strong gradient in the canting angle of the IP magnetization, as illustrated in

the left cartoon of Fig. 4.4(a). It was recently demonstrated by Razdolski et al.

that a strong gradient in the magnetization direction can be used to excite THz

standing spin waves along the depth of the IP layer [84]. In the following, it will

be demonstrated that these THz spin waves, with frequencies up to 1.2 THz, are

indeed excited in the noncollinear magnetic bilayer measured here.

The THz spin waves are observed as an additional precession on the fast picosecond

time scale in the demagnetization measurements performed in the thicker region of

the Co wedge (not shown). The spin waves carry no net OOP magnetic moment,

causing their signal to be averaged out in the case of homogeneous averaging across

the thickness of the layer. The fact that the spin waves can be measured in the

TR-MOKE setup results from a certain depth sensitivity due to the attenuation of

the laser within the FM layer. However, for these thin layers, the depth sensitivity

and thereby the spin wave signal are only small. To achieve a better sensitivity

of the TR-MOKE setup to the THz precession, a quarter-wave plate (QWP) was

added to the probe beam. By carefully tuning the QWP angle, a specific linear

combination of Kerr rotation and ellipticity can be measured (Sec. 3.2.3), and the

signal can be optimized to measure the THz precession. An example of such a

measurement is shown in Fig. 4.4(a). In this figure, both the first-order standing

spin wave (0.55 THz) as well as the fundamental precession (10 GHz) are visible

(different time scales), both illustrated in the right cartoon in the figure. The shown

measurement is performed with an IP layer thickness of tCo = 5.5 nm. The sign of

the THz precession has the same dependency on the IP and OOP magnetization
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Figure 4.4: (a) Precession measurement performed on a noncollinear bilayer with N = 4
and wedged top Co layer with a thickness ranging from 0 to 6 nm, measured at a thickness
of 5.5 nm. During the measurement a QWP was added to TR-MOKE setup to increase the
sensitivity to the THz precession. Both the spin wave (≈ 0.55 THz) and the fundamental
precession (≈ 10 GHz) are visible. The cartoon shows the gradient in the canting angle
within the Co layer after the optical excitation, and the resulting fundamental and first
order standing spin wave. (b) Spin wave frequency measured as a function of the Co layer
thickness. No THz precessions are found for Co thicknesses below 3 nm. The solid curve
represents a fit using the standard dispersion relation, showing a clear discrepancy with
the measured data. The dotted curve represents a fit using the dispersion relation with
a thickness dependent spin wave stiffness, showing a much more accurate description of
the data.

direction as the fundamental precession, which was shown in Fig. 4.1(c). Also, the

THz precession is even present without the applied field, which is expected with

the exchange interaction driving the precession.

Using the wedge shape of the IP layer in the noncollinear bilayer, the spin wave

frequency can be measured as a function of the Co layer thickness. The frequencies

measured for the different Co thicknesses are shown by the black dots in Fig.

4.4(b). At thicknesses of 2.5 nm and below, there was no sign of the spin wave in

the measurement. This means that either the spin waves are not excited, or that

they are not visible in the measurement. At the moment it is believed that the

latter is the case, being the result of a strong decrease in the lifetime of the spin

waves due to the large increase in frequency, combined with a decrease in the depth

sensitivity of the MOKE for the thinner layers.

The thickness dependence of the spin wave frequency shown in Fig. 4.4(b) can be

fitted using the theoretical dispersion relation. This dispersion relation, including

both the in-plane applied magnetic field (Bapp) and shape and surface anisotropy
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contributions, is given by (see Appendix 4B for the derivation)

f (k) =
γ

2π

√(
Bapp +

Dsw

γh̄
k2

)(
Bapp + µ0Ms −

2Ks

tMs
+
Dsw

γh̄
k2

)
, (4.6)

k =
πn

t
. (4.7)

In this equation, the spin wave frequency and order are given by f and n, respec-

tively. The spin wave stiffness is represented by Dsw, and h̄ corresponds to the

reduced Planck constant. Using this relation, with n = 1, Ms,IP = 1240 kA m−1,

Ks = 0.70 mJ m−2, and Bapp = 72 mT, the data in Fig. 4.4(b) can be fitted, using

the spin wave stiffness as the fitting parameter. Looking at the fitted curve (solid

red curve), it can be seen that the measured data are not well described by the

dispersion relation of Eq. (4.6). The measured dispersion is flattened out with re-

spect to the theoretical behavior. This suggests, as was seen for the Kittel fits in

Fig. 4.3(a), that there is an additional thickness dependence that is not captured

by the dispersion relation in Eq. (4.6). A detailed investigation of this additional

thickness dependence is out of the scope of this work, however, a short discussion

on a possible explanation will be given.

In the case of n > 0, the dispersion relation shown in Eq. (4.6) is dominated by

the Dsw term. Therefore, an additional thickness dependence can be expected to

be present in this spin wave stiffness. The spin wave stiffness itself is related to the

exchange constant Aex via the atomic spin S and the lattice constant a,

Dsw =
Aexa

3

S
. (4.8)

It has been demonstrated by Eyrich et al. that the exchange constant in Co de-

creases when it is alloyed with other materials [105]. Moreover, they demonstrated

a significant decrease of the average exchange constant of the Co layers in a Co/Ru

multilayer for Co thicknesses below 10 nm. The decrease of Aex was attributed to

intermixed interface regions that have a lower exchange constant, which become

more dominant for the thinner Co layers. In the case of the sputter-deposited

structures measured here, interface intermixing is expected to occur as well. Since

the data presented in Ref. [105] suggest an exponential dependence of Aex on the

Co thickness, the following estimation is used,

Dsw(t) = Dsw,∞

(
1− e−

t
d0

)
. (4.9)
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Substituting Eq. (4.9) into the dispersion relation, the measured spin wave frequen-

cies are fitted with much more accuracy, as is shown by the dotted curve in Fig.

4.4(b). The fitted parameters areDsw,∞ = 980± 30 meV Å
2

and d0 = 4.7± 0.3 nm.

The d0 value seems to be reasonable compared to the data on Aex in Ref. [105]

(estimated value of d0 ≈ 4.3 nm). However, the value for Dsw,∞, i.e., for bulk Co,

is almost a factor of 3 higher than the expected value of 340± 75 meV Å
2

found for

polycrystalline Co [106]. This discrepancy suggests that the description of the spin

wave stiffness as given in Eq. (4.9) is not complete and a more elaborate study is

needed.

The thickness-dependent exchange constant being the cause of the observed (flat-

tened) THz dispersion is an assumption that needs to be confirmed, however, it

does also give a possible explanation for the discrepancies observed for the fun-

damental precessions shown in Fig. 4.3(a). The Curie temperature of a magnetic

layer is directly proportional to the exchange constant, meaning that a lowering in

the exchange constant results in a decrease of the Curie temperature. Since the

measurements are performed at room temperature, this decreases the saturation

magnetization and with it the precession frequency. As was mentioned earlier,

adding such a thickness-dependent Ms to Eq. (4.1) indeed results in a better fit

to the measured data (analysis in Appendix 4C). This shows that the additional

thickness dependence observed in the dispersion of both the fundamental preces-

sions as well as the spin waves can be explained with a thickness dependence in

the average exchange constant of the Co film, possibly caused by intermixing in

the interface regions.

Spin current generation

Next, the laser-pulse excited spin current generation in the OOP layer is investi-

gated. This is done by measuring the efficiency and canting angle as a function

of the OOP layer thickness. For this measurement, four structures are fabricated,

following the basic noncollinear bilayer as introduced earlier. Each structure has a

similar top Co layer with tCo = 3 nm, but a different amount of [Co/Ni]N repeats.

The used repeats are N = 1, 2, 3, and 4. Unfortunately, the measurements on

the structure with N = 1 showed no precessions of the IP layer. Polar hysteresis

measurements on this structure revealed a very small coercivity for the OOP layer

(≈ 1 mT), indicating weak PMA. As a result, the OOP layer is pulled in-plane by

the applied field during the measurements. In this case, parallel spins are injected

in the IP layer and there will be no STT and thus no canting of the magnetiza-
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Figure 4.5: Efficiency and canting angle per percent demagnetization (inset) measured
on the noncollinear bilayers with tCo = 3 nm and [Co/Ni]N repeats of N = 2, 3, and 4.
For the efficiency, no significant dependence on the amount of repeats is seen, whereas for
the canting angle per percent demagnetization a clear increase with number of repeats is
present. The dotted lines are guides to the eye.

tion. This is seen in the measurements by the absence of both the demagnetization

and the precession. Although this causes the structure to be useless for the spin

current investigation, it confirms again that the measured precession of the IP

magnetization is indeed caused by the STT mechanism.

The samples with N = 2, 3, and 4 did show sufficient PMA and the efficiency and

canting angle could be determined. The resulting ε and θc,% as functions of the

[Co/Ni]N repeats are shown in Fig. 4.5 (dotted lines are guides to the eye). First, by

looking at the efficiency, it can be seen that there seems to be no strong dependency

on the thickness of the OOP layer. A constant efficiency would mean that for an

equal amount of angular momentum lost in the OOP layer, an equal amount of

angular momentum is absorbed by the IP layer, independent of the thickness of

the OOP layer. This behavior can also be seen in the measured θc,% as a function

of [Co/Ni]N repeats, shown in the inset. The amount of angular moment lost in

the OOP layer per percent demagnetization increases with the amount of repeats.

With a constant ε, the amount of angular momentum absorbed in the IP layer will

also increase with the [Co/Ni]N repeats, resulting in a rise of θc,%. Due to the

limited number of thicknesses available here, a more elaborate study is needed to
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confirm the observed behavior of ε and θc,%. However, the presented observations

do allow for speculations on the spin current generation mechanism.

It is noted that the stacks (spacer layer and top Co layer) deposited on top of the

different [Co/Ni]N repeats are designed to be identical. This means that the trans-

port and absorption of the spin current generated in the OOP layer are expected to

be the same in all three structures. The absence of a clear thickness dependence in

ε therefore indicates that a similar amount of angular momentum loss in the OOP

layer generates a similar spin current, independent of the thickness of the OOP

layer. Also, it implies that the full thickness of the OOP layer contributes to the

generated spin current. The latter notion contradicts the idea of a limited interface

region (≈ 1 nm) contributing to the spin current generation, as was suggested by

Alekhin et al. for Fe/Au [101]. In the case of a superdiffusive spin current, the

spin current is generated due to spin filtering of the hot electrons in the magnetic

layer [17]. Although for a complete assessment explicit calculations need to be

performed, it might be expected that the spin filtering becomes more pronounced

with increasing layer thickness since part of the hot electrons will have to travel

a longer distance within the FM layer. In that case, the net spin current leaving

the OOP layer would increase with the layer thickness, resulting in an increase

of the efficiency with [Co/Ni]N repeats. This, however, is not observed in the

present measurement. The spin current generated by the spin-dependent Seebeck

effect is negligible in the structures used in this chapter, as was demonstrated by

Schellekens et al. for similar noncollinear bilayers [21]. The notion of the generated

spin current being solely dependent on the amount of lost angular momentum does

agree with a mechanism where the spin current is generated by the demagnetiza-

tion, thus following dM/dt [81]. In this case, a certain amount of loss in angular

momentum in the OOP layer (dM) will generate a certain (diffuse) spin current,

independent of the thickness of the OOP layer. While this analysis tentatively

points towards a dM/dt-like scenario, the main conclusion is that the type of ex-

periments presented can be highly valuable to resolve the optical STT mechanism.

Explicit model calculations for the different scenarios need to be performed before

making an unambiguous assignment.

4.4 Conclusion

In conclusion, both the generation and absorption of fs laser-pulse induced spin

currents have been experimentally investigated using noncollinear magnetic bilay-

ers. Using a wedge-shaped Co (absorption) layer, it has been demonstrated that
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the spin current is absorbed very locally near the injection interface (90 % within

the first ≈ 2 nm). This local absorption was confirmed by the demonstration of

THz spin waves being excited within the Co layer as a result of the strong gradient

in the canting angle of the IP magnetization after the optical excitation. Also, the

mechanism behind the optical spin current generation in these magnetic bilayers

has been examined. This was done by measuring the spin current generation as a

function of the Co/Ni (generation) layer thickness. The results indicate that the

spin current generation is solely dependent on the amount of lost angular momen-

tum, and not on the thickness of the layer, favoring a mechanism where the spin

current is generated by the demagnetization, and follows dM/dt. The experiments

presented in this chapter demonstrate that the noncollinear bilayer is a convenient

structure to investigate optically generated spin currents. Moreover, the possibility

to excite THz spin waves in these structures causes them to be of high potential

for future THz magnonics.

Appendix 4A: Calculation of the efficiency and canting angle

In this section it is discussed how the efficiency and canting angle are derived from

the precession measurements, of which a typical example is shown in Fig. 4.1(a).

Since an elaboration on the calculation can already be found in Ref. [21], only a

brief overview is given here.

The efficiency is defined as the ratio of OOP angular momentum absorbed per unit

area by the IP layer, ∆Mz,IP, to the angular momentum lost per unit area during

demagnetization by the OOP layer, ∆Mz,OOP. This ratio is determined using the

ratio of the precession amplitude of the IP layer, Aosc, to the amplitude of the

demagnetization of the OOP layer, Adem. Both amplitudes are obtained from the

precession measurement. This ratio needs to be multiplied with a sensitivity factor,

fMO, to correct for the difference in magneto-optical (MO) sensitivity to the spins

in either magnetic layer. Thus, the efficiency is given by

ε =
∆Mz,IP

∆Mz,OOP
=

Aosc

Adem
fMO. (4.10)

In order to determine the sensitivity factor (static) hysteresis measurements are

performed using the polar MOKE setup and an out-of-plane applied external field.

This measurement shows an easy axis switch for the OOP magnetization on top

of a linear background signal corresponding to the hard axis rotation of the IP

magnetization. The MO signal of the OOP layer is simply given by the stepsize
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of the switch, AOOP. In case of the IP layer the MO signal is calculated using the

slope of the hard axis rotation, BIP, and the calculated saturation field, µ0Hsat.

The sensitivity factor is than calculated by taking the ratio of the MO signals of

each layer normalized to its magnetic moment per unit area M (= Mst),

fMO =
AOOP/MOOP

BIPµ0Hsat/MIP
. (4.11)

The magnetic moment of the OOP layer is determined using a SQUID-VSM,

whereas the magnetic moment of the IP layer is determined from the field de-

pendent precession frequency.

The OOP magnetic moment absorbed per unit area by the IP layer is given by

the precession amplitude and the sensitivity factor, multiplied by the magnetic

moment per unit area of the OOP layer (due to the normalization of the precession

measurement): ∆Mz,IP = AoscfMOMOOP. This means that the canting angle can

be calculated using

θc = arcsin

(
AoscMOOPfMO

MIP

)
. (4.12)

It is noted that in the present work, care is taken that the calculated slope of

the hard axis rotation of the IP magnetization is corrected for the linear back-

ground signal resulting from the Faraday effect in the optical components of the

polar MOKE setup, and that the surface anisotropy is taken into account in the

calculation of the saturation field of the IP magnetization.

Appendix 4B: Spin wave dispersion relation

In this section the dispersion relation of the standing spin waves is derived. In this

derivation the external field is applied along the +y direction, and the canting of

the magnetization away from this equilibrium direction is assumed to be small. As

a result the magnetization can be described by a (elliptical) precession in the x, z

plane. With the inclusion of a kz phase term to allow standing spin waves in the

z direction, the magnetization is described by

~M =


Mx

My

Mz

 =


Mx,0 cos (ωt+ kz)

Ms

Mz,0 sin (ωt+ kz)

 . (4.13)
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The contributions to the effective field include the applied field ~Happ, the demagne-

tization field (originating from shape anisotropy), ~Hdem, the anisotropy field (due

to the interface anisotropy), ~Hani, and the exchange field ~Hex, and is given by

~Heff =


0

Happ(
2Ks

µ0dM2
s
− 1
)
Mz

+
2Aex

µ0M2
s

∇2 ~M. (4.14)

In this equation the thickness of the magnetic layer is given by d, and Aex represents

the exchange stiffness. The dispersion of the spin waves is calculated by inserting

Eq. (4.13) and Eq. (4.14) into the LLG equation (ignoring damping),

d ~M

dt
= −γµ0

(
~M × ~Heff

)
. (4.15)

Evaluating the x and z components a system of linear homogeneous equations is ob-

tained, for which non-trivial solutions exist when the determinant of the coefficient

matrix vanishes,

det

∣∣∣∣∣ ω γµ0

(
Happ +Ms + C2k

2 − C1

)
−γµ0

(
Happ + C2k

2
)

−ω

∣∣∣∣∣ = 0, (4.16)

in which the following abbreviations are used,

C1 =
2Ks

µ0dMs
, (4.17)

C2 =
2Aex

µ0Ms
. (4.18)

Solving Eq. (4.16) for ω (= 2πf) leads to the dispersion relation given by

f (k) =
γ

2π

√(
Bapp +

2Aex

Ms
k2

)(
Bapp + µ0Ms −

2Ks

tMs
+

2Aex

Ms
k2

)
. (4.19)

The relation between the exchange stiffness and the spin wave stiffness of long

wave-length spin waves is given by[97]

Aex =
MsDsw

2γh̄
. (4.20)
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Using this relation the dispersion relation of Eq. (4.19) can be rewritten to

f (k) =
γ

2π

√(
Bapp +

Dsw

γh̄
k2

)(
Bapp + µ0Ms −

2Ks

tMs
+
Dsw

γh̄
k2

)
. (4.21)

Appendix 4C: Transverse spin current absorption including a thickness depen-

dent saturation magnetization

In this section the calculation of the efficiency as a function of the Co thickness

for the noncollinear bilayer with N = 4 and a wedge shaped top Co layer is shown

again, now including a thickness-dependent saturation magnetization of the Co

layer. The reason for this alternative calculation is shown in Fig. 4.3(a). In this

figure it was seen that the measured dispersion of the fundamental precession in the

wedged Co layer (filled dots) is not well described by the Kittel relation (solid lines).

For all field strengths it seems that there is an additional thickness dependence

that is not captured by the Kittel relation [Eq. (4.1)]. As discussed in the main

text, one possibility is that the saturation magnetization of the Co layer decreases

with decreasing layer thickness, as a result of a lower exchange constant in the

interface regions due to interface intermixing. In the following, an approximation

of the dependency of the saturation magnetization on the layer thickness is given,

assuming a constant surface anisotropy. Afterwards, the efficiency as a function of

the top Co layer thickness is calculated again, including the found relation between

the saturation magnetization and Co layer thickness. It will be shown that the

efficiency as a function of the Co thickness for this alternative analysis is similar

as was found in the main text using a constant Ms.

