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1
GENERAL INTRODUCTION

Data storage and processing are increasingly important factors for the operation of the

modern world. The projected exponential growth of data generation is driving the search

for new ultrafast and energy-efficient technologies which can keep pace with these devel-

opments. Optical manipulation of magnetic materials is posed to play a significant role in

future information technologies. In particular, the revolutionary possibility to write data in

magnetic materials with femtosecond laser pulses could drive the next generation of data

storage and logic devices. This phenomenon can also readily be combined with the rapidly

developing field of photonic integration, providing on-chip data storage at unprecedented

speeds.

This chapter provides a brief overview of the current technological challenges and develop-

ments that drive research into optical manipulation of magnetic order. The structure of the

thesis is discussed at the end of this chapter.
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2 GENERAL INTRODUCTION

1.1 CHALLENGES IN FUTURE INFORMATIONTECHNOLOGY

Throughout human history, developments in the field of communication technology

have led to ever increasing interconnectedness. With the advent of the information age

in the past century, this process has sped up exponentially. The ease of access to un-

precedented amounts of data appears to lead to only more rapid data generation, with

seemingly no end in sight. In 2020 alone there were over 10 billion devices connecting

to the internet,1 generating more than 640 trillionGB of data.2 Amain challenge going

forward is making sure that data processing capacity keeps up with the increasing rate

of generation. Moreover, although a majority of this data is discarded after processing,

a significant amount still needs to be stored in a reliable manner. This data often needs

to be accessed at a moment’s notice, driving demand for ever faster storage technolo-

gies. The energy usage of data centers, where massive amounts of data are processed

and stored, is already reaching 1% of the global energy demand;3 new technologies

are desperately needed to prevent energy consumption from growing at the same

exponential rates as data generation. More than 10% of the energy consumption in

data centers is taken up by data storage alone,4 making this an attractive area in which

to implement more energy-efficient technologies.

Non-volatility is an essential component for stable long-term data storage. This

refers to the capability of a storage device to retain written informationwhen the supply

of power is switched off. This capability is intrinsic in magnetically ordered media,

making them prime candidates for data storage. Indeed, magnetic hard-disk drives

(HDDs) have become the storage medium of choice for consumers and businesses

alike since their introduction in the 1950s. In these devices, information in the form

of bits (‘0’s and ‘1’s) is encoded by the local orientation of the magnetic moments in a

ferromagnetic recording medium. Detection andmanipulation of these bits occurs at

read/write heads, which contain electrical sensors to read out bits, and electromagnets

to write bits via pulsed magnetic fields. The recording medium is contained in a coating

on a platter, which is rotated beneath the moving head in order to access data. This

need to physically move components is one of the major drawbacks of the HDD, as it

requires relatively high amounts of energy and introduces with the risk of mechanical

failure. In combination with the inherent speed limits of the electrical schemes used to

write and read data, it also leads to typical timescales for accessing data in the order of

milliseconds.5

1



1.2. STORING DATA IN MAGNETIC MATERIALSWITH LIGHT 3

As amatter of fact, electronics is proving to be the bottleneck in many data process-

ing devices due to heating issues and crosstalk uponminiaturization of interconnects.

An alternative to conventional microelectronics seeing rapid development is the field

of photonic integration, where data is carried not by electrons, but by photons of light.

The idea at the core of photonic integration is to develop and combine elemental pho-

tonic building blocks analogous to microelectronic components. Chips which consist

of several of these building blocks are referred to as photonic integrated circuits (PICs).

Crucial components such as on-chip lasers,6 detectors,7 andmultiplexers8 have seen

continuous development and optimization. Integration of such components has led to

an exponential increase of the complexity of these chips over the past decades.9 This

has increasingly given PICs the capability to perform tasks which were previously either

relegated to the realm of electronics,10 or required large and complex optical devices.11

Specifically in data centers, the call for ever faster data processing can be answered by

photonic chips which are capable of efficient operation at large bandwidths.12 In recent

years PICs have already been seeing increased use in data centers in easily integrated

commercial modules.13,14

However, there is significant latent potential for further on-chip integration of pho-

tonics in data centers, in particular in data storage. This still largely takes place in

conventional HDDs, which use electrical signals to write data in the magnetic storage

medium. As such, an intermediate conversion of information from the photonic to the

electronic domain is required before being able to access the storage device, reducing

throughput and imposing additional heat generation.* The elimination of this con-

version step is therefore highly desirable. This requires the capability to write data in a

storage medium directly with light propagating in a PIC.

1.2 STORING DATA IN MAGNETIC MATERIALSWITH LIGHT

In certain magnetic materials it is actually possible to write data using only light, using a

phenomenon known as all-optical switching (AOS).15–18This fascinating physical process

is triggered by exposing the magnetic material to a light pulse with a duration of mere

tens of femtoseconds (fs). A pulse with sufficient energy can then toggle themagnetiza-

tion between the up (‘0’) and down (‘1’) states within only a few ps.19 As a way to write

data, this is orders of magnitude faster than competing technologies, where writing

*Solid-state drives (SSDs), where data is stored in electronic flash memory, are seeing increasing use in data

centers. Although no second conversion step of information to the magnetic domain is necessary in this case,

these devices still require conversion to the electronic domain, with the same associated drawbacks.