To find the relation between the Co thickness and the saturation magnetization,

the data of Fig. 4.3(a) is reevaluated in Fig. 4.6(a) (filled dots). In this figure

the precession frequency is plotted as a function of the applied field, for different

thicknesses of the Co layer. The data for each thickness is fitted using a slightly

different version of the Kittel relation (solid curves),

fIP =
γ

2π

√
Bapp (Bapp + µ0Meff), (4.22)

introducing the effective magnetization (Meff) in order to get the best fit and not

yet make any assumption about both Ms and Ks. The effective magnetization is

given by

Meff = Ms −
2Ks

µ0Mst
. (4.23)
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Figure 4.6: (a) Precession frequency measured as a function of the (in-plane) applied
field, for different top Co layer thicknesses. The measurements are performed on a non-
collinear magnetic bilayer with N = 4 and wedged top Co layer with thickness ranging
from 0 to 6 nm. The solid curves represent fits to the data using the Kittel relation us-
ing an effective magnetization to include both the saturation magnetization and surface
anisotropy. (b) Calculated saturation magnetization as a function of Co layer thickness
for three different values for the surface anisotropy. The dashed lines show that the rela-
tion between the saturation magnetization and Co thickness is well described by a linear
dependency for each value of the surface anisotropy.

It can be seen that substitution of Eq. (4.23) into Eq. (4.22) returns the Kittel rela-

tion as given in Eq. (4.1). With Meff determined for each thickness, the saturation

magnetization can be calculated when the surface anisotropy at each thickness is

known. Since a wedge is used, the adjacent layers of the Co layer are identical

for each thickness. Therefore, in this approximation it is assumed that the surface

anisotropy is constant throughout the wedge, and thus the same for each Co thick-

ness. The exact value of Ks is not known, and can not be determined from the

data in Fig. 4.6(a). Therefore, the saturation magnetization is calculated using a

range of different values for Ks, ranging between 0.2−0.6 mJ m−2 derived from the

literature [103]. The calculated saturation magnetization as a function of Co layer

thickness for three different values for Ks are shown in Fig. 4.6(b) (solid dots). It

can be seen that the relation between the saturation magnetization and Co layer

thickness is well approximated by a linear dependency for all three values of Ks.

Therefore, a linear thickness dependency of Ms, given by Ms(tCo) = Ms,0+A tCo, is

added to the Kittel relation. Using this extended Kittel relation the data presented

in Fig. 4.3(a) is fitted again, now using A, Ms,0 and Ks as (global) fitting param-

eters. As can be seen in the figure, the fits including this thickness dependent

saturation magnetization describe the measured data with much more accuracy

(dashed curves).
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Figure 4.7: Efficiency and canting angle per percent demagnetization (inset) as a func-
tion of top Co layer thickness, determined using a linear dependency of the saturation
magnetization on the Co layer thickness. The solid curve represents a fit to the data. The
dotted lines represent constant efficiency and corresponding θc,%, which describes the case
when there is full absorption independent of top Co layer thickness.

Using the values obtained for A, Ms,0 and Ks, the efficiency as a function of the

Co thickness is calculated again, and presented in Fig. 4.7. It can be seen that

the overall (exponential) behavior is similar as was found in the main text using

a constant Ms and Ks throughout the wedge. However, there are some small

differences. In the present case the exponential decrease of the efficiency for small

Co thicknesses is more pronounced. Also, the characteristic absorption depth is

larger, λCo = 1.27± 0.07 nm compared to λCo = 0.93± 0.07 nm for constant Ms

and Ks. This results in 90 % being absorbed within the first 2.9± 0.2 nm compared

to the 2.1± 0.2 nm in the main text. Lastly, the saturation value of the efficiency

is a bit smaller, εmax = 6.7± 0.1 % compared to εmax = 7.3± 0.1 %.

In conclusion, it has been demonstrated that the overall behavior of the efficiency

as a function of the Co thickness is similar in both cases, i.e. with constant Ms,

or with a thickness dependent Ms. This shows that the conclusion on the limited

absorption depth is robust. Including the thickness dependence of the saturation

magnetization to the Kittel relation greatly improved the fits to the data, indi-

cating that the thickness dependent saturation magnetization might be a viable

approximation.



5
Investigating optically excited THz

standing spin waves using noncollinear

magnetic bilayers

This chapter describes the investigation of optically excited THz standing spin waves

in noncollinear magnetic bilayers. Using femtosecond laser-pulse excitation, a spin

current is generated in the first ferromagnetic (FM) layer, and flows through a con-

ductive spacer layer to be injected into the second (transverse) FM layer, where it

exerts a spin-transfer torque on the magnetization and excites higher-order stand-

ing spin waves. In this chapter, it is shown that the noncollinear magnetic bilayer

is a convenient tool that allows easy excitation of high frequency THz spin waves,

and can be used to investigate the dispersion and thereby the spin wave stiffness pa-

rameter in the thin-film regime. This is experimentally demonstrated using wedge-

shaped Co and CoB (absorption) layers. Furthermore, the damping of these THz

spin waves is investigated, showing a strong increase of the damping with decreas-

ing absorption layer thickness, much stronger than expected from interface spin

pumping effects. Additionally, a previously unseen sudden decrease in the damping

for the thinnest films is observed. A model for the additional damping contribution

incorporating both these observations is proposed.∗

∗ This chapter is in preparation to be published as a journal article.
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5.1 Introduction

About a decade ago, it was discovered that spin currents are generated upon fem-

tosecond (fs) laser-pulse excitation of a ferromagnetic (FM) thin film. This was

first discovered in a collinear magnetic bilayer, in which the laser-induced trans-

fer of angular momentum between the two FM layers was demonstrated by their

influence on the demagnetization dynamics in both layers [19]. In the years that

followed, several experiments have demonstrated the direct measurement of the

optically excited spin current in a FM/NM (non-magnetic metal) bilayer. In these

experiments, the spin current is generated by laser-pulse excitation of the FM,

and is detected at the outer NM surface [36, 77, 81, 82]. One of the motivations

for the research into the laser-pulse-excited spin current is its potential use in the

field of spintronics, in which (electrical) spin currents are already heavily used to

manipulate magnetic information in future magnetic data storage devices [3, 4].

The manipulation of the magnetization can be pushed to the ultrafast time scale

by using the optically generated spin currents. This was demonstrated in recent

years using noncollinear magnetic bilayers, in which the laser-induced spin current

excited in one FM layer was used to exert a spin-transfer torque (STT) on a second,

transversely magnetized, FM layer [20, 21, 81, 107]. Moreover, it was demonstrated

in Chap. 4 that the optically excited spin current is absorbed very locally near the

injection interface, which allowed the excitation of THz standing spin waves. These

standing spin waves were also found in Refs. [84, 108]. This shows that in addi-

tion to its general importance in the field of spintronics, the optically excited spin

currents could also be of high potential for future THz magnonics.

In this chapter, it is experimentally demonstrated that the noncollinear magnetic

bilayer is a convenient tool to generate and investigate optically excited THz spin

waves. Using a wedge-shaped absorption layer (Co or CoB), it is shown that the

dispersion and thereby the spin wave stiffness parameter is easily accessible for

magnetic layer thicknesses down to a few nanometers. Additionally, the structure

allows the investigation of the damping of the THz spin waves and its dependence

on the film thickness. The measured damping behavior shows a strong increase of

the damping as the layer thickness decreases down to ≈ 10 nm, which is attributed

to the inhomogeneous nature of the spin waves. Moreover, a previously unseen

reduction of the damping is seen upon further decrease of the layer thickness. A

model describing the observed damping behavior is proposed. For the analysis

of the THz standing spin waves, the effective magnetization and Gilbert damping

parameter (bulk and interface spin pumping contributions) are needed as a function
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of the thickness of the absorption layer. These properties are determined using the

homogeneous (fundamental) precession, of which the analysis will be discussed first.

5.2 Sample structure and characterization

The basic structure of the noncollinear magnetic bilayers used in this chapter

is given by Si:B(substrate)/Ta(4)/Pt(4)/[Co(0.2)/Ni(0.6)]4/Co(0.2)/Cu(5)/FMIP

/Pt(1) (thickness in nm), in which two different wedge-shaped in-plane (IP) mag-

netized (top) FM layers are used; a Co wedge ranging from 0 to 20 nm, and a

Co77B23 wedge ranging from 0 to 15 nm. These samples are referred to as the Co

and the CoB sample in the following. The bottom FM layer is an out-of-plane

(OOP) magnetized Co/Ni multilayer. The two FM layers are separated by a 5 nm-

thick Cu spacer layer which allows for the transfer of spin currents and decouples

both FM layers. All samples are fabricated using dc magnetron sputtering at room

temperature. The measurements are performed using a standard time-resolved

magneto-optic Kerr effect setup in the polar configuration. The probe and pump

pulses have a spot size of ≈ 10µm and a pulse length of ≈ 150 fs. The pulses are

produced by a Ti:sapphire laser with a wavelength of 790 nm and a repetition rate

of 80 MHz. During the experiments, the pump pulse excites the spin dynamics, and

the probe pulse measures the OOP magnetization component of both FM layers.

In case of the homogeneous precession measurements, an external magnetic field is

applied parallel to the sample surface.

The effective magnetization Meff of the IP (absorption) layer at a certain thickness

is determined by measuring the frequency fIP of the homogeneous (fundamental)

precession as a function of the applied magnetic field Bapp. The value of Meff is

obtained by fitting the field dependent frequency using the standard Kittel equation

for IP magnetized layers,

fIP =
γ

2π

√
Bapp (Bapp + µ0Meff). (5.1)

In this equation, γ corresponds to the gyromagnetic ratio.

The excitation mechanism of the homogeneous precession is the same ultrafast STT

mechanism as used for the standing spin wave excitation presented later, and is

illustrated in the inset of Fig. 5.1(a). In this mechanism, a fs laser pulse is used

to excite a spin current in the OOP (generation) layer. This spin current flows

through the Cu spacer layer and is injected into the top FM layer, exerting a STT

on the IP magnetization. As a result, the IP magnetization is canted slightly OOP,



76 Investigating optically excited THz standing spin waves...

0 100 200 300 400 500 600
-1

0

1

2

3

4

5

6

Applied field
47.2 mT
65.1 mT
84.0 mT
101.2 mT
118.9 mT
134.4 mT

M
O

K
E

si
gn

al
(a

rb
.u

ni
ts

)

Delay (ps)
0 5 10 15 20

0.0

0.2

0.4

0.6

0.8

1.0

1.2

M
ef

f
(M

A
/m

)

Co thickness (nm)

0 2 4 6 8 10 12 14 16 18 20
0.00

0.01

0.02

0.03

0.04

0.05

0.06

D
am

pi
ng

Co thickness (nm)

(a) (b)

Figure 5.1: (a) Time-resolved MOKE measurement on the Co sample at a Co thickness
of 3 nm. The figure shows the homogeneous precession for six different magnetic field
amplitudes. The background (remagnetization) signal is subtracted, and an offset is
added for clarity. The inset shows an illustration of the precession excitation mechanism,
based on the ultrafast laser-induced STT. (b) Effective magnetization Meff as a function of
the Co thickness. The inset shows the Gilbert damping parameter as a function of the Co
thickness, in which the damping determined with the different magnetic field amplitudes
are averaged. The red curve represents a fit to the data using Eq. 5.3.

whereafter it starts a damped precession around the IP applied magnetic field. A

more detailed characterization and validation of the excitation mechanism can be

found in Chap. 4 and Ref. [21].

A measurement of the homogeneous precessions in the Co sample at a thickness

of tCo = 3 nm, and for six different IP magnetic field amplitudes, is shown in Fig.

5.1(a). The background (remagnetization) signal is subtracted, and an offset is

added to the signal for clarity. A clear increase in the precession frequency with

the applied field amplitude is observed, as is expected from the Kittel relation. The

precessions are fitted using a damped sine, from which the precession frequency fIP

and the characteristic damping time τ are obtained. Using Eq. (5.1), the effective

magnetization at each measured Co thickness is determined by fitting the field de-

pendent precession frequency. Figure 5.1(b) shows the effective magnetization as a

function of tCo. The observed thickness dependence of Meff results from an out-of-

plane surface anisotropy, which decreases Meff , and of which the contribution falls

off as t−1
Co . The obtained thickness dependent Meff is later used in the analysis of

the THz standing spin waves. The Kittel fits also allow the determination of the g

factor using the fitted value of γ. For the Co sample, a g factor of 2.30± 0.06 was

found, which is similar as found in literature [109].
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The damped sine fits of the precession data also provide the characteristic damping

time τ . Together with the previously determined value ofMeff , the Gilbert damping

constant α at each thickness and field can be determined using

α =

[
γτ

(
Bapp +

µ0Meff

2

)]−1

. (5.2)

The damping as a function of the Co thickness is shown in the inset of Fig. 5.1(b),

in which the damping determined with the different magnetic field amplitudes are

averaged. The damping shows a clear t−1
Co behavior. This thickness dependence

is known to be the result of spin pumping into neighboring layers [110], in this

case at the Cu/Co and Co/Pt interfaces. The interface spin pumping enhances the

damping, and since it is an interface effect it falls off as t−1
Co . The damping as a

function of thickness is fitted using

α = αbulk + αpump = αbulk +
Apump

t
, (5.3)

in which αbulk is the (intrinsic) bulk damping, and αpump is the interface spin

pumping contribution to the damping. The interface spin pumping amplitude

Apump includes the contribution of both interfaces. The fitted values are equal to

αbulk = (4.5± 0.4)× 10−3 and Apump = (1.29± 0.06)× 10−10 m. The value for

αbulk agrees well with literature values [111]. The value of Apump can be used to

calculate the effective spin-mixing conductance of the interfaces [112], but due to

the complex nature of the used multilayers, this is out of the scope of the presented

work. Both values are used later when evaluating the damping of the THz standing

spin waves. A similar analysis of the homogeneous precessions for the CoB sample

are presented in Appendix 5A.

5.3 Results and discussion

With the effective magnetization and the damping of the homogeneous precession

mode characterized, the THz standing spin waves can be investigated using the

same noncollinear magnetic bilayers. The higher-order standing spin waves are ex-

cited using the same time-resolved polar MOKE measurement as before. Different

from the previous measurements is that there is no external magnetic field applied,

which is not needed since the standing spin waves are driven by the exchange in-

teraction. Furthermore, to achieve a better sensitivity of the MOKE signal to the

THz spin waves, a quarter-wave plate was added to the probe beam (Sec. 3.2.3),

as was also used in Chap. 4.
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Figure 5.2: (a) Typical precession measurement of first-order standing spin wave, mea-
sured in the Co sample at a Co thickness of 13 nm. The observed dynamics is a superpo-
sition of two damped oscillations, which are illustrated by the blue and black solid lines
in the figure. The inset shows an illustration of the excitation mechanism of the standing
spin waves. (b) Standing spin wave frequency as a function of the FM layer thickness, for
both the Co (black dots) and CoB (blue dots) samples. The red solid lines are fits to the
data using Eq. 5.4.

An illustration of the excitation mechanism of the standing spin waves is shown in

the inset of Fig. 5.2(a). As discussed earlier [inset Fig. 5.1(a)], a short and intense

transverse (OOP) spin current is injected into the top IP magnetized layer after

the fs laser-pulse excitation. The spin current is absorbed very locally near the

injection interface (Chap. 4), creating a strong gradient in the OOP magnetization

component in the top layer, as illustrated in the figure (t = 0). This highly non-

equilibrium magnetization state relaxes by the excitation of (damped) higher-order

standing spin waves, as illustrated for n = 0, 1, 2 and 3. In the following, only the

first-order (n = 1) standing spin wave is investigated. It is noted, however, that

up to the third-order standing spin waves have been observed using a 20 nm thick

CoB absorption layer.

A typical measurement of the first-order standing spin wave is presented in Fig.

5.2(a), in which the measurement at a Co thickness of 13 nm is shown. The observed

dynamics is a superposition of two damped oscillations, which can be separated

using a fit including two damped sines and a double exponential background (red

solid line). The two fitted precessions are illustrated by the black (0.15 THz) and

blue (0.08 THz) solid lines in the figure. Although the presence of two precessions

could be explained by two different standing spin wave orders, it turns out that

the slower precessions (blue curve) corresponds to an acoustic strain wave traveling

along the depth of the multilayer. The acoustic strain wave is present in the polar
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MOKE measurement due to a lattice-deformation-induced change in the magneto-

optical signal from the Co/Ni multilayer when the acoustic wave passes through it.

A more detailed analysis of the acoustic strain wave can be found in Appendix 5B.

The faster precession, indicated by the black curve, belongs to the (first-order)

ferromagnetic standing spin wave. Measuring this precession at different positions

along the Co wedge allows to extract the standing spin wave frequency fsw as a

function of the Co thickness, of which the result is presented in Fig. 5.2(b) (black

dots). In this figure, also the results of the same measurement on the CoB sample

is presented (blue dots). The dispersion relation for the standing spin waves is

given by (Appendix 4B, using Meff)

fsw =
γ

2π

√(
Bapp +

Dsw

γh̄
k2

)(
Bapp + µ0Meff +

Dsw

γh̄
k2

)
, (5.4)

in which Dsw corresponds to the spin wave stiffness, and the wave number k of the

nth order standing spin wave is given by

k =
πn

t
. (5.5)

The red solid lines in Fig. 5.2(b) are fits to the data using Eq. (5.4). The fits are

done using the earlier obtained g factor and thickness dependent Meff . Further-

more, with Bapp = 0 and n = 1, this leaves Dsw as the only fitting parameter.

As can be seen, the measured standing spin wave frequencies are well described

by the dispersion relation. In case of the Co sample, however, a deviation from

the dispersion curve can be seen around a Co thickness of tCo ≈ 7 − 10 nm. The

exact reason for this is not known. It is noted, however, that a change in crys-

tallographic structure has been reported from the fcc structure for tCo < 6 nm to

the hcp structure for bulk [111]. In case of the CoB top layer, which is known

to be amorphous, such a crystallographic change should not be present. Looking

at the measured dispersion for CoB (blue dots), it can be seen that there is no

such deviation from the fitted dispersion curve. This suggests that the deviation

seen for the Co top layer could indeed be related to the change in crystallographic

structure. A more elaborate investigation should be performed (e.g., using XRD)

to confirm this hypothesis.

The fitted values of the spin wave stiffness for the Co and CoB samples are

Dsw = 882± 8 meV Å
2

and Dsw = 582± 7 meV Å
2
, respectively. In the case of

Co, experimental values for thin films (< 140 nm) range between 250−520 meV Å
2
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[113]. Surprisingly, the measured value for the present Co sample is much higher

(as was also seen in Chap. 4). In the case of the (amorphous) CoB sample, the

measured Dsw is also high compared to a (bulk) literature value of ≈ 170 meV Å
2

[114]. This suggests that the enhanced value of Dsw is not related to the crys-

talline structure. Moreover, the ratio of the measured values for Co and CoB is

comparable to the ratio of the literature values. This indicates that the origin of

the enhanced spin wave stiffness is the same for both used absorption layers.

The large value of Dsw might be related to strain or intermixing at the absorption

layer boundaries. In the case of Co, this can lead to lattice deformations. Since

the spin wave stiffness is highly dependent on the lattice constant a of the material

(Dsw = 2JSa2 with J the exchange constant and S the atomic spin), such lattice

deformations are expected to have a significant influence on the spin wave stiffness.

In case of the amorphous CoB, this effect would be present in the pair distribution

function. It is also noted, without going into details, that the amplitude of the

standing spin waves in the measured signal depends on the depth profile of the polar

MOKE sensitivity within the absorption layer, which is known to be influenced by

(amongst others) the attenuation of the laser and interface effects. If, for instance,

the MOKE would be more sensitive to both interface regions and less to the bulk

of the absorption layer, the (net) signal of the odd-order spin waves would be

suppressed [see inset Fig. 5.2(a)]. In that case, the measured spin waves in Fig.