1



4 GENERAL INTRODUCTION

Ferromagnet Ferrimagnet
Synthetic

ferrimagnet

Figure 1.1: Sketch of the ordering of magnetic moments in a typical ferromagnet, disordered

ferrimagnet, and (layered) synthetic ferrimagnet. Colors represent differentmagnetic sublattices.

times of several nanoseconds are already cutting-edge.5 Additionally, this process is

also highly energy-efficient, with energies in the order of tens of femtojoules needed to

switch one bit.20

AOS is by nomeans a ubiquitous process; it is known to occur only in very specific

ferrimagneticmaterials. These differ in a key aspect from themore well-known ferro-

magnets. As sketched in figure 1.1, all magnetic moments in a ferromagnet align in

the same direction. In a ferrimagnet there are instead twomagnetic sublattices, often

composed of different materials, with opposing magnetic moments; in general, the

magnetization of these sublattices is not equal. AOS has mainly been discovered in

rare-earth transition metal (RE-TM) ferrimagnets. Here generally one of the sublattices

consists of the REmaterial Gd, and the other ofTMmaterials such as Co or Fe. Most

research intoAOShas been performed on disordered RE-TMalloys, such asGdFeCo.16,17

However, synthetic ferrimagnetswhere the sublattices are separated in different layers

can also facilitateAOS, as was first demonstrated with Co/Gd bilayers.20 The benefit of

this class of materials lies in the increased possibilities for device engineering which are

opened up by their layered nature.

A potential device that enables storage of data from PICs directly into a magnetic

mediumwith the use of AOS is shown in figure 1.2. In this device, data would be stored

in a so-called racetrack memory (RTM), where a Co/Gd bilayer is the magnetic storage

medium. A striking difference between the RTM and conventional magnetic storage

devices such as HDDs or magnetic tape is the absence of any moving parts.21,22 The

magnetic pattern which encodes the data is insteadmoved along the racetrack using

electrical current pulses. Writing data occurs at the intersection of the racetrack and a

photonicwaveguide, throughwhich an ultrashort light pulse propagates. AOS can occur

when this light is locally absorbed by theCo/Gd racetrack, thuswriting a bit. Reading out

data could also be done all-optically by exploiting magneto-optical effects; interaction

1



1.2. STORING DATA IN MAGNETIC MATERIALSWITH LIGHT 5

Figure 1.2: Artist’s impression of a synthetic ferrimagnetic racetrack memory integrated in a

photonic circuit. Data is written to and read from the racetrack with light pulses propagating

through photonic waveguides; bits are moved along the racetrack with electrical current pulses.

with the local magnetic moment can for instancemodify the polarization of the light

propagating through the photonic waveguide, as has recently been demonstrated.23

Aside from being easy to engineer for AOS, synthetic ferrimagnets provide another

benefit for this device. In order to efficiently move the magnetic pattern through the

racetrack, it is critical to tune the net magnetization of the material. More specifically,

motion of these magnetic domains is at its most efficient when the angular momentum

of the twomagnetic sublattices cancels, which is easy to achieve in synthetic ferrimag-

nets.24 Typical speeds of hundreds to thousands of m/s, combined with envisioned bit

sizes in the order of 50 nm, could see sequential writing speeds of tens of Gbit/s per

track. As many tracks could be fabricated in parallel, reading and writing speeds as well

as storage capacity are easily scalable.5Very low bit access times can also be achieved

by including multiple reading and writing interfaces per track. Althoughmost research

towards the RTM has focused on electrical reading and writing schemes, a proof-of-

principle of an optically addressed Co/Gd racetrack has already been presented.25 Note

that this demonstration made use of free-space optics, and integration with photonics

for both reading and writing is still ongoing.

Present research indicates thatmoving themagnetic domains through the racetrack

could be quite a challenge. Large current densities are needed to achieve motion,

and pinning of domain walls at the edges of the track is still prohibitive to consistent

device operation. A device architecture which circumvents this issue is themagnetic

random-access memory (MRAM). In such a device, each bit is stored in an individual

magnetic pillar and can be addressed at will. Reading bits in these devices is done using

1



6 GENERAL INTRODUCTION

electrical currents, making use of tunnel magnetoresistance (TMR),26,27 hence the term

magnetic tunnel junction (MTJ) for the individual magnetic pillars. In general bits are

also written using current pulses, and commercial devices where this is done using spin-

transfer torque (STT) are already on the market.28 At the same time, spin-orbit torque

(SOT) MRAM devices boasting faster writing speeds and lower current requirements

are also seeing rapid development.29 In both kinds of MRAM devices, bits are written

by the angular momentum transferred from a spin-polarized current passing either

through (STT) or along (SOT) the bit layer. Although there has been significant progress

in this field, even the fastest writing times achieved using SOTs are still in the order

of hundreds of ps.30 It has therefore been proposed to useAOS as an ultrafast way to

write data in MTJs.31 Synthetic ferrimagnets are also particularly promising candidates

for integration in such devices. In fact, recently a Co/Gd-based optically switchable

MTJ compatible with industrial fabrication processes has been demonstrated, yielding

writing times of only 10 ps.32

Amajor advantage of MRAM over the RTM is the absence of the latency induced

by shifting a bit to a reading or writing device. However, the need for each bit to be

individually addressable makes integrating optically-writeable MRAM in photonic chips

somewhat more complicated. In principle the electrical signals generated with the

conventional TMR reading schemes can be straightforwardly converted back to the

photonic domain. For instance, electro-optical switches33 could be used to reroute light

in waveguides based on the bit state. Writing bits on the other hand is more involved,

as requiring a separate waveguide for each bit would immensely increase fabrication

complexity. One proposed solution is to use gratings to redirect light onto individual