5.2(b) are the second-order standing spin waves (n = 2), and the resulting spin

wave stiffness for the Co layer would be Dsw ≈ (882/4 =) 220 meV Å
2
. Although

this value seems to be more in line with the literature values, the validity of such

a MOKE-sensitivity-profile related suppression of the odd-order spin waves should

be tested (especially for the thicker absorption layer thicknesses). Clearly, more

research is needed in order to fully comprehend the enhanced value of the spin wave

stiffness, for which the presented noncollinear bilayers could be of great value.

Next to the precession frequency, the damped sine fits of the standing spin waves

[Fig. 5.2(a)] also provide the characteristic damping time τsw, which can be used

to determine the Gilbert damping parameter αsw of the THz spin waves. The

damping is calculated using

αsw =

[
γτsw

(
Bapp +

µ0Meff

2
+
Dsw

γh̄
k2

)]−1

, (5.6)

which is similar as the equation used for the homogeneous precession [Eq. (5.2)],

with an additional term resulting from the exchange interaction.
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Figure 5.3: Gilbert damping for the higher-order standing spin waves as a function of
the Co thickness. The αbulk and 2αpump contributions to the total damping are illustrated
by the black and blue solid curves. The red solid line represents the fit to the data using
Eq. (5.7).

The measured damping as a function of the Co layer thickness is presented in

Fig. 5.3 (black dots). Similar as for the homogeneous precessions, both the intrin-

sic damping (αbulk) and interface spin pumping (αpump) are contributing to the

damping. In case of the (inhomogeneous) standing spin waves, the damping due to

interface spin pumping is twice as large as for the homogeneous precession [110].

The αbulk and 2αpump contributions to the total damping are illustrated by the

black and blue solid curves in the figure. Note that the values of αbulk and αpump

are the ones determined from the homogeneous precessions [inset Fig. 5.1(b)].

The figure clearly shows that there is an additional contribution to the damping

αadd, which has a surprising thickness dependence, and enhances the damping up

to about an order of magnitude compared to the damping of the homogeneous

precession. The thickness dependence of αadd can be divided into two regions. For

tCo ≥ 10 nm, a strong increase in αadd is seen when decreasing the Co thickness.

For tCo < 10 nm, the additional damping vanishes upon further reduction of the

Co thickness. The same behavior was found in the CoB sample, which is shown in

Appendix 5C.

The additional source of damping might be the result of the inhomogeneity of

the standing spin waves, for which an additional contribution to the damping was

modelled in Ref. [115]. In this model, the additional damping originates from spin
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pumping between regions in the magnetic material that are precessing at a different

phase. This damping term was calculated to scale with k2, which is proportional

to t−2
Co in the present case. The damping based on this model (including αbulk

and 2αpump) is illustrated in the figure by the red dashed line. At first sight, the

behavior of this additional source of damping does not seem to agree with the

measurement. The t−2
Co dependence does not include the reduction in damping for

tCo < 10 nm, and a thickness dependence much stronger than t−2
Co is observed for

tCo ≥ 10 nm.

The derivation on the additional damping in Ref. [115] was done for low frequen-

cies, i.e., for slow dynamics, thereby neglecting frequency dependent terms in the

transport equation for the spin current. Adding these terms in the derivation re-

sults in the following equation for the additional damping (see Appendix 5D for

the derivation)

αadd = A Re

[
τ⊥ (1 + iτ⊥2πfsw)

(τ⊥∆xc/h̄)
2 − (−i+ τ⊥2πfsw)

2

]
k2. (5.7)

In this equation, A is a constant prefactor (discussed later), τ⊥ is the transverse

spin scattering time, ∆xc the exchange energy and fsw the precession frequency,

given by the fit in Fig. 5.2(b). A fit to the data using this equation is shown by

the red solid line in Fig. 5.3. From a qualitative point of view, it can be seen

that the data is well described by Eq. (5.7), which is also the case for the CoB

sample (Appendix 5C). As can be seen in the figure, the extended model correctly

describes the strong thickness dependence for tCo ≥ 10 nm, where the increased

dependence on tCo with respect to the initial model (dashed red curve) results

from the thickness dependence of fsw. Moreover, the extended model reproduces

the reduction of the damping for tCo < 10 nm, reducing αadd down to zero when

tCo → 0, i.e., for fsw → ∞. In this high frequency limit, where fsw � τ−1
⊥ , the

angular momentum dissipation (∝ τ−1
⊥ ) becomes too slow, and its damping effect

on the spin wave precession becomes negligible.

A more quantitative analysis of the fit can be done by looking at the fitted values

of A, τ⊥ and ∆xc. For A, a value of (3.1± 0.2)× 10−6 m2 s−1 is obtained. This

prefactor is equal to [115]

A =
neh̄

2

4m∗S
, (5.8)

with ne the electron number density, h̄ the reduced Planck constant, m∗ the effec-

tive electron mass, and S the spin density. Using the Drude conductivity σD, which
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is given by σD = (nee
2τD)/m∗, the spin wave density can be calculated using

S =
h̄2σD

4τDe2A
. (5.9)

In this equation e and τD are the charge and mean free time of the electron,

respectively. The spin density can in turn be used to calculate the amount of

spins per Co atom. With a mean free path of ≈ 10 nm and a Fermi velocity of

2.55× 105 m s−1 in Co[116], the mean free time is equal to τD ≈ 39 fs. Together

with a conductivity of σD = 1.79× 107 S m−1 in Co [117], and the assumption of

an fcc lattice with lattice constant of a0 = 3.54 Å [118], a spin density of 1.69 h̄ per

Co atom is calculated. This value is close to the known value of 1.72 for Co, and

thereby supports the validity of the fit.

The transverse spin scattering time was found to be τ⊥ = 1.5± 0.2 ps. This scat-

tering time is related to the disorder scattering time τdis and electron-electron

scattering time τee via [115], τ−1
⊥ = τ−1

dis + τ−1
ee . Unfortunately, no corresponding

values for Co were found in the literature. Lastly, the fitted exchange energy is

equal to ∆xc = 0.93± 0.04 meV. This is much lower than the exchange energy

known for the d electrons in Co, which is in the order of 0.1 eV. However, the

fitted exchange interaction might need to be compared to the exchange energy for

the s electrons at the Fermi surface, which is expected to be much smaller.

5.4 Conclusion

In conclusion, it has been demonstrated that the noncollinear magnetic bilayer is a

convenient tool to excite and investigate THz standing spin waves, thereby showing

high potential for future THz magnonics. Using wedge-shaped absorption layers,

the spin wave dispersion in Co and CoB was measured. Analysis of the dispersion

resulted in a surprisingly high spin wave stiffness for both materials, for which

further investigation is needed in order to clarify the enhanced values. Additionally,

the noncollinear magnetic bilayers were used to investigate the damping of the THz

standing spin waves, demonstrating a large damping contribution, additional to the

bulk damping and damping resulting from interface spin pumping. The additional

damping displayed a strong increase of the damping with decreasing absorption

layer thickness, and a previously unseen sudden decrease in the damping for the

thinnest films. A model for the additional damping contribution was proposed. The

observed decrease in the (additional) damping for the highest spin wave frequencies

might be of great relevance for future magnonics, in which high frequency spin
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Figure 5.4: Effective magnetization Meff as a function of the CoB thickness. The inset
shows the Gilbert damping parameter as a function of the CoB thickness, in which the
damping determined with the different magnetic field amplitudes are averaged. The red
curve represents a fit to the data using Eq. 5.3.

waves with low damping are desired.

Appendix 5A: Analysis homogeneous precession for the CoB sample

For the analysis of the THz standing spin waves, the effective magnetization and

Gilbert damping parameter (bulk and interface spin pumping contributions) are

needed as a function of the thickness of the absorption layer. These properties

are determined using the homogeneous precession, of which the analysis for the

noncollinear magnetic bilayer with a Co absorption layer is shown in the main

text. In this section, the results of similar measurements performed on the sample

with the CoB absorption layer are presented.

As was mentioned in the main text, the effective magnetization Meff of the ab-

sorption layer at a certain thickness is determined by measuring the frequency fIP

of the homogeneous precession as a function of the applied magnetic field Bapp,

and using the Kittel relation [Eq. 5.1] to fit the value of Meff (and γ). Figure

5.4 presents the resulting effective magnetization as a function of the CoB thick-

ness tCoB. The observed thickness dependence of Meff results from an out-of-plane

surface anisotropy, which decreases Meff , and of which the contribution falls off

as t−1
CoB. The obtained thickness dependent Meff is later used in the analysis of
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the THz standing spin waves (Fig. 5.2(b), and Appendix 5C). The Kittel fits also

allows the determination of the g factor using the fitted value of γ. For the CoB

sample, a g factor of 2.31± 0.08 was found, which is similar as the one found for

the Co absorption layer.

Using the characteristic damping time τ of the homogeneous precessions, together

with the previously determined value of Meff , the Gilbert damping constant α at

each CoB thickness can be determined, using Eq. (5.2). The measured damping

as a function of the CoB thickness is shown in the inset of Fig. 5.4, in which

the damping determined with the different magnetic field amplitudes are aver-

aged. The fitted values for the bulk damping and interface spin pumping amplitude

are αbulk = (5.5± 0.2)× 10−3 and Apump = (0.94± 0.02)× 10−10 m, respectively.

Both values are used later when evaluating the damping of the THz standing spin

waves (Appendix 5C).

Appendix 5B: Acoustic strain waves

The precession measurement of the first-order standing spin wave in the Co sample

(at a thickness of tCo = 13 nm) presented in Fig. 5.2(a) showed a superposition

of two precessions. The second slower precession of 0.08 THz was attributed to a

longitudinal acoustic strain wave traveling along the depth of the multilayer. In

this section a more elaborate analysis of the slow precessions is presented, which

demonstrates that it indeed belongs to a laser-induced acoustic strain wave.

The frequency of the precession as a function of Co thickness is displayed in the

inset of Fig. 5.5. At first sight, due to the Co thickness dependency, it appears

that the precession exists in the Co layer. However, (in a different measurement) it

turned out that the precession was observed along the Co wedge down to a thickness

of tCo = 0, i.e., without the Co layer. Moreover, the decrease in frequency with

increasing Co thickness appears to be close to linear (dotted line, guide to the eye),

which neither fits the Co thickness dependence of the fundamental precession nor

the higher-order standing spin wave dispersion. The observed behavior does fit

with a (laser-induced) longitudinal acoustic strain wave that travels through the

full multilayer. For such a wave, the period p of one round trip is given by

p =
2t

vl
, (5.10)

in which t is the thickness of the multilayer, and vl is the longitudinal sound velocity.
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Figure 5.5: Precessions period as a function of the Co thickness for the second (0.08 THz)
precession measured in Fig. 5.2(a) (blue curve). The solid red curve is a linear fit to the
data. The inset shows the precession frequency as a function of the Co thickness, where
the black dotted line is a guide to the eye.

To check that the measured precession indeed belongs to the acoustic strain wave,

the frequency data in the inset of Fig. 5.5 is converted to the precession period

as a function of the Co thickness, which is presented in the main figure and fitted

using a linear fit. Looking at Eq. 5.10, it can be seen that the fitted slope is equal

to 2/vl,Co, with vl,Co the longitudinal sound velocity in Co. The resulting sound

velocity is vl,Co ≈ 6.6 km s−1. This value is close to the literature value of 5.7 km s−1

[119]. Moreover, measurements on a similar noncollinear magnetic bilayer with a

wedge-shaped Co absorption layer resulted in a sound velocity of vl,Co ≈ 5.5 km s−1.

Lastly, using a wedge-shaped Pt layer instead of the Co absorption layer, a sound

velocity in Pt of vl,Pt ≈ 3.6 km s−1 was found, again close to the literature value of

4.08 km s−1 [119].

In conclusion, the analysis presented in this section show that the second (0.08 THz)

precession observed in Fig. 5.2(a) correspond to the a laser-induced longitudinal

acoustic strain wave. Although such waves have been measured before using time-

resolved measurements of the reflectivity, here, they are measured in the magneto-

optical signal. It is believed that this is due to a lattice-deformation-induced change

in the magneto-optical signal coming from the Co/Ni multilayer (bottom OOP

magnetic layer in the noncollinear magnetic bilayer) when the acoustic strain wave

passes through it. One of the reasons for this conclusion is that the sign of the
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Figure 5.6: Gilbert damping for the higher-order standing spin waves as a function of the
CoB thickness. The αbulk and 2αpump contributions to the total damping are illustrated
by the black and blue solid curves. The red solid line represents the fit to the data using
Eq. (5.6).

precession was seen to invert when the magnetization in the Co/Ni multilayer was

reversed.

Appendix 5C: Damping THz standing spin waves in the CoB absorption layer

In the main text, the damping of the THz standing spin waves in the Co absorption

layer was investigated [Fig. 5.3], which demonstrated an additional contribution to

the damping αadd (on top of the bulk damping αbulk and the damping resulting

from interface spin pumping 2αpump). Moreover, the additional damping displayed

an unexpected thickness dependence, showing a strong increase in αadd with de-

creasing Co thickness for tCo ≥ 10 nm, while the additional damping vanished upon

further reduction of the Co thickness for tCo < 10 nm. In this section, it is demon-

strated that the same additional damping is present in case of the CoB absorption

layer, with the same thickness dependence.

The measured damping as a function of the CoB layer thickness is presented in

Fig. 5.6 (black dots). The αbulk and 2αpump contributions to the total damping are

illustrated by the black and blue solid curves in the figure. Note that the values

of αbulk and αpump are the ones determined from the homogeneous precessions in

Appendix 5A. The red solid line represents the fit to the data using Eq. (5.6). As
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can be seen, the same dependence of the additional damping on the magnetic layer

thickness is found as for the Co sample in Fig. 5.3, including a strong increase in

damping for tCoB ≥ 8 nm, and a decrease in damping for tCoB < 8 nm.

Appendix 5D: Derivation THz additional damping equation

In this section, the equation for the additional damping αadd as given in Eq. (5.7) is

derived, which is an extension to the more elaborate derivation given in Ref. [115].

For simplicity, only the exchange interaction is taken into account in the effective

field, i.e., there is no applied field and no anisotropy contributions, and the canting

of the magnetization away from its equilibrium direction (+y) is assumed to be

small. As a result, the magnetization can be described by a precession in the x, z

plane. With the inclusion of a k z phase term to allow standing spin waves in the

z direction, the normalized magnetization is described by

~m =


mx

my

mz

 =


m0ei(kz+ωt)

1

im0ei(kz+ωt)

 , (5.11)

where the real parts represent the physical components of the magnetization. The

effective field ~Hex is equal to

~Heff =
2Aex

µ0Ms
∇2 ~m, (5.12)

in which Ms and Aex the saturation magnetization and exchange stiffness of the

material, respectively.

Following Ref. [115], and omitting the Gilbert damping term, the LLG equation

including the additional spin-wave damping term is given by

d~m

dt
= −γµ0

(
~m× ~Heff

)
− η(ω)

S

(
~m×∇2 d~m

dt

)
, (5.13)

in which S is the spin density and η(ω) a phenomenological parameter charac-

terizing spin-wave damping, which can be dependent on the precession frequency

ω. Evaluating either the x or z component, the equation can be solved for the

precession frequency

ω =
2γAex

Ms
k2 +

η(ω)

S
k2iω. (5.14)

The first term on the right-hand side can be recognized as the standard (exchange)
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spin-wave frequency given by ωsw = Dsw/h̄ k
2, in which Eq. 4.20 is used for the con-

version between Aex and the spin wave stiffness Dsw. Looking at the second term,

it can be seen that the imaginary part of η(ω) alters the precessions frequency,

while the real part contributes to the damping. Using a first order approxima-

tion, in which the contribution of η(ω) to the precession frequency (Im [η(ωsw)]) is

considered small, and therefore can be neglected, the precession frequency can be

rewritten to

ω ' ωsw +
Re [η(ωsw)]

S
k2 iωsw. (5.15)

The imaginary term on the right-hand side corresponds to the spin-wave damping,

in which the additional spin-wave damping parameter is given by

αadd =
Re [η(ωsw)]

S
k2. (5.16)

From Ref. [115] [Eqs. (22) and (28)], the (frequency independent) phenomenological

spin-wave damping parameter is given by

η =
neh̄

2

4m∗
τ⊥

1 + (τ⊥∆xc/h̄)
2 , (5.17)

with ne the electron number density, h̄ the reduced Planck constant, m∗ the effec-

tive electron mass, τ⊥ the transverse spin scattering time and ∆xc the exchange

energy. This derivation was performed for low frequency, thereby neglecting the

frequency dependent term in the transport equation for the spin current [Eq. (24)].

The frequency dependence can be included by using the substitution

1

τ⊥
→ 1

τ⊥
+ iωsw. (5.18)

Finally, combining this substitution with Eqs. (5.16) and (5.17), and using ωsw =

2πfsw, the fit equation for the additional damping as shown in Eq. (5.7) is obtained,

αadd = A Re

[
τ⊥ (1 + iτ⊥2πfsw)

(τ⊥∆xc/h̄)
2 − (−i+ τ⊥2πfsw)

2

]
k2, (5.19)

in which

A =
neh̄

2

4m∗S
. (5.20)





6
Deterministic all-optical switching of

synthetic ferrimagnets using single

femtosecond laser pulses

In this chapter, we experimentally demonstrate single-pulse all-optical switching in

Pt/Co/Gd stacks using linearly polarized laser pulses. This shows that thermal

single-pulse switching is not limited to ferrimagnetic alloys, but is also possible in

ferrimagnetic multilayers that are highly suitable for future applications due to easy

fabrication and (interface) engineering. Moreover, it is shown that the threshold

fluence needed for the optical switch strongly depends on the thickness of the Co

layer, with a remarkable low threshold fluence of ≈ 1.9 mJ cm−2 for a Co thickness

of 0.8 nm. Lastly, helicity-dependent measurements showed no significant effect of

the magnetic circular dichroism in these thin magnetic layers.∗

∗ This chapter has been published in Physical Review B as a Rapid Communications [120]. A
small rectification with respect to the published version has been made in the threshold flu-
ences, resulting from an improved analysis that excludes any dependency on chosen conventions
regarding the definition of the laser spot size, and which has no effect on any of the conclusions
made in the original publication.
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6.1 Introduction

All-optical switching (AOS) of the magnetization was first observed in ferrimag-

netic GdFeCo alloys. At first, the switch was found to be helicity dependent [22],

which was explained by means of an effective magnetic field created via the inverse

Faraday effect. A few years later, it was shown that for this material the helicity

dependence results from magnetic circular dichroism [37], and purely thermal tog-

gle switching using linearly polarized laser pulses was demonstrated [35]. Insight

into this thermal switching mechanism was obtained using time-resolved element-

specific x-ray magnetic circular dichroism [28]. These measurements revealed that

the ultrafast switch is governed by the large difference in demagnetization rates

in combination with the antiferromagnetic (AF) exchange interaction between the

rare-earth (RE) and transition-metal (TM) magnetic sublattices [28, 36, 38, 73].

The thermal single-pulse switching mechanism has only been observed in RE-TM

alloys, but is also predicted for synthetic ferrimagnetic multilayers [39, 66]. A sec-

ond mechanism, helicity-dependent multiple-pulse switching, has been found in a

wider variety of magnetic materials [42, 44, 47, 50], typically needing tens of pulses

for the switch [47].

All-optical switching has gained a lot of attention due to its high potential for fast

and energy-efficient writing in future data storage devices. An appealing concept

would be to combine AOS with the racetrack memory [5], as illustrated in Fig.

6.1(a). To fully benefit from the speed and energy efficiency of AOS, single-pulse

switching is necessary. At the moment, however, the thermal single-pulse AOS is

only observed in RE-TM alloys, requiring a relatively complex fabrication process.

In this work, we experimentally demonstrate helicity-independent single-pulse tog-

gle switching in Pt/Co/Gd stacks. This structure is chosen because of the AF

coupling [121] and the large contrast in demagnetization times [16, 65] for the

Co and Gd in the Co/Gd bilayer, and the presence of a perpendicular magnetic

anisotropy due to the Pt seed layer. Our observations show that thermal single-

pulse switching is not limited to the RE-TM alloys, but is also possible in easy to

fabricate and engineer synthetic ferrimagnetic multilayers. Also, we show that the

minimum energy needed for AOS in these Pt/Co/Gd stacks can be controlled by

tuning the Co layer thickness. It is noted that high domain wall velocities have

been demonstrated in similar Pt/Co/Gd stacks, attributed to the Dzyaloshinskii-

Moriya interaction [121], which further substantiates the applicability of AOS in

future memory devices.
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Figure 6.1: (a) Illustration of the hybrid memory device, in which magnetic data is
written into a (Pt/Co/Gd) racetrack using AOS (left), and read out all-optically using the
magneto-optical Kerr effect (right). Exploiting the PMA in the stack in combination with
the Dzyaloshinskii-Moriya interaction [121], data can be transported efficiently through
the racetrack using the spin Hall effect originating in a (Pt) heavy metal seed layer [7].
Grayscale topside of the racetrack displays Kerr images from an actual AOS measurement
performed on the Pt/Co/Gd stack. Zoom-in shows the AF coupled Co and Gd layers,
and the local magnetization near the interface in the Gd at room temperature. (b)
VSM-SQUID measurement of the magnetic moment per unit area as a function of the
temperature for the Pt/Co/Gd stack with tCo = 1.0 nm. Compensation temperature at
120 K demonstrates the AF exchange interaction between the Co and Gd layers. Inset:
Polar magneto-optical Kerr effect measurement performed at room temperature on the
same structure. The square hysteresis loop with 100 % remanence confirms a well-defined
PMA.
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6.2 Sample structure and characterization

The measurements are performed on Si:B(substrate)/Ta(4)/Pt(4)/Co(tCo)/Gd(3)

/Pt(2) stacks (thickness in nanometers), which are deposited using dc magnetron

sputtering (10−7−10−8 mbar base pressure) at room temperature. In this work, we

focus on a series of samples with tCo = 0.8, 1.0, 1.2, and 1.4 nm. All Co thicknesses

result in a perpendicular magnetic anisotropy (PMA). A polar magneto-optical

Kerr effect measurement on the tCo = 1.0 nm stack is shown in the inset of Fig.

6.1(b) (see Appendix 6A for all tCo), showing a square hysteresis loop with 100 %

remanence, confirming a well-defined PMA.

To verify the (AF) exchange interaction between the Co and Gd layers, the mag-

netic moment per unit area is measured as a function of temperature, extracted

from hysteresis curves measured at different temperatures using a VSM-SQUID.

Figure 6.1(b) shows the measurement performed on the tCo = 1.0 nm stack. The

AF coupling between the layers is demonstrated by the presence of a compensation

temperature at 120 K, at which the magnetic moments of the Co and Gd layers are

equal and compensate each other due to an antiparallel alignment. Below (above)

this temperature the magnetic moment of the Gd (Co) layer is larger.

The Curie temperature of bulk Gd lies just below room temperature. At the

Co/Gd interface, however, it is enhanced due to the exchange interaction with the

Co. This results in an induced magnetization in the Gd near the interface at room

temperature [see zoom-in Fig. 6.1(a)], as is seen in Fe/Gd [122]. While some alloy

formation at the interface is likely due to interdiffusion of Co and Gd, an estimate

of the amount of magnetic Gd at room temperature can be made assuming sharp

interfaces, and using the data in Fig. 6.1(b). The analysis, presented in Appendix

6B, shows a magnetic moment corresponding to 0.45 nm of fully saturated Gd at

300 K, which is similar as found in previous work [121].

6.3 Results and discussion

After having confirmed the synthetic ferrimagnetic behavior, we examine the dy-

namic response of the magnetization in the Pt/Co/Gd stacks on laser-pulse excita-

tion. In these measurements, performed at room temperature, the magnetization

is first saturated with an external field, whereafter the field is turned off and the

structure is exposed to linearly polarized laser pulses with a central wavelength of

700 nm and a pulse duration of ≈ 100 fs. The response of the magnetization on the

laser-pulse excitation is measured in the steady state (i.e., long after the excitation)
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Figure 6.2: AOS measurements performed on Pt/Co/Gd stacks. (a) Switching exper-
iments performed on the tCo = 1.0 nm stack for both initial saturation directions. The
numbered regions (dotted circles) correspond to the spots where the structure is excited by
the laser (fluence 4.2 mJ cm−2), where the labels indicate the number of pulses each spot is
exposed to. (b)-(d) Zoom-in on single-pulse measurements performed on the tCo = 1.0 nm
stack (b) and a Pt/Co/Pt stack (c). (d) Single (top) and two-pulse (bottom) measure-
ments performed on the tCo = 1.4 nm stack (fluence 5.6 mJ cm−2). (e) AOS measurement
with three partly overlapping pulses. The numbers in the different regions correspond to
the number of pulses the region has been exposed to.

using a dedicated magneto-optical Kerr microscope.

Figure 6.2(a) shows the result of the measurement performed on the tCo = 1.0 nm

stack, in which ten separate spots are excited by a different number of subsequent

laser pulses. The figure shows the results for both up (top) and down (bottom)

initial magnetization directions, where the dark and light regions correspond to

the magnetization pointing up and down, respectively. The labels indicate the

number of pulses each spot is exposed to. For the spots that are excited by a

single laser pulse, we observe that for both initial magnetization directions a ho-

mogeneous domain with the magnetization in the opposite direction is written (see

also Fig. 6.2(b) for zoom-in). This demonstrates that we have single-pulse helicity-

independent AOS in the Pt/Co/Gd stack.

As a reference measurement, the same single-pulse measurement has been per-

formed on a Si:B/Ta(4)/Pt(4)/Co(1)/Pt(2) structure, i.e., without the Gd layer.

The result is shown in Fig. 6.2(c). In this case, a multidomain state is created after
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the excitation, as found in previous work [47]. A pulse-energy-dependent mea-

surement shows the creation of a multidomain state down to the threshold pulse

energy (see Appendix 6C). The absence of single-pulse AOS in the Pt/Co/Pt stack

demonstrates the necessity of the Co/Gd combination for the switch.

Next, we explore the effect of consecutive laser pulses on the magnetization by ex-

amining the spots in Fig. 6.2(a) where the structure is exposed to multiple pulses.

For two pulses, no net magnetization reversal is observed, showing that the com-

plete domain written by the first pulse is switched back by the second pulse. Anal-

ogously, every odd number of pulses leaves a switched domain, whereas an even

number of pulses results in no net reversal. Although the figure already shows

a complete toggle up to ten pulses, additional measurements have shown deter-

ministic toggle switching for over 5000 pulses. The observed switching behavior is

consistent with the thermal single-pulse switching mechanism discussed earlier.

In Fig. 6.2(e) we investigate the effect of a domain wall being present in the switch-

ing area by exciting the structure with three partly overlapping laser pulses. The

figure shows a switched domain in the areas where there is no overlap between the

pulses (“1”), and where all three pulses overlap (“3”). At the regions where only

two pulses overlap (“2”) no net switch is observed, again demonstrating a toggle

behavior. Moreover, it shows that the domain wall stays intact, and the domains

at either side toggle in opposite directions.

For AOS to be used in future memory devices it is important to minimize the energy

per unit area needed to switch the magnetization, i.e., the threshold fluence. In

the case of the thermal switching mechanism, the threshold fluence depends on

the energy needed to fully demagnetize the TM layer, which in turn depends on

its Curie temperature. Considering the decrease in Curie temperature with film

thickness for Co films in the thin-film limit, a reduction in the threshold fluence can

be expected for decreasing tCo in the Pt/Co/Gd stack. Therefore, the Co thickness

dependence of the threshold fluence is investigated, which is done by measuring

the size of the written domain as a function of pulse energy. In this measurement

the sample is excited by single laser pulses with different pulse energies. Figure

6.3(a) shows the measurement performed on the tCo = 1.0 nm stack. The figure

shows an onset of AOS at a pulse energy of 280 nJ. Above this value, the domain

size increases with pulse energy, as is expected for a spatial Gaussian-shaped pulse.

Measurements at very high fluences show the formation of a multidomain state in

the center area of the domain (not shown). At these fluences the lattice temperature

at the center of the Gaussian pulse rises above the Curie temperature, after which
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Figure 6.3: Pulse-energy-dependent AOS measurements performed on Pt/Co/Gd stacks.
(a) Kerr image of the measurement performed on the tCo = 1.0 nm stack, showing an onset
of AOS at 280 nJ and an increase in domain size with pulse energy. Pulse energies are
indicated in the figure. (b) Domain size as a function of pulse energy for stacks with
tCo = 0.8, 1.0, 1.2, and 1.4 nm. Inset: Threshold fluence as a function of the Co thickness.

a multidomain state is formed during the successive slow cooldown [22].

The threshold fluence is determined using the size of the switched domain as a

function of the pulse energy, shown in Fig. 6.3(b) for tCo = 0.8, 1.0, and 1.2 nm

(solid symbols). Following the Liu method [123] (and taking into account the

slight elliptical shape of the laser spot), the relation between the domain size and

the pulse energy P can be derived to be

Domain size = πrσ2 ln

(
P

F0πrσ2

)
, (6.1)

in which F0 is the threshold fluence, σ the beam radius along the short axis of the

slightly elliptical Gaussian pulse, and r the (constant) ratio between the σ’s along

the long and short axis (σlong = rσ). With r determined from the Kerr images,

both σ and P0 can be obtained by fitting the data using Eq. (6.1). From these

values the threshold fluence F0 is calculated, and shown in the inset of Fig. 6.3(b).

A strong Co thickness dependence of the threshold fluence is observed, decreasing

for smaller tCo. This indicates that the full magnetic structure participates in the

AOS. At the lowest thickness, tCo = 0.8 nm, a threshold fluence of 1.9 mJ cm−2 is

found, which is significantly lower than the threshold fluence found for single-pulse

AOS in GdFeCo alloys [37].

The open symbols in Fig. 6.3(b) correspond to the tCo = 1.4 nm stack. Although

the threshold fluence is in line with those found for the thinner Co layers, the
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actual written domains are not. Figure 6.2(d) (top) shows that for this structure

a speckled domain is written, instead of a homogeneous domain found for the

other stacks. The pulse-energy-dependent measurement shows this behavior for

all pulse energies (see Appendix 6D). The speckled domain is believed to be the

result of the structure being near the spin reorientation limit, observed by the

change from a domain wall propagation dominated reversal for small tCo to a

nucleation dominated reversal for the tCo = 1.4 nm structure during field sweep

measurements (see Appendix 6A). As a result of the more stochastic behavior, the

magnetization only partly toggles back in a two-pulse experiment, as shown in Fig.

6.2(d) (bottom).

Lastly, helicity-dependent measurements were performed to investigate the effect of

the magnetic circular dichroism (MCD). From previous measurements on GdFeCo

alloys [22, 37], it is known that the polarization-dependent absorption opens up a

fluence window where the AOS becomes helicity dependent, adding functionality for

future applications. Measurements performed on the tCo = 1.0 nm stack, however,

show no significant effect of the MCD on the threshold pulse energy (see Appendix

6E). This could be the result of the limited thickness of the magnetic layer, in which

the MCD is generated, accounting for only 10 % of the full stack participating in

the absorption of the laser pulse.

Examining the AOS behavior observed in the Pt/Co/Gd stacks, it is consistent

with the thermal single-pulse switching found in RE-TM alloys. Also, the Co:Gd

(magnetic) thickness ratio found for the Pt/Co/Gd stack is 0.69:0.31 [Fig. 6.1(b)],

which is within the range for which thermal AOS has been predicted in Fe/Gd

bilayers [66], where the local exchange interaction at the interface is used to drive

the switch. However, due to the localized nature of the magnetic layers in the

Pt/Co/Gd stack, non local transfer of angular momentum is expected to occur as

well [17, 19, 68], possibly contributing or even initiating the switch [67]. Using

additional interface engineering in the ferrimagnetic multilayers used here, e.g.,

adding dusting or spacer layers, more insight into the importance of the different

mechanisms can be obtained in the future.

6.4 Conclusion

In summary, we have experimentally demonstrated single-pulse helicity-independent

toggle switching in Pt/Co/Gd stacks. The observation of single-pulse AOS in fer-

rimagnetic multilayers with built-in DMI and suitable for spin Hall effect driven
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Figure 6.4: (a) pMOKE measurements performed on the Pt/Co/Gd bilayes with Co
thicknesses of 0.8, 1.0, 1.2, and 1.4 nm. All thicknesses show a square hysteresis loop with
100 % remanence, confirming a well-defined PMA. The dotted circle highlights the small
tail observed subsequent to the sharp switch for the 1.4 nm stack. (b)-(c) Kerr microscope
images of a (out-of-plane) field sweep measurement on the stacks with a Co thickness of
1.2 nm (b) and 1.4 nm (c). Images reveal a domain wall propagation dominated switch
for the 1.2 nm stack, and a nucleation dominated reversal for the 1.4 nm stack.

domain wall motion provides an important step toward the integration of AOS in

future memory devices. Moreover, it was found that the threshold fluence scales

with the thickness of the Co layer, going as low as 1.9 mJ cm−2, which scales down

to below 50 fJ needed to switch a 50× 50 nm2 bit.

Appendix 6A: Perpendicular magnetic anisotropy in Pt/Co/Gd stacks

To verify that the Pt/Co/Gd stacks have a perpendicular magnetic anisotropy

(PMA), polar magneto-optical Kerr effect measurements are performed, using an

external field applied along the out-of-plane direction. The measurements, pre-

sented in Fig. 6.4(a), show a square hysteresis loop with 100 % remanence for all

stacks, confirming a well-defined PMA. In case of the tCo = 1.4 nm stack, how-

ever, a small tail can be observed subsequent to the sharp switch (dotted circle).

This indicates a change in the switching mechanism. To investigate the switching

mechanism, Kerr microscope measurements are performed for the tCo = 1.2 nm

and tCo = 1.4 nm stacks, which are presented in Fig. 6.4(b) and Fig. 6.4(c), respec-

tively. For the tCo = 1.2 nm stack, a domain wall propagation dominated reversal

is observed, seen by the two large domains (dark) that rapidly expand to switch the

entire film. In contrast, for the tCo = 1.4 nm stack, the switch is nucleation domi-
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nated, demonstrated by the many small domains that increase in number to finally

reverse the full film. This nucleation dominated reversal is expected for samples

that are near the spin reorientation transition, where the out-of-plane anisotropy

energy and the demagnetization energy become comparable, which is the case for

the relatively thick 1.4 nm Co layer stack.

Appendix 6B: Analysis of the SQUID-VSM measurement on a Pt/Co/Gd stack

An estimate of the amount of magnetic Gd in the Pt/Co/Gd stack at room tem-

perature can be made using the data in Fig. 6.1(b), and assuming a sharp interface

between the Co and the Gd layers. From the data, a magnetic moment per unit

area of 4.1 mA at 0 K can be extrapolated. Using a magnetization of 1.4 MA m−1

for bulk Co, the contribution of the 1 nm Co layer to the magnetic moment per unit

area is 1.4 mA (dotted line in figure). Since the Co and Gd magnetic sublattices

are aligned antiparallel, and thus compensate each other, this leaves a magnetic

moment per unit area of 5.5 mA for the Gd film. With a thickness of 3 nm for

the Gd layer, this results in a magnetization of 1.8 MA m−1, which is in reasonable

agreement with the value of 2.1 MA m−1 for bulk Gd [124] (considering the thin

nature of the film). At 300 K, a magnetic moment per unit area of 0.58 mA is mea-

sured, which corresponds to the moment of the Co minus that of the Gd. Again

using the 1.4 mA for Co, this leaves a magnetic moment per unit area of 0.82 mA

for the Gd layer. Using the earlier obtained magnetization for Gd, the 0.82 mA

corresponds to 0.45 nm of fully saturated Gd, which is in the same order as the

0.3 nm found in previous work [121].

Appendix 6C: Pulse-energy dependent AOS measurement on a Pt/Co/Pt stack

In the main text, single-pulse AOS is shown for different Pt/Co/Gd stacks. To

show the necessity of the Co/Gd bilayer for the single-pulse switch, a reference

measurement is performed on a Si:B/Ta(4)/Pt(4)/Co(1)/Pt(2) structure, i.e., the

similar structure as the Co/Pt/Gd stacks but without the Gd layer. The single-

pulse measurement performed on the Pt/Co/Pt stack, shown in Fig. 6.2(c), showed

a multidomain state being created after the excitation, as found in previous work

[47]. However, it is known that also for the Pt/Co/Gd stacks a multidomain state

can be created when the fluence is too high (discussed in the main text). Therefore,

a pulse-energy-dependent measurement is performed for the Pt/Co/Pt stack, in

order to verify that the creation of a multidomain state after single-pulse excitation

is inherent to the Pt/Co/Pt stack, and not a result of the pulse energy being too
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Figure 6.5: Kerr microscope image of the pulse-energy-dependent measurement per-
formed on the Pt/Co/Pt stack (i.e., without the Gd). Pulse energies are indicated in the
figure. The result shows a multidomain state being created for all pulse energies from the
onset at 480 nJ and up.

high. Figure 6.5 shows the result of the pulse-energy-dependent measurement. It

can be seen that a multidomain state is created for all pulse energies, from the

onset at 480 nJ and up. This shows that the creation of a multidomain state upon

excitation by a single laser pulse is indeed inherent to the Pt/Co/Pt stack. The

absence of single-pulse AOS in the Pt/Co/Pt stack demonstrates the necessity of

the Co/Gd combination in the Pt/Co/Gd stacks for the single-pulse switch.

Appendix 6D: Pulse-energy dependent AOS measurement on a Pt/Co/Gd stack

In the main text it is shown that a speckled domain is written after laser excitation

in the case of the tCo = 1.4 nm Pt/Co/Gd stack [Fig. 6.2(d)], whereas a homoge-

neous domain is written in case of the stacks with a thinner Co layer [e.g., Fig.