MTJs instead.34

Although significant strides in understanding have beenmade in the fifteen years

since the discovery of AOS, several questions still remain which are highly relevant for

future applications. For instance, while the switching speed ofAOS is known (less than

10 ps),19,35 the rate at which repeated AOS events can take place has scarcely been

investigated. Second, the microscopic origin of the switching mechanism is not yet

completely understood. It is known that ultrafast laser excitation of magnetic materials

can lead to the excitation of mobile electrons carrying a magnetic moment, so-called

spin currents.36 However it remains unclear to which extent such laser-induced spin

currents play a role duringAOS, which is vital knowledge for future device optimization.

Finally, the toggle nature ofAOS provides another barrier to implementation in devices.

With no consistent way to set a bit, a read or reset step is needed before every writing

step, significantly slowing down operation speeds and limiting the potential of AOS.

1



1.3. OUTLINE OF THIS THESIS 7

1.3 OUTLINE OF THIS THESIS

In this thesis, we investigateAOS and ultrafast laser-induced spin current generation in

synthetic ferrimagnetswith an eye to their applications in the data processing devices of

the future. To provide a background for the research presented in this thesis, chapter 2

gives an overview of the history and state-of-the-art of the research in the fields of

ultrafast magnetization dynamics, AOS, and optical spin current generation. Chapter 3

describes the experimental concepts and methods used in this work, as well as two

theoretical models which are used to deepen our fundamental understanding.

The first novel results are presented in chapter 4, where we endeavour to find the

fundamental speed limits of repeatedAOSevents in synthetic ferrimagnets. In chapter 5

we investigate ultrafast optical spin current generation in synthetic ferrimagnets with

the use of collective magnetic excitations, giving additional insight into the role of non-

local spin transport inAOS. In chapter 6 we combineAOS and spin currents to provide

novel device functionality, resulting in a way to optically write magnetic information in

a deterministic manner.

Finally, chapter 7 consists of additional research on engineered synthetic ferrimag-

nets for high-density data storage, as well as insights into the dynamics of AOS in the

presence of external spin currents. This chapter concludes with a general outlook on the

applicability of the research presented in this thesis to future spintronic technologies.

1





2
BACKGROUND OF FEMTOMAGNETISM

Several fascinating physical phenomena can arise when amagnetic material is brought out

of equilibrium at the femtosecond timescale. In this thesis we investigate and ultimately

combine two of these phenomena, namely all-optical switching (AOS) and laser-induced

spin-current generation. To place this work into context, this chapter serves as a summary

of the diverse body of research in the field which has arisen in the past decade. First

we introduce the field of femtomagnetism with a short discussion of some pioneering

experimental and theoreticalworks. We then present an overviewof the history and current

state of the art of AOS, as well as existing research into ultrafast optically generated spin

currents. The chapter concludes with a brief summary of existing work at the intersection

of the two phenomena under investigation.
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10 BACKGROUND OF FEMTOMAGNETISM
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Figure 2.1: Magnetization dynamics of a Ni film after excitation with a fs laser pulse. The red line

is a guide to the eye. Figure adapted from ref. 43.

2.1 ULTRAFAST MAGNETIZATION DYNAMICS

All-optical control of magnetization at ultrashort timescales inherently involves rapidly

bringing the magnetic system out of equilibrium. Research into general ultrafast non-

equilibrium dynamics was facilitated by the emergence of (sub-)ps optical spectroscopy

tools in the 1980s.37–39 Driven both by fundamental interest and a need for better

understanding of the hot topic of thermal magnetization writing,40 this new technique

was quickly applied to thermally excited magnetization dynamics.41,42 Although these

measurements were able to probe the interactions between the spins and the lattice,

the temporal resolution was insufficient to accurately map the initial excitation.

This was finally resolved in 1996, when Beaurepaire et al. published their results on

the fs laser-pulse induced demagnetization of a Ni film.43 The authors performed time-

resolved magneto-optical Kerr effect (MOKE) measurements (see section 3.1.3), where

themagnetizationwasmeasured in the first few ps after exciting the samplewith a laser

pulse with a duration of approximately 60 fs. The central result of this work, striking

and unexpected at the time, is shown in figure 2.1. Here the normalized magnetization

is plotted (black circles) as a function of the delay between the excitation (pump) pulse

and the measuring (probe) pulse, with the red line serving as a guide to the eye. At

the moment when the pump pulse hits the sample, a loss of magnetization occurs in

less than a ps. After this initial rapid demagnetization, the magnetic order recovers

relatively slowly, with a timescale in the order of tens of ps. The obtained data could be

explained using a phenomenological three temperaturemodel (3TM), taking into account

2



2.1. ULTRAFAST MAGNETIZATION DYNAMICS 11

the electron, spin, and phonon systems which exchange energy in the form of heat.

Here, the assumption was made that the laser pulse initially heats the electron system,

which in turn heats up the spin and phonon systems. The temperature of the spin system

canbe related to themagnetization via a straightforwardCurie-Weiss description,where

the magnetization tends to zero as it approaches theCurie temperature (T
C
). Further

equilibration with the phonon system then leads to the relatively slow remagnetization.