6.2(b)]. In order to verify that this behavior is inherent to the tCo = 1.4 nm stack,

and is not a result of a different pulse-energy dependence compared to the stacks

with thinner Co layers, a pulse-energy-dependent measurement is performed. The

result of this measurement is shown in Fig. 6.6. It can be seen that a speckled

domain is written from the onset at 560 nJ and up, showing that this behavior is

indeed inherent to the tCo = 1.4 nm stack.
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Figure 6.6: Kerr microscope image of the pulse-energy-dependent measurement per-
formed on the Pt/Co/Gd stack with a Co thickness of 1.4 nm. Pulse energies are indicated
in the figure. The result shows a speckled domain being written for all pulse energies from
the onset at 560 nJ and up.

Appendix 6E: Helicity-dependent AOS measurements on a Pt/Co/Gd stack

Helicity-dependent AOS measurements are performed to investigate the effect of

the magnetic circular dichroism (MCD), which describes the dependency of the

amount of absorption upon laser-pulse excitation on the combination of magneti-

zation direction (up or down) and the helicity of the light (left- or right-handed

circular). Since the actual absorbed threshold fluence is independent of the helicity

of the light [37], the MCD results in a helicity dependent excitation threshold flu-

ence. Figure 6.7 shows the result of the helicity-dependent measurement performed

on a tCo = 1.0 nm stack. In this measurement, the structure is exposed to single

laser pulses with different pulse energies and different helicities (left-handed circu-

lar, right-handed circular and linear polarization). Examining the domain size as a

function of the pulse energy for the three helicities, no clear difference is observed.

Also, there is no significant difference found in the (excitation) threshold fluence.

In the inset of the figure, four domains are written for each helicity. The spots are

written using a fixed pulse energy of 420 nJ. This pulse energy is near the threshold

pulse energy, at which the relative difference in the size of the written domains is

expected to be the largest. However, no significant difference in the size of the

written domains is observed. Both measurements presented in Fig. 6.7 show that

there is no significant MCD effect in the Pt/Co/Gd stack.
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Figure 6.7: Helicity-dependent AOS measurements performed on a Pt/Co/Gd stack
with a Co thickness of 1.0 nm. The figure shows the domain size as a function of the pulse
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(inset) Kerr microscope image of 4 domains written using a fixed pulse energy of 420 nJ,
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7
Integrating all-optical switching with

spintronics

All-optical switching (AOS) of magnetic materials describes the reversal of the mag-

netization using short (femtosecond) laser pulses, and has been observed in a vari-

ety of materials. In the past decade it received extensive attention due to its high

potential for fast and energy-efficient data writing in future spintronic memory ap-

plications. Unfortunately, the AOS mechanism in the ferromagnetic multilayers

commonly used in spintronics needs multiple pulses for the magnetization reversal,

losing its speed and energy efficiency. In this chapter, an experimental demonstra-

tion is given of ‘on-the-fly’ single-pulse AOS in combination with spin Hall effect

(SHE) driven motion of magnetic domains in Pt/Co/Gd synthetic-ferrimagnetic

racetracks. Moreover, using field-driven-SHE-assisted domain wall (DW) motion

measurements, both the SHE efficiency in the racetrack is determined and the chi-

rality of the optically written DW’s is verified. The experiments demonstrate that

Pt/Co/Gd racetracks facilitate both single-pulse AOS as well as efficient SHE in-

duced domain wall motion, which might ultimately pave the way towards integrated

photonic memory devices.∗

∗ This chapter has been published in Nature Communications [125]
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7.1 Introduction

The high potential of all-optical switching (AOS) for fast and energy-efficient mem-

ory devices was quickly recognized after it was first discovered in GdFeCo alloys

about a decade ago [22]. The AOS allows to directly store optical information in

magnetic bits without the need of energy-costly electronics, showing high potential

to be used in future photonic integrated circuits. Moreover, the switching speed for

the AOS is on the picosecond time scale, much faster than conventional switching

mechanisms that operate in the (sub)nanosecond regime. Furthermore, the AOS

is very energy efficient, needing only tens of fJ to switch a 50 × 50 nm2 sized bit,

as was demonstrated in Chap. 6. With the spintronic integration in prospect, the

discovery of AOS initiated a rapidly developing field of research, initially aimed at

unraveling the mechanism of this ultrafast switch. Soon it was discovered that the

AOS in rare earth-transition metal (RE-TM) alloys is a purely thermal single-pulse

process [28, 35], and that an earlier observed helicity dependence was the result of

magnetic circular dichroism [22, 37]. The research field gained an additional boost

when AOS was observed in ferromagnetic thin films and multilayers [44], which are

material systems already heavily used in the field of spintronics for future memory

devices such as the racetrack memory [5, 10, 126] and next generation magnetic

random access memory [127]. Unfortunately, the helicity-dependent AOS found

in these materials turned out to be a cumulative process needing multiple pulses

[47, 48], preventing its use in fast spintronic devices. Clearly, the thermal single-

pulse AOS mechanism is needed for successful spintronic integration. Although this

mechanism is well established in RE-TM alloys, spintronic devices like the racetrack

memory rely on interface-induced phenomena inherent to multilayered ultra-thin-

film structures. In Chap. 6, efficient thermal single-pulse AOS was shown in such

multilayers, made of a Pt/Co/Gd synthetic-ferrimagnetic stack. This structure was

chosen because of; (i) the interfacial antiferromagnetic coupling between the Co and

Gd layers [121], (ii) the large contrast in demagnetization times between the Co

and Gd [16, 65], (iii) the Pt seed layer induced perpendicular magnetic anisotropy,

and (iiii) the built-in interfacial Dzyaloshinskii-Moriya interaction (iDMI)[121].

In this chapter, it is experimentally demonstrated that the Pt/Co/Gd stack is

indeed an ideal candidate to facilitate the integration of AOS with spintronics, and

more specifically with the racetrack memory. This is done by demonstrating clear

and robust single-pulse AOS in Pt/Co/Gd racetracks, and verifying that the DW’s

of the optically written domain are chiral Neél walls that can be moved coherently

along the racetrack by means of the SHE. Moreover, the SHE efficiency in the
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Pt/Co/Gd racetrack is determined, predicting high DW velocities, and a proof-

of-concept measurement is presented demonstrating on-the-fly data writing in the

racetrack, i.e. showing single-pulse AOS while simultaneously sending an electrical

current through the racetrack that transports the written magnetic domains by

means of the SHE.

7.2 Sample structure and characterization

The measurements were performed on Ta(4)/Pt(4)/Co(1)/Gd(3)/Pt(2) (thickness

in nm) stacks, which were deposited on a Si/SiO2(100 nm) substrate using dc mag-

netron sputtering (see Methods). The samples were patterned into 5µm wide and

90µm long wires using electron beam lithography and argon ion milling. Each

wire contains typically two sets of lateral legs (2µm wide) forming a Hall cross,

used to measure the out-of-plane magnetization by means of the anomalous Hall

effect (AHE). All structures showed perpendicular magnetic anisotropy with square

out-of-plane hysteresis loops and 100 % remanence.

7.3 Results and discussion

First, the AOS in the magnetic wires was investigated by measuring the magneti-

zation in one of the Hall crosses while at the same time it was exposed to a train

of linearly polarized laser pulses (≈ 100 fs). The magnetization in the cross was

measured using the AHE [47, 128] (see Methods), as illustrated in Fig. 7.1(a). The

AHE signal is proportional to the out-of-plane component of the magnetization in

the Hall cross area, which was normalized to the up (+1) and down (−1) satura-

tion values using an external out-of-plane magnetic field. A typical measurement

(without any external field) is shown in Fig. 7.1(b). In order to clearly identify the

single pulses in the AHE measurement a relatively low laser-pulse repetition rate

of 0.5 Hz was used. It is clearly seen that the magnetization in the Hall cross region

toggles between the saturated up (+1) and down (−1) states at the frequency of

the incoming laser pulses. Repeating the measurement for a longer time demon-

strated a 100 % success rate of the AOS for over more than 5000 subsequent laser

pulses. This shows that indeed a deterministic single-pulse all-optical switch of the

magnetization is present in the patterned Pt/Co/Gd wires.

The result presented in Fig. 7.1(b) shows full AOS in the Hall cross. The laser spot

was larger than the Hall cross, meaning that the area of the Pt/Co/Gd wire that

was exposed to the laser pulse was larger than the region probed by the Hall cross.
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Figure 7.1: (a) Schematic overview of the AOS measurement in a Hall cross on the
Pt/Co/Gd wire. A small AC current is applied along the wire, while the resulting anoma-
lous Hall voltage is measured across the legs using a lock-in amplifier. Exciting the cross by
subsequent single linearly polarized laser pulses toggles the magnetization in the exposed
region (dotted circle) up and down. (b) Measurement of the normalized AHE signal as a
function of time during laser-pulse excitation at a repetition rate of 0.5 Hz. No external
field was applied during the measurement.

It is known that depending on the laser fluence, a multidomain state can form at

the centre of the (Gaussian shaped) laser spot, in which case only AOS is observed

in an outer rim of the excited area [47]. In view of the transport measurements

discussed in the following, it is important that a single homogeneous domain is

written in the wire by the laser pulse. Appendix 7A shows measurements on the

AOS as a function of the overlap of the laser spot and the Hall cross, demonstrating

that indeed homogeneous domains were written in the Pt/Co/Gd wire.

With the AOS in the wires verified, transport measurements on the optically writ-

ten domains were performed. The DW’s in the Pt/Co/Gd wire are expected to

be chiral Neél walls due to the iDMI [121]. Such chiral Neél walls can be moved

coherently through the wire using an electrical current, exploiting the SHE in the

heavy-metal Pt seed layer of the Pt/Co/Gd wire. The SHE in the Pt layer results

in a spin accumulation at the Pt/Co interface that generates a torque on the DW

that causes it to move. The direction of the DW motion is determined by the sign

of the SHE and the chirality of the DW. For a ferromagnet on top of a Pt layer, the

SHE driven DW motion is reported to be along the current direction, i.e. against

the electron flow direction[7, 9].



7.3 Results and discussion 109

Combining the SHE-driven transport of the optically written domains with the

single-pulse AOS in the racetrack, on-the-fly data writing can be established. In

such measurement, illustrated in Fig. 7.2(a), AOS is used to write a domain in

a Pt/Co/Gd wire containing two Hall crosses, while at the same time a chosen

dc current is flowing through the wire (direction indicated in figure). Since both

DW’s enclosing the written domain have the same chirality [shown in Fig. 7.3(c)],

they will move coherently along the current direction by the SHE as soon as they

are written. This means that the full domain will be transported along the wire,

passing the Hall cross at the end where it will be recorded using the AHE.

As indicated in Fig. 7.2(a) (red squares), the legs of the second (right) Hall cross

in the Pt/Co/Gd wire were exposed to Ga+ ion irradiation[129]. This was done

to magnetically ‘cut-off’ the legs in order to prevent DW pinning at the entrance

of the cross, as is discussed in Appendix 7B. To avoid pinning of one of the DW’s

at the first Hall cross, the laser was aligned not at the centre but at the right

side of the first Hall cross. In order to verify if and when a domain is written, a

small overlap between laser pulse and the first Hall cross was maintained. Similar

measurements performed with the laser aligned completely in between the two Hall

crosses and with the laser centred at the centre of the first Hall cross can be found

in Appendix 7C, of which the latter clearly demonstrates the pinning of the DW

at the entrance of the non-irradiated Hall cross.

The result of the measurement with a laser-pulse repetition rate of 0.1 Hz and a

dc current of +5.5 mA is shown in Fig. 7.2(b). In the top half of the figure, the

normalized AHE signal of the first Hall cross is shown as a function of time. It can

be seen that small peaks appear in the signal at the frequency of the laser pulses.

These peaks start with a sudden step, corresponding to the (small) exposed part

of the Hall cross being switched by the laser, whereafter the signal quickly returns

to the saturation value, showing the DW moving out of the cross. More interesting

is the AHE signal of the second Hall cross, shown in the bottom half of the figure.

It can be seen that shortly after the domain is written (red dotted lines), the

magnetization in the second Hall cross switches down (−1) and shortly thereafter

switches back up (+1) again. These switches mark the passing DW’s, i.e. the

passing domain. The time between the two switches, which is a measure of the

width of the domain, varies, which is attributed to random pinning of the DW’s

in the wire. This proof-of-concept measurement demonstrates on-the-fly single-

pulse AOS and simultaneous SHE-driven motion of magnetic domains in a single

racetrack.
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Figure 7.2: (a) Illustration of the field free proof-of-concept measurement, demonstrat-
ing on-the-fly single-pulse AOS in combination with purely SHE-driven transport of the
optically written domains in a Pt/Co/Gd wire. The AHE signal in the Hall crosses is
measured using lock-in amplifiers LI 1 and LI 2. The red dotted circle illustrates the
region exposed by the laser pulse, and the red blocks indicate the regions exposed to Ga+

ion irradiation. (b) Results of the measurement illustrated in (a), showing the normalized
AHE signal of the two Hall crosses as a function of time. The red dotted lines mark the
time at which the laser pulse hits the wire and writes the magnetic domain.
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Additionally, the SHE induced DW motion was verified using a Kerr microscope,

shown in the inset of Fig. 7.2(b). The figure shows three snap shots of a magnetic

up (white) domain in an otherwise down (black) magnetized Pt/Co/Gd wire (2µm

wide), while it was moved through the wire by a train of current pulses. As can

be seen, the DW’s indeed move coherently through the wire (against the electron

flow), while a change in the domain width is observed as was discussed in the

previous measurement.

A quantitative analysis of the SHE efficiency and DW chirality in the optically

written domains was obtained by performing field-driven-SHE-assisted DW velocity

measurements, as illustrated in Fig. 7.3(a). In such measurement the DW motion

is driven by an out-of-plane applied field while at the same time a dc current is

sent through the wire. Depending on the current polarity, the DW motion is either

assisted or hindered via the SHE, resulting in an increase or decrease of the DW

velocity, respectively. The Pt/Co/Gd wires used for these measurements contain

two Hall crosses that are separated by 60µm, and the legs of both crosses are

exposed to Ga+ ion irradiation (discussed earlier). At the start of the measurement

the magnetization in the wire is saturated by the external field, whereafter a (static)

field is applied in the opposite direction with an amplitude below the domain

nucleation field, but above the DW propagation field. Using a single laser pulse,

a domain is written into the wire left of the first Hall cross, see Fig. 7.3(a). The

applied field will cause the domain to expand through the wire, causing it to pass

the two Hall crosses, which will be recorded by a switch in the AHE signal. Using

the time of flight and the distance between the two crosses the DW velocity is

determined. A typical measurement of the AHE signal in both Hall crosses as a

function of time for three different dc current values is shown in Fig. 7.3(b), where

the passing of a DW through the Hall crosses is clearly seen in the AHE signal,

and the effect of the SHE on the time of flight is apparent.

The DW chirality of the optically written domains was investigated by measuring

the effect of the SHE on the DW velocity for both up-down and down-up DW

polarities, which were obtained by reversing the saturation and propagation fields.

Figure 7.3(c) shows the DW velocity for both DW polarities as a function of the

driving field amplitude with 0 and +1 mA of dc current sent through the wire

[direction indicated in Fig. 7.3(a)]. The solid lines represent a fit using the creep

law for DW motion, which will be discussed later. More important are the obser-

vations that the DW velocity is independent of the DW polarity for both current

amplitudes, and that a current of +1 mA increases the DW velocity with respect to
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Figure 7.3: (a) Schematic overview of the field-driven-SHE-assisted DW motion mea-
surement on the Pt/Co/Gd wire. The AHE signal in the Hall crosses is measured using
lock-in amplifiers LI 1 and LI 2. The red dotted circle illustrates the region exposed by
the laser pulse, and the red blocks indicate the regions exposed to Ga+ ion irradiation.
(b) Typical time of flight measurements for three different applied current amplitudes,
showing the normalized AHE signal in both Hall crosses as a function of time. The step
in the signal from −1 (down) to +1 (up) indicates that the DW is passing the specific Hall
cross. (c) DW velocity for both DW polarities as a function of the driving field amplitude
with 0 and +1 mA of dc current sent through the wire [direction indicated in (a)]. The
solid lines represents fits to the data following the creep law [Eq. (7.1)]. (d) DW velocity
as a function of the current sent through the wire for different driving fields. Solid lines
represent fits to the data using Eq. (7.1).
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the case without current. The latter affirms that the current induced contribution

to the DW motion is against the direction of electron flow, as was also shown in

Fig. 7.2(b), indicating SHE driven DW motion dominated by the bottom Pt/Co

interface as discussed earlier. The fact that both DW polarities are moved in the

same direction at the same velocity by the SHE confirms that they are chiral Neél

walls as discussed earlier, indicating the presence of the iDMI in these wires.

Similar DW velocity measurements, now as a function of the current sent through

the wire and for different driving fields Hext, were used to determine the SHE

efficiency. The results of these measurements are presented in Fig. 7.3(d). The

DW motion for the used driving fields of a few millitesla is in the creep regime. In

this regime the DW velocity can be described by [130]

v = v0 exp
[
−χ (µ0Hext ± εSHEJdc)

−1/4
]
, (7.1)

in which εSHE represents the SHE efficiency, defined as the current density to effec-

tive (out-of-plane) field conversion factor, Jdc the current density, v0 the charac-

teristic velocity and χ a scaling factor including the pinning potential and thermal

energy. By doing field-driven DW motion measurements, the used current den-

sities could be kept low enough to prevent a significant change in temperature

by Joule heating, which was verified by four-point resistance measurements (not

shown). As a result, the values of v0 and χ can be assumed to be independent

of the current density, and should be constant in the measurements presented in

Fig. 7.3(d). Therefore, the DW velocity as a function of the current density is

fitted using Eq. (7.1), where Hext is known for each curve, and v0, χ and εSHE

are used as global fit parameters. The fitted value for the SHE efficiency is equal

to εSHE = 9.73± 0.08 mT/(1011A/m2) (using a homogeneous current distribution

throughout the stack in the current density calculation). This value agrees well

with the values found in literature for similar structures using different measure-

ment methods [8, 9, 131].

Using the measured SHE efficiency a simple prediction can be made for the DW

velocity that can be reached when driven by intense nanosecond (ns) current pulses

as used in Ref. [10]. In their work, the authors used current pulses with a current

density up to 30× 1011 A m−2 and a pulse duration of 5 ns in similar sized wires.

With the SHE efficiency of ≈ 9.7 mT/(1011A/m2) in the present Pt/Co/Gd wires,

this would result in an effective out-of-plane field of ≈ 290 mT. This field can

be related to a DW velocity using the work presented in Ref. [121], where the

field-driven DW velocity is measured in an identical Pt/Co/Gd stack using out-of-
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plane field pulses with a duration of 20 ns and strengths up to 300 mT. Based on

that work, a DW velocity as high as 700 m s−1 can be extrapolated for the earlier

mentioned current pulses. It is also noted that the DW velocity in the measurement

presented in the inset of Fig. 7.2(b) was ≈ 7 m s−1 (see Appendix 7D), which was

achieved using current pulses with a current density an order of magnitude lower

than used to achieve previously demonstrated DW velocities up to ≈ 1000 m s−1

[10, 11], and fits within the earlier extrapolation. Moreover, it was recently shown

that this DW velocity is expected to increase significantly when using a system with

a more compensated magnetization [10] or angular momentum [11, 62], which can

be conveniently optimized in the Pt/Co/Gd racetrack due to the easy engineering

of the synthetic-ferrimagnet, e.g., by reducing the Co thickness (Chap. 6).