Ultrafast laser-induced demagnetization was subsequently reported in several mag-

netic materials, such as the transition metals Fe and Co,44,45 several alloys,46,47 and

the elementary rare-earth magnets, Gd andTb.48,49 This latter class of materials is of

special interest due to their intrinsically slower magnetization dynamics, as we will see

in section 2.2. Although the 3TM was to some extent successful in qualitatively repro-

ducing the experimentally observed behavior, the exact mechanism responsible for

dissipating the angular momentum of the spins was not discovered. In fact, a compre-

hensive understanding of themicroscopic processes at play has remained elusive to this

day. Several possible microscopic origins have been proposed, which can be generally

divided into local and non-local explanations. In the former class, local scattering events

are taken as the origin of angular momentum dissipation, leading to for instance angu-

lar momentum transfer between spin and orbital moments,50 and electron-electron51

scattering. In non-local models, demagnetization occurs via the transfer of angular

momentum to itinerant magnetic moments, which are able to transport angular mo-

mentum away from the demagnetizing material. The proposed processes involved

here include spin-dependent scattering of excited electrons,52 and scattering between

localized and itinerant magnetic moments.53

Here we highlight one specific local mechanism, namely electron-phonon scatter-

ing, which forms the basis of themicroscopic three temperature model (M3TM).54,55 As

the name suggests, this model is an extension of the 3TM, taking into account a mi-

croscopic origin of angular momentum dissipation. The general concept is that an

electron-phonon scattering event can cause a spin flip, thereby dissipating angular

momentum to the lattice via so-called Elliott-Yafet processes. This model is discussed

in more detail in section 3.2.1. The M3TM has been successful in describing a wide

range of experimentally observed ultrafast magnetization dynamics. An especially

significant results was its ability to capture the noteworthy difference in magnetization

dynamics in transition-metal and rare-earth ferromagnets within the same descrip-

tion.55 Interestingly, dissipation of angular momentum to the phonon system during

ultrafast demagnetization has recently been experimentally demonstrated.56,57

2



12 BACKGROUND OF FEMTOMAGNETISM

The successes of the vast array of different models in describing ultrafast magneti-

zation dynamics have made it difficult to reach a comprehensive understanding. In fact,

the debate on the dominant microscopic origin of fs-laser-induced demagnetization

is ongoing to this day, continually driving new theoretical work as well as novel exper-

imental approaches. Alongside the need for better fundamental understanding, the

potential technological impact and applications helped give rise to a diverse field of

research into ultrafast laser-induced magnetization dynamics, often dubbed femtomag-

netism.58Of the many phenomena discovered over the years, this thesis focuses mainly

on all-optical magnetization writing, and laser-induced spin transport, both of which

are introduced in the remainder of this chapter.

2.2 ALL-OPTICAL SWITCHING

Perhaps the most obvious application of ultrafast laser-induced changes in magneti-

zation lies in recording data in magnetic materials via heating. In fact, this possibility

had already been investigated for decades, albeit not in the ultrafast regime. Shortly

after the introduction of the magnetic hard-disk drive by IBM in 1956, the possibility of

using heat to record data in a magnetic film was already demonstrated.59 In this work

a hot needle was moved over a MnBi film, which was thereby heated above theCurie

temperature, quenching the magnetization(hence the proposed name for the method,

Curie-point writing). Upon cooling, magnetic order would return in the heated area

according to the magnetic stray fields from the surrounding area, yielding a domain

magnetized in the opposite direction. Although this particular method was quite slow

and somewhat impractical, the concept could readily be extended to other forms of

heating, such as electron beams60 and pulsed laser beams with pulse durations from a

few µs to tens of ns.61–63 The reliance on stray fields to determine the final magnetiza-

tion state provides limited possibilities for repeated writing of the same area; the use of

external magnetic field pulses to set the final state therefore eventually became the

standard.

It was soon realized that it is not necessary* to heat the material above theCurie

temperature. At this point in time, ferrimagnets found their first entry into the field

of magneto-optical recording.65,66 Such materials, which consist of opposing but un-

equal magnetic sublattices, show a strong peak in the coercive field at the temperature

*And in fact not desirable, as temperature increases of hundreds of K are needed to reach theCurie temperature

in materials which are suitable for data storage.64
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Figure 2.2: (a) Kerr microscopy images with out-of-plane contrast of AOS in aGdFeCo alloy and a

Co/Gd bilayer. Scale bars represent 20 and 100 µm respectively. Adapted from ref. 16 and ref. 20.

(b) XMCDmeasurement ofAOS dynamics in aGdFeCo alloy. The gray area indicates the transient

ferromagnetic state. Lines are guides to the eye. Adapted from ref. 19.

where the magnetizations of the sublattices cancel each other (the compensation tem-

perature). By heating a ferrimagnetic compound engineered to have its compensation

temperature at room temperature with a laser pulse, the coercivity rapidly drops. The

application of amagnetic fieldwhich is stronger than this reduced coercivity, concurrent

with the laser pulse, then suffices to switch the magnetization. Rare-earth transition-

metal (RE-TM) compounds became popular candidates due to the relative ease with

which they can be tuned to have the desired compensation temperature.67–70 These

materials found limited commercial success in magneto-optical disk drives,71 but have

since been superseded by granular ferromagnetic media due to a need for high bit sta-

bility and compatibility with conventional magnetic storage media. The latest iteration

of magneto-optical recording using external fields, known as heat-assistedmagnetic

recording (HAMR),72–74 is just now being introduced in commercial hard-disk drives.