7.4 Conclusion

In conclusion, it has been experimentally demonstrated that both thermal single-

pulse AOS as well as SHE induced domain wall motion can be combined in a

Pt/Co/Gd racetrack with perpendicular magnetic anisotropy, exploiting the chiral

Neél structure of the DW’s for coherent and efficient motion of the optically written

domains. These results show that the Pt/Co/Gd racetrack is an ideal candidate to

facilitate the integration of AOS with spintronics. Moreover, due to the thermal

nature of the AOS, the final downsizing of the AOS towards the nanometer scale

can be done using plasmonic antenna’s, a technique already used in heat assisted

magnetic recording (HAMR) to very locally heat the recording material by reducing

the FWHM laser-pulse size to < 40 nm [23, 24]. Therefore, the demonstrated proof-

of-concept for the integration of AOS with the racetrack memory might pave the

way towards integrated photonic memory devices.

Appendix 7A: AOS as a function of the overlap between laser spot and Hall cross

The result presented in Fig. 7.1(b) shows full AOS in the Hall cross. This was

measured with the centre of the laser spot aligned to the centre of the Hall cross.

As was mentioned, the laser spot was larger than the cross, meaning that the area

of the Pt/Co/Gd wire that is exposed (and switched) by the laser pulse is larger

than the region probed by the Hall cross. It is known that depending on the laser

fluence, a multidomain state can form at the centre of the (Gaussian shaped) laser

spot, in which case only AOS is observed in an outer rim of the excited area [47].

In this section, it is verified that a single homogeneous domain was written in the

Pt/Co/Gd wire by the laser pulse.
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Figure 7.4: Normalized step size of the AHE signal as a function of the x and y position.
The step size in the AHE signal measured across the Hall cross is a measure of the area
of the Hall cross that is switched by the laser pulse. (x, y) = (0, 0) corresponds to the
center of the laser spot being aligned to the center of the Hall cross.

In order to check that a homogeneous domain is written by the laser pulse, the

measurement performed in Fig. 7.1 was repeated for different alignments of the

laser spot with respect to the Hall cross. At each new alignment, the magnetization

in the wire was first saturated using an externally applied field, whereafter the field

was turned off and the Hall cross was exposed to a single laser pulse. When there is

(partial) overlap between the Hall cross and the center area of the laser spot where

the fluence F (x, y) is above the AOS threshold fluence F0, the magnetization in the

Hall cross will be switched, which is recorded by a step in the AHE signal [similar

as shown in Fig. 7.1(b)]. The size of the AHE step is proportional to the area of

the Hall cross that is switched by the laser.

Figure 7.4 shows the normalized AHE step size as a function of x and y position,

where (x, y) = (0, 0) corresponds to the center of the (Gaussian) laser spot being

aligned to the center of the Hall cross. The x (black) and y (red) scans are per-

formed with y = 0 and x = 0, respectively, and each data point is an average of 7-8

subsequent measurements. When the laser spot is sufficiently far away from the

Hall cross, i.e., for |x| , |y| > 15µm, the AHE step size is zero, meaning that there

is no overlap between the Hall cross and the laser spot (or at least no sufficient
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overlap). Moving the laser spot closer to the Hall cross, i.e. decreasing |x| or |y|,
the AHE step size increases towards saturation at |x| , |y| ≈ 5µm. The increase in

AHE step size corresponds to the center part of the laser spot, where F (x, y) ≥ F0,

moving into the Hall cross area. This is illustrated by the left and right cartoons

in the figure in which the laser spot area with F (x, y) ≥ F0 (red dotted circle)

overlaps ≈ 30 % of the Hall cross area. For |x| , |y| < 5µm the AHE step size is

constant and equal to saturation. The presence of these plateaus in both x and y

scans demonstrates that for the full area of the laser spot where F (x, y) ≥ F0 there

is full AOS. In other words, this means that indeed a homogeneous domain was

written in the Pt/Co/Gd wire by the laser pulse. As a side note, the full width at

half maximum of the curves are equal to the size of the written magnetic domain

along the x and y directions, showing a domain size of ≈ 20µm and a slightly

elliptically shaped laser spot, which was verified using wide field Kerr microscopy

on a full-sheet sample.

Lastly, it is known that when the pulse energy is sufficiently increased, the fluence

at the center of the laser spot can be increased to a value above a second threshold

fluence. At this fluence the lattice temperature is heated above the Curie tem-

perature, resulting in the formation of a multidomain state on cool down. Such a

multidomain state at the center of the written domain would show up as a dip in

the AHE step size around (x, y) = (0, 0) in the measurement presented in Fig. 7.4.

Such a dip was indeed observed when repeating the measurement of Fig. 7.4 with

increasing pulse energy (not shown), verifying that inhomogineties in the written

domain can indeed be measured, and thus confirming that for the laser pulses used

in Fig. 7.4 and the main text a homogeneous domain was written.

Appendix 7B: DW pinning and Ga+ irradiation

In the main text, it was mentioned that the legs of some of the Hall crosses were

irradiated with Ga+ ions in order to prevent pinning at the entrance of the cross.

The pinning of the DW at the entrance of a non-irradiated Hall cross in a typical

on-the-fly AOS measurement as performed in the main text is demonstrated in the

measurement discussed in Appendix 7C [Fig. 7.6(c)]. A visual presentation using

a Kerr microscope is presented in the top row of Fig. 7.5. In this figure a down

domain (dark) in an otherwise up (light) magnetized Pt/Co/Gd wire is located

between two Hall crosses. Using three current pulses of alternating direction (see

figure) it can be seen that the domain tries to move along the current direction,

but gets pinned at the entrance of the cross it is moving towards. Moreover, it can
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Figure 7.5: DW pinning at a Hall cross and the effect of Ga+ ion irradiation. Top row:
A Pt/Co/Gd wire with a down domain (dark) in an otherwise up (light) magnetized wire
that is located between two Hall crosses. The three figures show the domain after three
current pulses of alternating direction (direction indicated in figures). Bottom row: A
Hall cross on a 2 µm Pt/Co/Gd wire with a DW initially located below the cross. The
red squares in the left figure represent the regions that are exposed to the Ga+ ions. The
figures show three snapshots of the DW moving through the wire by the SHE using a dc
current (direction indicated in left figure).

be seen that the end points of the DW get pinned at the start of the legs, while

the center of the DW gets pushed into the cross, which will be visible in the AHE

signal (as demonstrated in Appendix 7C).

The pinning of the DW at the entrance of the Hall cross happens due to the fact

that the DW length has to increase in order to pass through the cross [132]. One

way to overcome this problem, while still being able to use the legs for the AHE

measurement, is to magnetically ‘cut-off’ the legs using a technique called magnetic

etching [129]. In this technique a magnetic sample with perpendicular magnetic

anisotropy (PMA) is exposed to Ga+ ion irradiation with a relatively high dose

(40 µC cm−2 in this work), which is enough to destroy the magnetic anisotropy,

but not enough to physically remove a significant amount of material. Using this

technique the PMA in (part of) the legs is destroyed, causing it to become in-plane

magnetized (or even paramagnetic), while the legs keep their conductive properties

needed for the AHE measurement. In this way the AHE measurement can still
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be performed to measure the magnetization in the Hall cross area, while the legs

become invisible for the DW. As a result, the DW will not be pinned at the entrance

of the Hall cross since it does no longer need to increase in length when passing

through the cross.

The effect of the Ga+ ion irradiation on the DW propagation through the Hall

cross is verified in the bottom row of Fig. 7.5. In these figures a Hall cross on a

2 µm Pt/Co/Gd wire is shown, where the red squares in the left figure represent

the regions that are exposed to the Ga+ ions. Starting with a DW below the Hall

cross in the left figure, three snapshots are shown of the DW moving through the

wire by the SHE using a dc current. It is seen that with the legs being magnetically

cut-off, the DW indeed is able to move past the Hall cross without getting pinned.

Appendix 7C: On-the-fly AOS with different laser spot to (non-irradiated) Hall

cross alignments

A proof-of-concept measurement was presented in Fig. 7.2, demonstrating on-the-

fly single-pulse AOS and simultaneous SHE driven motion of magnetic domains in

a single racetrack. In that measurement, the laser spot was aligned to the right

side of the first Hall cross to prevent pinning of the DW’s [see Fig. 7.2(a)], while a

small overlap between laser pulse and the first Hall cross was maintained in order to

verify if and when a domain was written. In this section, two similar measurement

are presented; (i) with the laser spot centered at the center of the first Hall cross,

clearly demonstrating the pinning of the DW at the entrance of the non-irradiated

Hall cross, and (ii) with the laser spot aligned completely in between the two Hall

crosses.

An illustration of the on-the-fly AOS measurement performed with the laser spot

aligned to the center of the first Hall cross is shown in Fig. 7.6(a). The expected

magnetic behavior is as follows; (I) With the magnetization in the wire initially

saturated, the first (left) cross is exposed to a single laser pulse (red dotted circle),

writing a magnetic domain that is larger than the Hall cross, thus creating a DW

at either side of the cross. (II) Due to the SHE originating from the dc current

that is continuously sent through the wire, both DW’s (and thereby the domain)

move along the current direction towards the second Hall cross. The DW written

in between the two Hall crosses will reach the second cross, where it can pass the

cross since its legs are magnetically cut-off using Ga+ ion irradiation. The legs of

the first Hall cross, however, have not been irradiated. Therefore, the DW written



Appendix 7C On-the-fly AOS with different laser spot alignments 119

-1.0

-0.5

0.0

0.5

1.0

LI
1

(n
or

m
.)

0 10 20 30 40 50 60 70 80
-1.0

-0.5

0.0

0.5

1.0

Time (s)

LI
2

(n
or

m
.)

(a) (b)

-1.0

-0.5

0.0

0.5

1.0

LI
1

(n
or

m
.)

0 10 20 30 40 50 60 70 80
-1.0

-0.5

0.0

0.5

1.0

Time (s)

LI
2

(n
or

m
.)

(c)

LI 2LI 1

Ga+

J

J

J

J

I

II

III

IIII

Figure 7.6: (a) Illustration of the on-the-fly AOS measurement performed with the laser
spot aligned to the center of the first Hall cross. The AHE signal in the Hall crosses is
measured using lock-in amplifiers LI 1 and LI 2. The red dotted circle illustrates the
region exposed by the laser pulse, and the red blocks indicate the regions exposed to
Ga+ ion irradiation. Figures I to IIII show different snapshots of the magnetization in
the wire during a two-pulse cycle. (b,c) Measurement of the normalized AHE signal as a
function of time in the first (top) and second (bottom) Hall cross while at the same time
the first Hall cross is exposed to a train of linearly polarized laser pulses (≈ 100 fs) at a
laser-pulse repetition rate of 0.1 Hz. The measurement presented in (b) was performed
without any current sent through the wire, while a current of +5.5 mA was sent through
the wire during the measurement presented in (c).
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to the left of the first cross will get pinned at the entrance of the cross. The center

of the DW is pushed into the cross by the SHE, and will be measurable by the

AHE. (III) The next laser pulse will toggle the magnetization in the exposed area,

creating two new DW’s and reversing the polarity of the DW located in the first

Hall cross. (IIII) The newly created DW’s are moved along the wire by the SHE

and annihilate with the previously written DW’s, leaving the wire in the saturated

state. This process will then repeat itself at the next laser pulse.

First, a test measurement is performed without a dc current being sent through

the wire, and using a repetition rate of 0.1 Hz to clearly see the effect of the single

laser pulses. The result is presented in Fig. 7.6(b), showing the normalized AHE

signal of both crosses as a function of time. The top graph shows the AHE signal of

the first cross, demonstrating clear and full single-pulse AOS of the magnetization

in this cross, similar as shown in Fig. 7.1(b). The bottom graph shows the AHE

signal of the second Hall cross. As can be seen by the constant AHE signal at the

initial saturation value, there is no effect of the laser pulses on the magnetization

in the second cross, which is expected since there is no current sent through the

wire, and thus no DW motion.

Figure 7.6(c) shows the result of a measurement with a dc current of +5.5 mA sent

through the wire. Looking at the AHE signal of the first Hall cross (top graph),

the signal looks much different than the signal measured without a dc current [Fig.

7.6(b)]. Before explaining the observed behavior in more detail, it is noted that

the times at which the magnetic domains are written at the first Hall cross are still

clearly visible by the sudden steps in the AHE signal (red dotted lines). Looking at

the AHE signal in the second Hall cross (bottom graph), it can be seen that shortly

after the domains are written, the magnetization in the second cross switches its

direction, toggling up and down after each subsequent laser pulse. The toggling

behavior corresponds to the DW that is written to the right of the first Hall cross

that is transported along the wire by the SHE and passes through the second Hall

cross. As shown in Fig. 7.6(a), this DW alternates between an up-down and down-

up DW on subsequent laser pulses, leaving the magnetization in the cross in the

up and down state after the DW has passed, respectively.

Coming back to the AHE signal measured in the first Hall cross [top graph Fig.

7.6(c)], there are two observations that can be made. Firstly, the step in the AHE

signal varies in size and has the same sign for every laser pulse. Secondly, the AHE

signal after every even number of pulses is not equal to the initial saturation value

of +1. Both observations will be discussed in the following.
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It can be seen that the very first laser pulse switches the magnetization from the

initial saturated up (+1) direction to the down (−1) direction. In contrast to

the case without the dc current, the AHE signal immediately rises again towards

≈ +0.5. This corresponds to the DW written to the left of the first Hall cross being

transported along the wire by the SHE and getting pinned at the entrance of the

cross (Fig. 7.6(a).II). The center of the DW is being pushed inside the cross by the

SHE, causing about 75 % of the Hall cross area being switched back to the initial

saturation direction. After this initial (fast) response, the center of the DW keeps

getting pushed further inside the cross at a slower rate, causing a further (slow)

increase of the AHE signal. When the second pulse hits the sample, most of the

Hall cross area (≈ 85 %) is switched back to the initial saturation direction (Fig.

7.6(a).III). Therefore, the second step in the AHE signal has the same sign as for the

first pulse, however, the size of the step is smaller since it only corresponds to the

net switched magnetization. This measurement clearly demonstrates the pinning

of the DW at the entrance of the Hall cross when the legs are not magnetically

cut-off using Ga+ ion irradiation.

Taking a closer look at the AHE signal in the first Hall cross just before the third

pulse arrives, it can be seen that the signal is not back to the saturation value of

+1, but is close to +0.9 which corresponds to 95 % of the first Hall cross having

its magnetization up. Looking back at Fig. 7.6(a), it was expected that the DW

written on the left side of the cross by the second pulse (or every even amount of

pulses) would annihilate with the DW pinned in the cross (written by the previous

pulse), leaving the Hall cross in the initial saturated state. This discrepancy is

believed to be the result of the center of the DW that is being pushed into the

cross not reaching a steady position before the next laser pulse arrives. This could

result in the formation of thin rings with alternating magnetization direction in

the first Hall cross that slowly move along with the current. The presence of these

rings cause the AHE signal not to reach the saturation value of +1 after every even

amount of pulses.

Lastly, the same on-the-fly AOS measurement is performed, but now with the laser

spot aligned completely in between the two Hall crosses, as shown in Fig. 7.7(a),

and a laser-pulse repetition rate of 0.2 Hz. The AHE signal of both Hall crosses

as a function of time is shown in Fig. 7.7(b). The magnetic domains are written

to the right side of the first Hall cross, and they are transported along the current

direction. This means that none of the domains or DW’s reach the first Hall cross,

resulting in the observed constant saturation value of the AHE signal in the first
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Figure 7.7: (a) Illustration of the on-the-fly AOS measurement performed with the laser
spot aligned in between the two Hall crosses of the Pt/Co/Gd wire. The AHE signal in
the Hall crosses is measured using lock-in amplifiers LI 1 and LI 2. The red dotted circle
illustrates the region exposed by the laser pulse, and the red blocks indicate the regions
exposed to Ga+ ion irradiation. (b) Measurement of the (normalized) AHE signal as a
function of time in the first (top) and second (bottom) Hall cross while at the same time
the wire is exposed to a train of linearly polarized laser pulses (≈ 100 fs) at a laser-pulse
repetition rate of 0.2 Hz and a dc current of +5.5 mA is sent through the wire.
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Hall cross (top graph). Looking at the AHE signal of the second Hall cross (bottom

graph), it can be seen that all the optically written domains pass the second cross,

as was also demonstrated in the measurement presented in Fig. 7.2(b). Also seen

in both measurements is the variation in the width of the domains when they pass

the second cross (proportional to the time between down and up switch in the AHE

signal). This shows that the variation in domain width measured in Fig. 7.2(b) is

not dominated by the slight overlap between laser spot and first Hall cross, but

is more likely to be the result of random pinning along the wire, as was already

stated in the main text.

Appendix 7C: Pulsed domain wall velocity measurement in Pt/Co/Gd racetrack

In the main text, it was mentioned that the SHE driven DW velocity in the mea-

surement presented in the inset of Fig. 7.2(b) was equal to ≈ 7 m s−1. In this

section, the corresponding measurement of the DW velocity is presented.

The measurement is performed on a 2µm wide Pt/Co/Gd racetrack. Before the

measurement, the magnetization in the racetrack is saturated in the down direc-

tion (black), and an up magnetized domain (white) is inserted using an external

magnetic field, see the inset of Fig. 7.8. Next, the external magnetic field is turned

off, and a purely SHE induced DW motion is achieved using a train of current

pulses with a duration of 0.5µs and a current density of 3.8× 1011 A m−2 (using

a homogeneous current distribution throughout the stack in the current density

calculation). After each current pulse, an image of the magnetization in the race-

track is taken using a Kerr microscope in order to determine the position of the

two DW’s enclosing the magnetic domain. When the domain reached either end of

the racetrack, the current direction is reversed.

The position of the two DW’s after each current pulse is plotted in Fig. 7.8, in

which the position is plotted relative to the initial position of the bottom DW.

The average DW velocity is calculated by measuring the traveled distance for each

pulse and dividing it by the current pulse duration. The obtained average DW

velocity is 7± 1 m s−1. As can be seen, the DW’s slowly creep towards each other.

As was already discussed in the main text, this is attributed to random pinning of

the DW’s, which move in the pinning dominated creep regime.
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Figure 7.8: The position of both domain walls enclosing a magnetic domain in a 2
µm wide Pt/Co/Gd racetrack is plotted as a function of the number of current pulses
passed through the racetrack. The current pulses have a duration of 0.5 µs and a current
density of 3.8 × 1011 A m−2. When the domain reached either end of the racetrack, the
current direction is reversed. The inset shows three snapshots of the magnetization in the
racetrack during the measurement, taken using a Kerr microscope.



8
Additional research and outlook on

all-optical switching

In this final chapter, additional AOS experiments and some first layered-M3TM

calculations are presented. Although the research is preliminary, the observations

and first analysis are believed to reinforce the conclusions made in the previous

two chapters. Moreover, they already provide a deeper insight into the single-pulse

AOS in the synthetic-ferrimagnetic multilayers, especially when combining the AOS

experiments presented in the first section with the layered-M3TM calculations dis-

cussed in the second section. Additionally, the presented experiments and calcu-

lations can be seen as starting points for interesting future research, for which a

short outlook is given at the end of the chapter.

125
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8.1 All-optical switching in engineered synthetic-ferrimagnetic stacks

In Chap. 6 (and Chap. 7), it was shown that thermal single-pulse all-optical switch-

ing (AOS) is not limited to the rare-earth transition-metal alloys, but is also present

in synthetic-ferrimagnetic Pt/Co/Gd stacks. It was mentioned that these synthetic-

ferrimagnetic multilayers allow easy fabrication and engineering. In this section,

additional measurements on different synthetic-ferrimagnetic multilayers are pre-

sented, demonstrating the robustness of the AOS, and showing great potential for

future research and applications.

8.1.1 Single-pulse AOS in Pt/FM/Gd multilayers

One of the advantages of the synthetic-ferrimagnetic multilayer is the ability to eas-

ily adjust the ferromagnetic (FM) layer in the Pt/FM/Gd stack, while maintaining

the perpendicular magnetic anisotropy and the single-pulse AOS capability. This

can be useful, e.g., when optimizing the angular momentum compensation temper-

ature of the ferrimagnetic structure to be at room temperature (for high domain

wall velocities [11, 62]). In Chap. 6, it was already demonstrated that the thickness

of the FM can be adjusted. Here, it is shown that also the used materials in the

FM can be changed.

By using different materials for the FM layer, the magnetic properties such as the

magnetic moment and the Curie temperature can be adjusted. For instance, using

a Co/Ni multilayer, both the (average) saturation magnetization and the Curie

temperature are decreased with respect to these values for a single Co layer (at

similar thickness). Furthermore, due to the perpendicular magnetic anisotropy

arising at each Co/Ni interface [133], and the low saturation magnetization of Ni,

an out-of-plane anisotropy can be achieved for thick multilayers.

Figure 8.1(a,b) shows the results of AOS measurements performed on Pt/FM/Gd

stacks with a Co/Ni multilayer as the FM layer. The structure of the samples

is Si:B/Ta(4)/Pt(4)/[Co(0.2)/Ni(0.6)]N/Co(0.2)/Gd(3)/Pt(2) (thickness in nm),

with N ranging from 2 to 5 repeats. The samples are fabricated using dc mag-

netron sputtering at room temperature, and all exhibit a clear perpendicular mag-

netic anisotropy. Figure 8.1(b) presents a Kerr microscope image of the (initially

saturated, dark) N = 3 sample after excitation with single linearly polarized laser

pulses with different pulse energies. The figure clearly shows homogeneous mag-

netic domains (light) being written by the laser pulses, with an increasing domain



8.1 All-optical switching in engineered synthetic-ferrimagnetic stacks 127

(a)

(d) (e)

20 um

(c)

0 1 2 3 4 5
0

2

4

6

8

10
Co/Ni multilayer
Co single layer

Th
re

sh
ol

d
flu

en
ce

(m
J/

cm
2 )

FM layer thickness (nm)

42 nJ

48 nJ

57 nJ 97 nJ

81 nJ

67 nJ 118 nJ

145 nJ

179 nJ

(b)

Figure 8.1: (a) Threshold fluence as a function of the FM layer thickness in a
Pt/FM/Gd stack. The black dots are measured using a FM layer composed of a
[Co(0.2)/Ni(0.6)]N/Co(0.2) multilayer with N = 2, 3, 4 and 5. The red dots represent
measurements performed with a single Co layer as the FM layer, which is the same data
as shown in Chap. 6. (b) Kerr microscope image of the (initially saturated) Co/Ni sample
with N = 3 after excitation with single linearly polarized laser pulses with different pulse
energies. (c-e) Single-pulse AOS measurements performed on a Pt/FM/Gd stack with a
[Co(0.4)/Pt(0.6)]6/Co(0.4) multilayer as the FM layer, (c) showing a homogeneous do-
main being written by a single laser pulse, (d,e) and showing clear toggle switching using
one (d) and two (e) subsequent laser pulses.

size for increasing laser-pulse energy. For the highest pulse energies (≥ 118 nJ), the

lattice temperature in the center part of the exposed region is heated above the

Curie temperature, resulting in the formation of a multidomain state on cool-down.

Similar as shown in Chap. 6, the power dependent AOS domain size is used to

calculate the threshold fluence. The threshold fluence for the different samples is

plotted as a function of the total FM layer thickness in Fig. 8.1(a) (black dots). For

comparison, the threshold fluence measured as a function of Co thickness for the

Pt/Co/Gd stack (Chap. 6) is plotted in the same figure (red dots). A large increase

in threshold fluence is observed with increasing Co/Ni thickness. Assuming equal

absorption densities for the different samples, the decrease in threshold fluence for

decreasing FM layer thickness could, at least partially, be related to the decrease in

Curie temperature caused by finite size effects in this thin-film limit. This behavior

is reproduced by the layered-M3TM calculations discussed in Sec. 8.2. Figure 8.1(a)
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also shows that in the case of similar FM layer thicknesses, the threshold fluence

for the Co/Ni multilayer sample is much lower than for the single Co layer sample.

This might be the result of the lower Curie temperature of Co/Ni as compared to

Co, but it could also be related to different demagnetization dynamics for the two

materials, e.g., different spin-flip scattering rates.

Another interesting observation is that AOS is seen for relatively thick Co/Ni lay-

ers, i.e., up to 4.2 nm or 5 repeats. Single-pulse AOS in a Pt/FM/Gd stack with

an even thicker FM layer is presented in Fig. 8.1(c), showing AOS in such a stack

with a 6.4 nm thick [Co(0.4)/Pt(0.6)]6/Co(0.4) multilayer as the FM layer. The

figure demonstrates a homogeneous domain being written by a single linearly po-

larized laser pulse. Figures 8.1(d) and 8.1(e) display the effect of one and two

subsequent laser pulses, respectively, clearly demonstrating the toggle behavior of

the thermal single-pulse AOS (the center area shows the earlier discussed multido-

main state that results from a high laser-pulse energy). For these thick multilayer

structures, the total magnetic moment of the FM layer is much larger than that of

the magnetized part of the Gd layer, and there is no magnetization compensation

temperature (see Chap. 6 for the estimation of the induced magnetization in the

Gd layer).

As was mentioned in Sec. 2.1.2, shortly after the first observation of AOS it was

found that the helicity-dependent multiple-pulse AOS was only present in ferrimag-

netic alloys with the magnetization compensation temperature close to room tem-

perature [42, 51]. Later, a (large) domain-size criterion was found [50]. Both these

criteria can be combined into the need of a low dipolar energy to prevent (small)

domain formation. The measurements presented in this thesis clearly demonstrate

that in the case of the thermal single-pulse AOS in the Pt/FM/Gd stacks there is

no need of a magnetization compensation temperature, and that the low dipolar

energy criterion is not of relevance. Regarding the latter, it is noted that single-

pulse AOS is shown in Gd capped Co/Ni and Co/Pt multilayers with up to 5

and 6 repeats, respectively, while helicity-dependent multiple-pulse AOS is only

observed in similar multilayers with up to 3 repeats (without the Gd capping) [44,

50], demonstrating the different dependencies of the two AOS mechanisms on the

dipolar energy.

Insight into the AOS dynamics within the Co/Gd stack is obtained using the

layered-M3TM, and is discussed in Sec. 8.2. The calculations show that the AOS

initiates at the Co/Gd interface, whereafter it spreads throughout the structure.

Such a switching mechanism would indeed be independent on a possible compensa-
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tion temperature of the full stack, and allow for the AOS to be present in structures

with a much thicker FM layer as compared to the (magnetized) Gd layer thickness.

In conclusion, the measurements presented in this section demonstrate that the

synthetic-ferrimagnetic Pt/FM/Gd stack is a versatile structure, allowing easy en-

gineering of the FM layer to obtain the desired magnetic properties, while main-

taining the single-pulse AOS capability.

8.1.2 Single-pulse AOS in Pt/SAF/Gd multilayers

In a next step, the FM layer in the Pt/FM/Gd stack is replaced by a synthetic-

antiferromagnet (SAF). A SAF is composed of two ferromagnetic layers that are

antiferromagnetically (AF) coupled through a non-magnetic spacer. In the present

case, two Co layers are AF coupled using a Ru/Pt spacer. The full structure

is given by Si:B/Ta(4)/Pt(4)/Co(1.0)/Ru(0.9)/Pt(0.9)/Co(1)/Gd(3)/Pt(2) (thick-

ness in nm). The sample is fabricated using dc magnetron sputtering at room

temperature. The magnetic behavior of the structure is presented in Fig. 8.2(a),

which displays a hysteresis curve measured with a polar MOKE setup with the

field applied along the out-of-plane direction. The curve shows the typical mag-

netic behavior of two AF coupled magnetic layers with a perpendicular magnetic

anisotropy and an AF coupling field of HC ≈ 250 mT. A so-called rearrange hap-

pens at |H| ≈ 75 mT, in which the magnetization in all magnetic layers is reversed,

as is illustrated by the cartoons in the figure.

The AOS measurements performed on this sample are presented in Fig. 8.2(b). Be-

fore the measurement, the sample was saturated using an external OOP magnetic

field of 400 mT, whereafter the field was turned off. This means that prior to the

laser-pulse excitation, the sample was in a homogeneous AF state [lower level at

zero field in Fig. 8.2(a)]. Next, the sample is exposed to single linearly polarized

laser pulses (no magnetic field applied), and the resulting magnetic state is mea-

sured using a Kerr microscope. The obtained Kerr microscope image is displayed

in Fig. 8.2(b). The top row presents the effect of two (left) and three (right) partly

overlapping laser pulses. As can be seen, each laser pulse writes a white domain,

and the magnetic state returns to the initial state (gray) in the areas where the

laser pulses overlap. A similar effect is seen in the bottom row, showing the effect

of excitation with 1 to 5 (overlapping) subsequent laser pulses, where the labels

indicate the number of subsequent pulses the area is exposed to. It is seen that

every odd number of pulses leaves a white domain, whereas an even number of
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Figure 8.2: (a) Polar MOKE measurement performed on the Pt/SAF/Gd stack with
an out-of-plane applied external magnetic field. The cartoons illustrate the different
configurations of the magnetization in each layer during the hysteresis cycle. (b) Kerr
microscope image of the single-pulse AOS measurement performed on the Pt/SAF/Gd
stack. The top row shows the effect of two (left) and three (right) partly overlapping
linearly polarized laser pulses, whereas the bottom row shows the effect of laser-pulse
excitation with 1 to 5 (overlapping) subsequent laser pulses, where the labels indicate
the number of laser pulses. The gray and white contrast corresponds to the initial and
switched magnetization states, respectively.

pulses leaves the magnetization back in the initial state. This toggle behavior is

consistent with the thermal single-pulse AOS mechanism. Furthermore, the same

results were obtained using a thinner Pt layer of 0.75 nm in the spacer layer of the

SAF, which resulted in a coupling field of HC ≈ 400 mT.

Since only the top Co layer in the structure is capped with Gd, it could be argued

that in the optically written (white) domains, only the magnetization in the top

Co/Gd bilayer is switched by the laser-pulse excitation, while the bottom Co layer

remains along its initial direction. However, in that case, the magnetization of the

two Co layers in these areas are aligned parallel. As can be seen in Fig. 8.2(a), this is

not a stable state at zero field, and the AF coupling would cause the written domain

in the Co/Gd bilayer to collapse. Therefore, it is concluded that the magnetization

in both the top Co/Gd bilayer and the bottom Co is switched by the laser-pulse

excitation.

At this point, it is unclear what drives the (single-pulse) switch in the bottom

Co layer. As discussed in previous chapters, (single) ferromagnetic Co layers are

known to switch via the helicity-dependent multiple-pulse AOS mechanism. In the

present Pt/SAF/Gd stack, however, the magnetization in the bottom Co layer is

switched using a single linearly polarized laser pulse. Clearly, the switch is driven

by an interaction with the top Co/Gd bilayer, similar as seen for GdFeCo/FM and

GdFeCo/Cu/FM systems [59, 60].
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One possible interaction is the AF coupling between the two Co layers. For the

bottom Co layer, this interaction results in an effective magnetic field that is di-

rected antiparallel to the magnetization direction in the top Co layer. Due to the

exchange of angular momentum in the Co/Gd bilayer, it can be expected that the

dynamics in the top Co layer is faster than the dynamics in the bottom Co layer,

in which case the top Co layer has switched its direction before the bottom Co

layer is fully demagnetized. As a result, the final demagnetization and subsequent

remagnetization of the bottom Co layer happens in the presence of an effective

field that is directed antiparallel to its (initial) magnetization direction, causing

the single-pulse AOS.

Another possible interaction is the exchange of laser-pulse-excited spin currents. It

has been shown for a GdFeCo/Cu/[Co/Pt]4 stack, that the magnetization in the

[Co/Pt]4 layer can be switched using a single laser pulse [60]. The single-pulse AOS

in the [Co/Pt]4 layer was explained as a combination of ultrafast laser heating and

the absorption of a long-lived spin current generated by the slow demagnetizing Gd

sublattice in the other layer. As a result, the final direction of the magnetization

in the [Co/Pt]4 layer is parallel to the initial direction of the Gd sublattice magne-

tization. In case of the Pt/SAF/Gd stack presented here, this mechanism can not

explain the observed switch of the bottom Co layer, since the final direction of the

magnetization in the bottom Co layer is antiparallel to the initial direction of the

(induced) magnetization in the Gd layer. Also a spin current generated in the top

Co layer is unlikely to have driven the switch of the bottom Co layer, because the

dynamics in the top Co layer is expected to be faster than that in the bottom Co

layer, as was mentioned earlier.

Although these considerations might favor the AF coupling to be the driving mech-

anism of the single-pulse AOS in the bottom Co layer, it does not exclude the spin

currents from playing a role in the switching dynamics. More insight into the role

of spin currents could be obtained in future experiments by comparing AOS mea-

surements on Pt/SAF/Gd stacks with different spacer layers in the SAF, e.g., using

both conducting (Ru) and insulating (NiO) AF coupling spacer layers [19].

In conclusion, it has been shown that the magnetization in both FM layers of a

SAF can be switched using single-pulse AOS when one of the FM layers in the

SAF is capped with a Gd layer. This opens up another route to the integration

of AOS with high-speed racetracks. For instance, high domain wall velocities up

to 750 m s−1 have been demonstrated in synthetic-antiferromagnetic racetracks,

consisting of two Co/Ni multilayers that are AF coupled by a Ru spacer layer [10].
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The observations of single-pulse AOS in both Pt/SAF/Gd and Pt/[Co/Ni]N/Gd

stacks presented in this section suggests that the integration can be done by capping

these high-speed synthetic-antiferromagnetic racetracks with a thin Gd layer.

8.1.3 Single-pulse AOS in Pt/Co/Pt/Gd multilayers

As was mentioned in the previous section, laser-induced spin currents might play

a role in the observed single-pulse AOS in the Pt/SAF/Gd stack. Similar spin

currents (between the Co and Gd layers) might also play a role in the AOS of

the Co/Gd bilayer in the Pt/Co/Gd stack. To get more insight into the switching

mechanism, and the role of spin currents, AOS measurements were performed on

a Si:B(substrate)/Ta(4)/Pt(4)/Co(1.0)/Pt(tPt)/Gd(3)/Pt(2) structure (thickness

in nm), with tPt ranging from 0 to 1 nm. The insertion of a Pt (dusting) layer

in between the Co and Gd changes the transparency of the Co/Gd interface for

spin currents. Surprisingly, the measurements showed single-pulse AOS for all Pt

thicknesses up to 1 nm. The measurements are performed at room temperature,

which is above the Curie temperature of (thin-film) Gd. The presence of the

single-pulse AOS indicates that even for a 1 nm Pt spacer layer, there is an induced

magnetization in the Gd that is (AF) coupled to the Co. The indirect interaction

between the Co and the Gd might be facilitated by the proximity-induced magnetic

moments in the Pt.

The results of the AOS measurements are presented in Fig. 8.3, showing the mea-

sured threshold fluence as a function of the Pt thickness. The inset displays the

Kerr image of the pulse-energy-dependent AOS measurement performed at a Pt

thickness of tPt = 0.95 nm, demonstrating homogeneous reversed domains being

written by single linearly polarized laser pulses (as discussed previously, a multido-

main state (and even sample damage) can be seen in the center area for the highest

laser-pulse energies).

In contrast to the results presented here, insertion of a 1 nm thick Pt layer inside

the Cu spacer layer of the GdFeCo/Cu/[Co/Pt]4 stack discussed earlier resulted in

an inhomogeneous switch (speckled domain), where only 80 % of the magnetiza-

tion in the [Co/Pt]4 multilayer was reversed [60]. With the AOS in the [Co/Pt]4

multilayer being driven by the spin current generated in the GdFeCo alloy, the

incomplete switch was explained by the (partial) depolarization of the spin current

by the inserted Pt layer. In the present measurement, however, no change in the

homogeneity of the single-pulse AOS was observed for an inserted Pt layer thick-
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Figure 8.3: Single-pulse AOS measurements performed on a Pt/Co/Pt(tPt)/Gd stack,
with tPt ranging from 0 to 1 nm. The figure shows the measured threshold fluence as a
function of the Pt thickness. The dotted red line corresponds to an exponential increase
with a characteristic (Pt) thickness of ≈ 0.23 nm. The inset shows the Kerr image of the
pulse energy dependent AOS measurement performed at a Pt thickness of tPt = 0.95 nm.

ness up to 0.95 nm, suggesting a less dominant role of the optically excited spin

currents in the AOS process in the Co/Gd bilayer.

An effect of the Pt insertion is present in the threshold fluence, as can be seen

in Fig. 8.3, which can be fitted reasonably well with an exponential behavior (red

dotted line). In the following section, using the layered-M3TM, it is shown that

the increase in threshold fluence with increasing Pt thickness might be the result

of a decrease in the exchange interaction between the Co and the Gd, caused by

the Pt insertion.

8.2 M3TM and AOS

Additional insights in the AOS mechanism in the Co/Gd bilayer can be obtained by

theoretical studies using the layered-M3TM, which was introduced in Sec. 3.3. In

this section, some first AOS calculations using the layered-M3TM are presented.

Unless stated otherwise, the simulation and material parameters listed in Table

3.1 in Sec. 3.3.2 are used. The standard Co/Gd bilayer used throughout the cal-

culations consists of 5 (atomic) Co layers on top of 3 Gd layers, approximately

representing a Co(1)/Gd(1) bilayer (thickness in nm). The exchange interaction

between the Co and Gd is set to Jex/kB = −1000 K, where Jex is equal to exchange
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Figure 8.4: (a) Normalized magnetization in each atomic layer of the Co/Gd bilayer
as a function of temperature, calculated using the layered-Weiss model, with Jex/kB =
−1000 K. The position of each atomic layer within the multilayer is given by the color of
the curve in combination with the cartoon of the multilayer given in the inset. (b) Laser-
pulse induced dynamics in the Co/Gd bilayer at room temperature, using a normalized
laser fluence of P0/Pmax ≈ 0.8. The top panel shows the electron Te and phonon Tp

temperatures as a function of time. The bottom panel shows the normalized magnetization
in each layer as a function of time. The color coding of the curves is the same as using in
figure (a).

splitting ∆ex with m = 1 [Eq. (3.23)]. This value is derived from the Co-Co ex-

change interaction using the same ratio as has been calculated for Fe-Fe and Fe-Gd

[66].