Still, RE-TMcompoundsproved tohaveanother trickup their sleeveswithpotentially

massive implications for magneto-optical recording. In 2007, Stanciu et al. presented

surprising results obtained by exciting aGdFeCo alloy with fs laser pulses.15Without

the application of any external magnetic field, the magnetization was found to reverse

fully after exposure to a single 40 fs circularly polarized laser pulse. As the helicity of

the laser pulse determined whether or not magnetization switching would occur, the

interpretation was that the laser pulse was generating a transient magnetic field via

the inverse Faraday effect. The conjecture was that this magnetic field could reverse

the strongly quenched magnetization, analogous to field-assisted magneto-optical

2
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recording. However, it was later discovered that upon increasing the laser power, each

subsequent laser pulse toggles the magnetization between the two lowest-energy

states, and linearly polarized pulses were equally suitable.16 In figure 2.2a typical Kerr

microscopy images (see section 3.1.4) are shown of magnetic domains written with this

process, which was named all-optical switching (AOS).*

At first glance it seems counterintuitive that a laser pulse carrying no angular mo-

mentum is able to induce a coherent flip of magnetic moments. However, the actual

mechanism is relatively elegant, and critically depends on the disparate magnetic sub-

lattices in the material. Using X-ray magnetic circular dichroism (XMCD), Radu et al.

were able to measure theAOS dynamics of aGdFeCo alloy with a pump-probe exper-

iment in an element-resolvedmanner.19 Themain result of this experiment is shown

in figure 2.2b. The ferrimagnetic nature of the material is apparent from the opposite

sign of the Gd and Fe magnetization at negative time delay. When the pump pulse

arrives, the electrons are rapidly heated, and themagnetization of bothGd and Fe is

quenched. However, as discussed in the previous section, Gd intrinsically demagnetizes

significantly slower than Fe andCo. This leads to a situationwhere the Femagnetization

is almost fully quenched while a significantGdmoment still remains. At this point the

Fe magnetization crosses zero, creating a transient state where the magnetizations of

the two sublattices point in the same direction, indicated by the gray area in the figure.

As the Gd continues demagnetizing it is eventually also pushed through zero, which

is assumed to be due to the antiferromagnetic coupling between the sublattices. This

then results in a state where both of the sublattices have switched sign after less than

2 ps, eventually cooling and returning to saturation after some hundreds of ps.76–78

Although this last step seems relatively slow, it is possible for a second laser pulse with

only a 10 ps delay to induce a second switching event, as shown in chapter 4 and ref. 78.

Perhaps the most puzzling element of this process is the zero crossing of the Fe

magnetization. Although the exact microscopic origin is still heavily debated, mod-

elling efforts have convincingly shown that angular momentum needs to be exchanged

between the two sublattices in someway. Themechanism for angularmomentum trans-

port has often been phenomenologically described with the exchange field between

sublattices,16,79–81 and was made explicit in the M3TM via scattering events between

localized electrons.82 The proposed role of non-local effects involving spin transport via

itinerant electrons has been described by an s-d model,83–85 an extension of which we

will also use in this thesis (see section 3.2.2). Experimental work whereAOS has been

*The helicity-dependence of the pioneering experiment has been explained as magnetic circular dichroism, a

difference in light absorption for the two helicities depending on the magnetic state.75
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achieved with laser pulse durations up to 15 ps17 has called the necessity of a strongly

non-equilibrium electron population into question.86 However, similar to the issues in

explaning ultrafast demagnetization, the exact microscopic mechanism at the heart of

AOS has not yet been conclusively resolved.

Since the discovery ofAOS inGdFeCo alloys the phenomenon has been observed

for other alloys, such as GdCo87 and GdFe.78 A downside in all of these alloys is the

requirement for a composition such that the magnetizations of the sublattices (nearly)

compensate each other.88 This requirement can prove somewhat limiting with regard

to device engineering. However, a different class of systems was shown to be able to

forego this requirement. In synthetic ferrimagnets, where the RE andTM sublattices are

separated in different layers, the degree of compensation does not significantly seem to

matter. AOS in synthetic ferrimagnets was first demonstrated in Co/Gd bilayers, where

there was a 5:3 ratio between the magnetizations of Co and Gd.20 Later it was even

shown that these systems could still be switched when replacing the Co layer with a

Co/Nimultilayer up to four times thicker.89 In comparison, research suggests thatAOS in

GdFeCo alloys is no longer possible when varying theGd concentration with more than

3-4% from the compensation point.88 As discussed in section 1.2, Co/Gd systems have

already been successfully used in proof-of-concept spintronic memory devices.25,32

As such systems are relatively easy to fabricate, and provide more possibilities for

optimizing material parameters, they are the main focus of this thesis when it comes to

AOS.

In the all-optically switchable systems discussed so far, Gd has been the RE compo-

nent. However, the low intrinsic anisotropy of Gd makes these systems less suitable

for stable data storage. Due to its high spin-orbit coupling, the chemically similar RE

materialTb would make a good candidate for high-anisotropy systems.90While deter-

ministic toggle-AOS has been achieved in hybridGdTbCo systems,35 it has been difficult

to achieve in systems without anyGd. So far this has only been successful in Co/Tb mul-

tilayers, where the requirement for a very specific material composition reappears.91,92

This result is somewhat strange, as one might expect that the critical requirements for

AOS (antiferromagnetic coupling and exchange of angular momentum, and a differ-

ence in demagnetization rate) are still present in these systems. Note that although the

magnetization dynamics ofTb are faster than those ofGd,49,93 they are still significantly

slower than those of Co or Fe. This begs the question what exactly the limiting factor is

for achievingAOS inTb-based systems. A potential solution to this conundrumwill be

discussed in chapter 5; novel hybrid synthetic ferrimagnets exploiting the benefits of

bothGd andTb are presented in section 7.1.
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Figure 2.3: (a) Sketch of a magnetic heterostructure used to investigate non-local spin transport.

(b)Time-resolved MOKEmeasurement of the demagnetization of the heterostructure. Lines are

guides to the eye. Adapted from ref. 36.

2.3 OPTICALLY GENERATED SPIN CURRENTS

Non-local transport of angular momentum can be a significant factor in a large variety

of magnetization dynamics. In fact, experiments on homogeneous precession of mag-

netic moments in applied fields yielded the first proposal and observation of angular

momentum carried by spin-polarized electrons.94–96 In general there is a high screening

efficiency, such that there is no charge transport;97 the mobile spin-polarized electrons

are therefore often termed spin currents.

Evidence that ultrafast laser-induced demagnetization could also generate such a

spin current was provided in 2008 by Malinowski et al.36 The system investigated in

this work is sketched in figure 2.3a. This system consisted of two ferromagnetic Co/Pt

multilayers separated by a non-magnetic, conductive Ru spacer layer of 0.5 to 1 nm. As

the ferromagnetic layers were only weakly magnetically coupled, both a parallel and

antiparallel alignment of the layers could be obtained by applying an external magnetic

field. Figure 2.3b shows a measurement of the laser-induced magnetization dynamics

for both the parallel and antiparallel state. Here it can be seen that demagnetization

after fs laser pulse excitation is notably faster and stronger in the antiparallel case, giving

a strong indication that non-local angular momentum transport is occurring. Confir-

mation of the role of spin-polarized electrons was obtained with the disappearance of

the difference in demagnetization upon replacing the conductive spacer layer with an

insulating material, in this case NiO.

2
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Although the origin of these ultrafast spin currents is still hotly debated,52,98–101

their existence has been proven in other works with similar setups.102,103 Aside from

measuring their effects on other ferromagnets, these spin currents have also been

detected via second harmonic generation,104 via MOKE in the spin accumulation in a

thick spacer layer,99 or inTHz excitation occurring in a neighboring heavy metal.105–108

Moreover, they have been exploited to great effect to influence magnetization dynam-

ics in a variety of magnetic heterostructures. Here we highlight two cases which are

particularly relevant for the work presented in this thesis.

In one possible sample geometry, a spin current is injected into an adjacent ferro-

magnetic layer with its magnetization perpendicular to the spin current polarization. In

such a system, the spin current can excite precessional magnetization dynamics, or spin

waves, in the ferromagnetic layer. This is due to the injected spins acting as a torque

on the local magnetic moments, causing a canting and subsequent relaxation to the

effective magnetic field with a precessional motion. The simplest case is the excitation

of the homogeneous ferromagnetic resonance (FMR), where all spins precess with the

same amplitude and phase.99,103 The typical frequencies of such oscillations are in the

order of 10 GHz. Moreover, due to the short absorption length of the perpendicular

spin current, the canting of the magnetic moments can be inhomogeneous along the

layer thickness. This can then result in higher-order spin waves, with frequencies up

to 1THz.109 Both the FMR andTHz spin waves can be used to probe the spin-current

characteristics, which in turn are strongly related to the magnetization dynamics of the

generation layer.110

As hinted at previously, non-local transfer of angular momentum could also play

a role in AOS.The strength of the spin current has been shown to scale with the lost

magnetic moment;99 intuitively, a full reversal of the magnetization can be expected to

generate massive amounts of mobile spins. In fact it has experimentally been shown

that a spin current generated duringAOS in aGdFeCo alloy can be strong enough to

fully switch an adjacent ferromagnetic layer.111–113 Here it was deduced from geometric

considerations that Gd should be the dominant contributor to the spin current. Quanti-

fying this spin current would be a useful step towards determining the role of non-local

effects duringAOS, andmight clarify why systems containing onlyTb are muchmore

difficult to switch. Although some research using alloys has also shown a significant

contribution fromGd,100 a comprehensive picture is still lacking. In chapter 5, analogous

to ref. 110, we use FMRandTHz spinwaves to investigate spin current generation during

the ultrafast demagnetization of synthetic ferrimagnets. Here we specifically focus on

the differences betweenGd andTb, and reveal strong differences in their behavior.
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18 BACKGROUND OF FEMTOMAGNETISM

Finally, one might expect that injecting a spin current, supplying additional angular

momentum, into a system undergoingAOS could also strongly affect this process, as

it is highly out of equilibrium. Based on the necessity of the transient ferromagnetic

state for AOS, optimal switching conditions could be reached by assisting the rapid

demagnetization of the transition metal, whilst further slowing down that of the rare

earth metal. In chapter 6, we will investigate this scenario in synthetic ferrimagnets,

where we show that it can even lead to novel device functionality.