In the model, the initial magnetization configuration in the multilayer before laser

pulse excitation, and at the given ambient temperature, is calculated using the

layered-Weiss model (Sec. 3.3.2). A typical calculation of the magnetization in the

Co/Gd bilayer as a function of temperature is presented in Fig. 8.4(a). The fig-

ure shows the normalized magnetization in each atomic layer as a function of the

temperature, where the position of each atomic layer within the multilayer is given

by the color of the curve in combination with the cartoon of the multilayer. It is

seen that the magnetization in the Co and Gd layers have an opposite sign, which

is the result of the AF coupling (Jex < 0). Moreover, a non-zero magnetization

in the Gd layers is observed at room temperature (dotted line). With the Curie

temperature of Gd below room temperature, this shows the presence of an induced

magnetization in the Gd due to the exchange interaction with the Co. As expected,

the induced magnetization decreases with the distance from the Co/Gd interface.

The magnetization compensation temperature of the bilayer is 220 K.
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A typical simulation of the laser-pulse induced magnetization dynamics in the

Co/Gd bilayer at room temperature is presented in Fig. 8.4(b), using a normalized

laser fluence of P0/Pmax ≈ 0.8. The laser fluence is normalized to the laser fluence

Pmax for which the lattice temperature reaches the Curie temperature. The top

panel displays the electron Te and phonon Tp temperatures as a function of time,

showing the typical fast and large increase in Te due to laser-pulse heating of

the electron system, followed by a slower equilibration between Te and Tp. On

a much longer time scale, the temperatures of both systems cool down to the

ambient temperature. More interesting is the bottom panel, which presents the

(normalized) magnetization dynamics in each atomic layer [same color coding as

in Fig. 8.4(a)]. Before the laser-pulse excitation at t = 0 ps, the magnetization

configuration corresponds to the magnetization along the dotted line in Fig. 8.4(a).

Long after the laser-pulse excitation (t = 100 ps), the magnetization ends up in the

reversed configuration, demonstrating the single-pulse AOS in the Co/Gd bilayer.

This observation shows that the exchange scattering between the AF coupled Co

and Gd layers at the Co/Gd interface is enough to drive the AOS of the full

structure, as will be discussed in more detail later.

Looking on a shorter time scale, it can be seen that the average dynamics during the

AOS is similar as experimentally demonstrated for the thermal single-pulse AOS

in a GdFeCo alloy [28]. The Co demagnetizes faster, reaching full demagnetization

before the Gd does. Due to the exchange scattering, the magnetization of the

Co remagnetizes along the Gd magnetization direction, resulting in a transient

ferromagnetic-like state. Afterwards, the Gd magnetization reverses its direction

as a result of the AF exchange interaction, completing the AOS.

Concentrating on the individual Co layers (inset), it can be seen that the Co layer

at the Co/Gd interface (Co1) demagnetizes slightly faster than the other Co layers.

This is the result of the exchange scattering with the neighboring Gd layer (Gd1),

which serves as an additional channel for angular momentum dissipation. Due to

the exchange scattering between Co layers, the effect of the exchange scattering

at the Co/Gd interface is passed along to the adjacent Co layers, causing Co2 to

demagnetize faster than Co3, and so on. A similar effect is seen for the Gd layers.

However, for the outer Gd layer (Gd3) a small initial increase of the magnetization

is seen, which results from the net transfer of angular momentum (with Gd2) that

dominates over the local demagnetization.

The layered-M3TM can be used to investigate the AOS behavior in the Co/Gd

bilayer, and the effect different properties of the bilayer have on the optical switch.
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Figure 8.5: Normalized average magnetization of the full Co layer in the Co/Gd bilayer,
at 100 ps after the laser-pulse excitation, and as a function the normalized laser fluence
P0/Pmax and (a) Jex/kB or (b) the number of Co layers. Blue and red areas indicate the
presence and absence of AOS, respectively. (c) Time (after the laser-pulse excitation) at
which the magnetization in each Co layer reverses its direction, calculated for a bilayer
with 10 Co layers and a normalized pulse energy of P0/Pmax = 0.95.

For instance, Fig. 8.5(a) demonstrates the impact of Jex on the AOS, showing the

normalized average magnetization of the full Co layer, at 100 ps after the laser-

pulse excitation, as a function of Jex/kB and the normalized laser fluence P0/Pmax.

The Co magnetization starts along the +1 direction (red), meaning that the blue

and red regions in the figure correspond to the presence and absence of AOS,

respectively. It can be seen that a certain (threshold) AF exchange interaction is

needed to obtain AOS. Furthermore, the threshold laser fluence (marked by the

red to blue transition) decreases with increasing coupling strength. The presence

of the threshold exchange interaction can be explained by the dependence of the

induced magnetization in the Gd and the efficiency of the exchange scattering on

the strength of the exchange interaction. For the AOS to happen, the Co needs

to reverse its magnetization direction, forming the ferromagnetic-like state. When

Jex is too small, the exchange scattering between the Co and Gd is not sufficient

enough to do so. When AOS is present, increasing Jex causes an increasing amount

of induced magnetization in the Gd, and a more effective exchange scattering,

enhancing the angular momentum exchange and thereby reducing the needed laser

fluence for the AOS.

The result shown in Fig. 8.5(a) might also explain the experimental result pre-

sented in Fig. 8.3. In that figure, it was demonstrated that the threshold fluence

for single-pulse AOS in a Pt/Co/Pt(tPt)/Gd stack increases with tPt. Based on

the layered-M3TM calculations, the observed increase in threshold fluence with tPt

could be explained by a decrease in the exchange interaction felt by the Gd due to

the insertion of Pt at the Co/Gd interface, which is indeed expected.
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More insight into the switching dynamics is obtained by modeling the AOS as a

function of the amount of Co layers (i.e., the Co thickness) in the Co/Gd bilayer.

Fig. 8.5(b) shows the normalized average magnetization of the full Co layer, at

100 ps after laser-pulse excitation, as a function of the number of Co layers and

the normalized laser fluence P0/Pmax (using Jex/kB = −1000 K). As before, the

blue and red colors indicate the presence and absence of AOS, respectively. A

clear increase in the threshold fluence with the number of Co layers is observed,

which is related to an increase in Curie temperature with Co thickness. Indeed,

a similar increase with number of Co layers was seen for the Curie temperature

using layered-Weiss model calculations. The thickness dependence results from the

reduced exchange interaction felt by the boundary (surface) Co layers.

The increase in the threshold fluence with Co layer thickness was measured experi-

mentally in the Pt/Co/Gd stack in Chap. 6 [Fig. 6.3(b)], and also for an increasing

amount of Co/Ni repeats in the Pt/[Co/Ni]N/Gd stack [Fig. 8.1(a)].

For the thicker bilayers, including ten or more Co layers, there is no sharp threshold

fluence that marks the transition from no AOS (red) to AOS (blue), but there is

a more gradual transition (white regions). For these fluences, the laser pulse only

switches the magnetization in a part of the Co layers, where the layers closest to the

Co/Gd interface are switched, while the layers further away are not switched (and

remagnetize in their initial direction). Although this is believed to be an artifact

of the model calculation, it does elucidate the switching mechanism in the bilayer,

indicating an ’AOS wave-front’ that passes through the structure.

Figure 8.5(c) shows the time (after the laser-pulse excitation) at which the mag-

netization in each Co layer reverses its direction, calculated for a bilayer with 10

Co layers and a normalized pulse energy of P0/Pmax = 0.95. It can be seen that

the Co layers reverse their direction one after the other. This can be envisioned as

an ‘AOS wave-front’ that originates at the Co/Gd interface, and flows through the

layers to finally switch all the Co layers. The AOS wave-front is passed along the

Co layers by the exchange scattering between them. The partial switch that is seen

in the thick Co layers near the threshold fluence appears when the magnetization in

the outer Co layers, far away from the Co/Gd interface, are already remagnetized

too much before the AOS wave-front reaches them, preventing them to switch their

direction.

A full switch can be achieved by increasing the laser fluence [see Fig. 8.5(b)],

which increases the speed at which the AOS wavefront is moving through the Co
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layers with respect to the remagnetization of the outer Co layers. Moreover, it was

verified that the partial AOS could also be pushed to a full switch by increasing

the exchange scattering rate between the Co layers. Finally, it is noted that that

such a partial switch, including a horizontal domain wall, is not expected to occur

in actual thin films.

In conclusion, it is shown that the layered-M3TM can reproduce the single-pulse

AOS in the Co/Gd bilayer. This shows that the exchange scattering between the

AF coupled Co and Gd at the Co/Gd interface can be used as the sole driving

force for the AOS. It does, however, not exclude any other mechanisms, such as

the exchange of laser-induced spin currents, from participating in the AOS. Using

the layered-M3TM, some first parameter investigations were performed. Specifi-

cally, the dependence of the AOS on the laser fluence, exchange interaction at the

Co/Gd interface, and the Co thickness was investigated, showing a promising cor-

respondence with the experimental results on the single-pulse AOS in Pt/FM/Gd

stacks presented in the previous section.

8.3 Outlook

The AOS measurements performed on the different synthetic-ferrimagnetic multi-

layers in this thesis have shown that the Pt/FM/Gd stack is a versatile structure

showing single-pulse AOS, while the magnetic properties of the FM layer can be en-

gineered to meet the desired requirements. In combination with the layered-M3TM

model, this provides a convenient tool to investigate the dynamics and switching

mechanism of the single-pulse AOS in these multilayered structures. For instance,

as was shown in this chapter, the contribution of the exchange interaction and

spin currents to the AOS can be investigated in future measurements by engineer-

ing the FM/Gd interface, e.g., by adding different dusting layers. The effect of

spin currents on the AOS can be further investigated by separating the FM and

Gd layers by different nonmagnetic spacer layers (NM), e.g., using both conduct-

ing and insulating AF coupling spacer layers in a FM/NM/Gd stack (similar as

suggested earlier to investigate the contribution of spin currents in the AOS in

the Pt/SAF/Gd stack). It is noted, that in this case, the Gd is no long directly

coupled to the FM, meaning there is no induced magnetization. Therefore, these

measurements should be performed at low temperature, e.g., in a cryostat, where

the temperature can be decreased to below the Curie temperature of the Gd layer.

It is also noted that for these structures, the Gd will (most likely) be in-plane

magnetized. Luckily, the single-pulse AOS is a purely thermal effect, and is not
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dependent on the relative orientation between the (antiparallel aligned) magneti-

zation in the Co and Gd layers and the propagation direction of the light, meaning

that experiments with either two in-plane or two out-of-plane magnetized layers

should show the same single-pulse AOS behavior.

Additionally, time-resolved measurements on the AOS could be performed using

a TR-MOKE setup, where the localized nature of the FM and Gd layers in the

FM/Gd bilayers makes it possible to measure the dynamics in the individual layers

using the layer-specific MOKE technique (Sec. 3.2.3). Using these measurements,

insight into the time scale and the switching dynamics of the single-pulse AOS

in the synthetic-ferrimagnetic layers can be obtained, which can be analyzed or

verified using the layered-M3TM.

From an application point of view, the robust single-pulse AOS in the FM/Gd

bilayer also shows high potential. Following the work presented in Chap. 7, Pt/FM

/Gd racetracks are envisioned in which the angular momentum in the FM/Gd fer-

rimagnet is fully compensated, which is shown to dramatically increase the domain

wall velocity and thus allowing high data transport rates [11, 62]. A different road

towards single-pulse AOS in high-speed racetracks is by using the Pt/SAF/Gd

stack, for which high domain wall motion has been measured for (almost) compen-

sated magnetizations of the FM layers in the SAF [10], and for which single-pulse

AOS has been demonstrated in this chapter.

The next (crucial) step towards a final photonic memory application is the im-

plementation of this scheme into photonic integrated circuits, meaning that the

laser-spot size needs to be scaled down to the 10 − 100 nm range. As was men-

tioned in Chap. 7, one possibility is to exploit a technique already well-developed

for heat assisted magnetic recording (HAMR). In HAMR, an optical wave guide

is used to couple the laser-beam into a plasmonic structure, which reduces the

FWHM laser beam size to < 40 nm [23], in order to very locally heat an underlying

magnetic disc. Since the single-pulse AOS is a purely thermal process, the same

technique can be used to scale down the AOS to the nanometer length scale. Using

this method to integrate the single-pulse AOS with a 10− 100 nm sized racetrack,

combined with an all-optical read-out technique (e.g., based on a magneto-optical

effect such as the Kerr effect), will finally result in the creation of an integrated pho-

tonic memory device, which might be of great value for future photonic integrated

circuits.





Summary

Femtomagnetism meets spintronics and magnonics

The work presented in this thesis is performed in the field of femtomagnetism,

which investigates the response of the magnetization in magnetic thin films to the

excitation by an intense femtosecond (fs) laser pulse. This field kicked-off about

two decades ago, when it was demonstrated that the magnetization reacts on a

sub-picosecond time scale, of which the relevance for fast and energy-efficient mag-

netic data storage devices was quickly recognized. About a decade later, it was

discovered that the laser-pulse excitation also generates an intense and ultrafast

spin current. Nowadays, electrically generated spin currents are heavily used in

the field of spintronics, where they are exploited to manipulate the magnetization

via the spin transfer torque. A similar control, but on an ultrafast time scale, can

be achieved using the optically generated spin current. Around the same time, it

was also discovered that single fs laser pulses can be used to completely reverse

the direction of the magnetization in magnetic thin films made of a ferrimagnetic

GdFeCo alloy. This phenomenon is called all-optical switching (AOS), which could

be used as the writing mechanism in future magnetic memory devices, possibly

allowing the writing speed to be increased with three orders of magnitude. More-

over, with regard to photonic integrated circuits, AOS could be used to create a

photonic memory device, in which optical data is directly stored in non-volatile

magnetic bits without the need of energy-costly electronics for the conversion from

the photonic to the magnetic domain.

The first part of this thesis starts with the investigation of the generation and

absorption of the fs laser-pulse excited spin current using a noncollinear magnetic

bilayer, including both a (spin-current) generation and absorption layer. The spin

current generation was investigated by varying the thickness of the generation

layer. It was found that the optical spin current generation is almost independent

on the generation layer thickness, shedding light on the underlying mechanism. The

absorption of the spin current was investigated using a wedge-shaped Co absorption
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layer, revealing an absorption depth of 2 − 3 nm. Moreover, it was demonstrated

that this very local absorption near the injection interface allows for the excitation

of THz standing spin waves in the absorption layer. This last observation could be

of great relevance for the upcoming field of (THz) magnonics, in which spin waves

(called magnons) are used for data logic, transport and manipulation.

Next, it was shown that the noncollinear magnetic bilayer is a convenient tool

to study the THz spin wave dispersion and spin wave stiffness parameter in the

thin-film regime, down to a few nanometer in thickness. This was experimentally

demonstrated for both a Co and CoB wedge-shaped absorption layer. Moreover,

the damping of the THz spin waves was investigated, displaying an additional

contribution to the damping, on top of the expected intrinsic damping and interface

spin pumping induced damping. Surprisingly, a previously unseen decrease in the

(additional) damping was observed for the highest spin wave frequencies, which

is advantageous when pushing magnonics to the THz regime using magnetic thin

films.

The second part of the thesis involves the earlier introduced all-optical switching

(AOS) in combination with the field of spintronics. In this part, first steps are

taken towards the integration of AOS with the racetrack memory. AOS using

single laser pulses is already well established for some years, however, the material

system for which this single-pulse switching is seen lacks some of the properties

that are desired for the racetrack memory.

The work presented in the second part starts with the demonstration of single-

pulse AOS in synthetic-ferrimagnetic Pt/Co/Gd stacks, a material system with

high potential for the racetrack memory. First, the magnetic properties of the

Pt/Co/Gd stacks were investigated, which demonstrated that the multilayer has

a perpendicular magnetic anisotropy (PMA). This PMA is needed for coherent

and fast transfer of the data through a racetrack using the spin Hall effect, and

also facilitates a high data density. Also, an antiferromagnetic coupling between

the Co and Gd magnetizations was demonstrated, which is needed for the AOS.

Next, and most importantly, it was demonstrated that the Pt/Co/Gd stack indeed

shows deterministic single-pulse AOS. This was done by exposing the multilayer to a

single laser pulse (≈ 100 fs), whereafter the magnetization was imaged using a Kerr

microscope. Looking at the effect of up to ten subsequent laser pulses demonstrated

a clear toggle-switch behavior, which is a characteristic of the desired single-pulse

AOS mechanism. Lastly, using laser-pulse-energy-dependent measurements, the

minimum energy per unit area needed for the AOS, i.e., the threshold fluence, was
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investigated for a series of Pt/Co/Gd stacks. This revealed that the threshold

fluence strongly depends on the Co layer thickness. The threshold fluence for the

multilayer with the thinnest Co layer of 0.8 nm showed a threshold fluence that

scales to below 50 fJ needed to switch a 50 × 50 nm2 bit, demonstrating the high

energy-efficiency of the AOS.

In a next step towards spintronic integration, Pt/Co/Gd multilayers were patterned

into micron-sized racetracks using electron-beam lithography. Using the anomalous

Hall effect to directly measure the magnetization in the racetrack, it was verified

that the single-pulse AOS was also present in the patterned structures. Moreover,

a deterministic toggle switch with a success rate of 100 % over more than 5000

subsequent laser pulses was achieved, demonstrating the robustness of the AOS.

Using current-driven magnetic domain wall (DW) motion measurements, it was

verified that the DW’s of the optically written domain are chiral Neél walls, allowing

efficient and coherent motion of the optically written domains by the spin Hall effect

(SHE). With this knowledge, a first proof-of-concept measurement was performed,

demonstrating ‘on-the-fly’ single-pulse AOS in a racetrack, i.e., writing magnetic

domains in the racetrack using single-pulse AOS, while simultaneously the optically

written data is transported through the racetrack by an electrical current (via the

SHE). A quantitative analysis of the domain wall motion in the racetrack was

performed to obtain the SHE efficiency, promising high domain wall motion and

consequently high data rates.

In the final part of the thesis, it was demonstrated that the synthetic-ferrimagnetic

Pt/FM/Gd stack (with FM a ferromagnetic thin film) is a versatile structure,

allowing easy engineering of the FM layer to obtain the desired magnetic properties,

while maintaining the single-pulse AOS capability. Additionally, it was shown that

the magnetization in both FM layers of a synthetic-antiferromagnet can be switched

using single-pulse AOS when one of the FM layers in the SAF is capped with a

Gd layer, opening up another route to the integration of AOS with high-speed

racetracks.

Finally, a layered microscopic three temperature model (layered-M3TM) was in-

troduced, and was used to model the single-pulse AOS in a Co/Gd bilayer. This

showed that the exchange scattering between the antiferromagnetically coupled

Co and Gd at the Co/Gd interface can be used as the sole driving force for

the AOS. Moreover, some first parameter investigations were performed which

showed a promising correspondence with the experimental results on Pt/FM/Gd

stacks presented in this thesis. Combined with the experimental research using
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the Pt/FM/Gd stack, the layered-M3TM could be of great value in the pursuit

of a deeper understanding of the single-pulse AOS dynamics in the synthetic-

ferrimagnetic multilayers.
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