2



3
METHODS AND TOOLS

The experimental methods and theoretical models that were used in this thesis are intro-

duced in this chapter. The chapter starts with an explanation of the magneto-optical Kerr

effect, which is used to probe themagnetization inmany experiments. We explicitly discuss

the use of this effect for time-resolved magnetization measurements and for microscopy

with magnetization contrast. Finally, we discuss two models for ultrafast magnetization

dynamics, namely the pioneering microscopic three-temperature model, and an s-d model

which allows for the description of non-local dynamics.
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20 METHODS ANDTOOLS

3.1 MAGNETO-OPTICAL KERR EFFECT

Magneto-optics provides a straightforward way to probe the magnetization of a mag-

netic material using light. The first such interaction was discovered in 1845 by Michael

Faraday.114 This Faraday effect concerns the change of the polarization of light transmit-

ted through amedium in the presence of amagnetic field. A few decades later John Kerr

discovered themagneto-optical Kerr effect (MOKE), which instead occurs upon reflection

from amagnetizedmedium.115Wewill limit the discussion to this latter effect as the

samples in this thesis are generally opaque, prohibiting transmission measurements.

In this thesis we will generally use MOKE in the polar geometry, where the magneti-

zation points out of the film, in the same plane as the incident light. This geometry and

the polarization of light before and after reflection are sketched in figure 3.1. When a

linearly polarized beam of light reflects off a magnetic material, the polarization will

become elliptical, and its axis will rotate. These effects are termed Kerr ellipticity and

Kerr rotation, respectively. They can be understood by decomposing linearly polarized

light into a combination of left- and right-handed circularly polarized light. Initially

these components are equal in magnitude and are in phase. However, the interaction

of light with a magnetized material is actually dependent on the helicity of that light. A

difference in absorption for the twohelicities gives rise to theKerr ellipticity; a difference

in propagation velocity gives rise to a phase difference, the Kerr rotation.

The microscopic origin of this effect is to be sought in the coupling of electron spin

to the electric field of the light via the spin-orbit interaction.116 It is however more

illustrative to examine the effect at a phenomenological level, for which we show a brief

derivation following ref. 117.

In isotropic materials, the interaction between light and the material can be de-

scribed with the complex refractive index ̃n = n + iκ, where n is the index of refraction

and κ the extinction coefficient. Such materials can also be described with a single

dielectric constant ε = ñ2. However, in a magnetic field (be it intrinsic or applied) the

symmetry is broken, and instead the dielectric tensor ε is needed. For an isotropic

magnetic material lying in the x-y plane this is given by

ε = (
ε
xx

ε
xy

ε
xz

−ε
xy

ε
xx

ε
yz

−ε
xz

ε
yz

ε
xx

) . (3.1)

Now the off-diagonal elements depend on the magnetization, and are responsible
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FM

Figure 3.1: Schematic representation of the magneto-optical Kerr effect in the polar geometry.

Light reflectingoffamagneticmaterial experiences a rotationof its polarizationaxis, andbecomes

elliptically polarized.

for the magneto-optical interaction. We now consider the general case where the

magnetization and the path of the incident light both lie along the z-axis, which is

valid for most experiments in this thesis. Symmetry arguments then require that the

dielectric tensor reduces to

ε = (
ε
xx

ε
xy

0

−ε
xy

ε
xx

0

0 0 ε
xx

) . (3.2)

The eigenvalues of this matrix are related to incoming light with left- and right-handed

circular polarization, and can be calculated to be

ε
±
= ε

xx
± iε

xy
. (3.3)

Hence, the components making up the linearly polarized light will change relative to

each other upon reflection according to ε
+
− ε

−
= 2iε

xy
. The change in polarization,

expressed as the complex Kerr effectΘ, can then be calculated to be118

Θ = θ + iη =
ε
xy

√εxx (εxy − 1)
, (3.4)

where θ and η correspond to the aforementioned Kerr rotation and Kerr ellipticity,

respectively. As the off-diagonal element ε
xy
depends on the magnetization, this can

now be probed by measuring the polarization state of the reflected light.
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3.1.1 MEASURING THE MAGNETO-OPTICAL KERR EFFECT

Perhaps themost straightforward way to detect the Kerr effect is to measure the po-

larization rotation. This can be done by placing polarizers with (nearly) perpendicular

axes in the beam before and after reflection, such that the intensity of the beamwill

be related to the Kerr rotation. However, these effects are generally quite small; the

difference in Kerr rotation between opposite magnetization states for the thin film

samples used in this thesis is generally in the order of 0.01 °. During measurements

on laser-induced ultrafast magnetization dynamics, changes in the magnetization can

routinely be less than 1%. It is clear that a more sensitive detection scheme is desirable.

Here we turn to polarization modulation, which is done with a photo-elastic modula-

tor (PEM) placed into the beam before it reaches the sample. This devicemodulates the

polarization by periodically compressing a birefringent crystal through which the beam

passes, inducing a time-dependent phase difference between orthogonal linear polar-

ization directions.119 Amodulation scheme generally provides a better signal-to-noise

ratio due to the ability to discard unwanted interference by locking in to themodulation

frequency.

The effect of the PEM and its particular usefulness in measuring MOKE can be

understood using a matrix formalism, following ref. 120. The time-dependent Jones

matrixM describing the PEM is given by

M
PEM

(t) = (
1 0

0 eA cosΩt) , (3.5)

where A is the amplitude of the phase difference between the orthogonal polarization

directions, andΩ is themodulation frequency (typicallyΩ/2π = 50 kHz). If the incoming

light is linearly polarized with an angle of 45 ° relative to the axis of the PEM, after

passing through the PEM it is described by

(
E
x

E
y

) =
1

√2
(

1

eA cosΩt) . (3.6)

We now again consider the case of reflection of light off amagnetic material with an

out-of-plane magnetization vector, and incidence along this same vector. The induced

complex Kerr effectΘ can also be captured in a Jones matrix, namely by

M
FM

= r
s
(
1 −Θ

Θ r
p
/r
s

) , (3.7)
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where r
s
and r

p
are complex reflection coefficients for s- and p-polarized light respec-

tively. It can be shown that in order to avoid a time-dependence in the signal in the

absence of magneto-optical effects, a second polarizer (or analyzer) needs to be placed

in the beam after reflection.121 The intensity I at a detector can then be derived to be

I = R [ 1
2
+ θ cos (A cosΩt) + η sin (A cosΩt)] , (3.8)

where R = |r
s
|2, defining the intensity in the absence of magneto-optical interactions.

Expanding this in terms of spherical harmonics allows us to separate the constant and

time-dependent contributions to the signal. Here it suffices to take the first three

terms of the expansion, yielding the constant background intensity I
DC
, and the inten-

sity change at the frequency and double the frequency of the modulation, I
1f
and I

2f

respectively. These components are then given by

I
DC

= R ( 1
2
+ θJ

0
(A)) , (3.9)

I
1f
= ηRJ

1
(A) cosΩt, (3.10)

I
2f
= θRJ

2
(A) cos 2Ωt, (3.11)

where J
n
is the spherical Bessel function of the first kind, of order n.

Aside from the general benefit of any modulation scheme in increasing the signal-

to-noise ratio, an additional benefit of using a PEM becomes clear here. By locking in to

the modulation frequency, the Kerr ellipticity η can bemeasured; the Kerr rotation θ

can bemeasured by locking in to the second harmonic. The relative magnitude of these

two effects can vary strongly for different materials and sample geometries, making

it useful to be able to selectively measure one or the other. Moreover, it opens up the

possibility to separate themagneto-optical signals from different layers in magnetic

stacks, as we will discuss in the following.

3.1.2 COMPLEX MOKE

Several of the samples of this thesis consist of multilayer stacks with two different

magnetic subsystems, which can have wildly disparate magnetization dynamics. These

two responses combine tomakeup the totalMOKE signal, which often becomesdifficult

to interpret. It is thereforedesirable tobeable todisentangle these responses,which can

be done using a technique known as complex MOKE.We limit the current discussion to a
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brief explanation of this technique; a more detailed overview including an experimental

demonstration can be found in ref. 103.

The complex Kerr effectΘ
j
of layer j can be written as a vector with lengthΩ

j
and

angle ξ
j
, as

Θ
j
= θ

j
+ iη

j
= Ω

j
e
iξ
j . (3.12)

In this view, θ
j
can be seen as the projection ofΘ

j
onto the real axis, whereas η

j
is the

projection onto the imaginary axis. Now, the signals from the layers combine simply

via vector addition, and the total complex Kerr effect is given byΘ = ∑
j
Θ
j
. When the

magneto-optical responses of the layers have different vector angles ξ
j
, it is possible to

rotate the projection axes such that one of the vector contributions lies along one of

these axes. Measuring the projection along the other axis (using a PEM) then gives a

signal that is purely composed of the remaining contributions, which in the case of two

layers leads to isolation of a single layer.

A rotation of the projection axes can be effected by the addition of a quarter-wave

plate (QWP) in the light beam.* Rotating the fast axis of theQWP by an angle α then

causes a rotation of the projection axes. It can be calculated using Jones matrices that

the time-dependent intensity components for a single magneto-optical response are

now given by:122

I
1f
∝ [θ sin 2α + η cos2 2α] J

1
(A) cosΩt, (3.13)

I
2f
∝ [θ cos2 2α − η sin 2α] J

2
(A) cos 2Ωt. (3.14)

By choosingα such that the term in brackets vanishes, themagneto-optical contribution

is removed from the signal. It is clear that in the case of two separate magnetic layers

with different θ
j
and η

j
, the angle α can be chosen to remove the signal of either of

the layers.† Generally the Kerr vectors of the separate layers are quite similar, such

that some signal is inevitably lost when projecting the isolated layer onto the new axes.

However, this is often a small price to pay for the ability to disentangle complex signals

in time-resolved measurements.

*Perhaps surprisingly, the exact location along the light path does not matter for the qualitative result.
†Note that this comes at the cost of mixing the rotation- and ellipticity-induced signals from the remaining

layer. Especially during ultrafast demagnetization, these can behave quite differently.123
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Figure 3.2: Sketch of a typical setup for time-resolved MOKEmeasurements. The quarter-wave

plate (QWP) is only used in complex MOKE.

3.1.3 TIME-RESOLVEDMOKE

Having discussed all elements necessary tomeasureMOKE, we now discuss the applica-

tion of these techniques to measuring ultrafast laser-induced magnetization dynamics.

A sketch of a general setup used to measure time-resolved MOKE is shown in figure 3.2.

Both to excite and measure the magnetization dynamics, we start with a laser capable

of generating pulses with sub-ps durations. In this thesis, two different laser systems

are used. For ‘low-fluence’ measurements where a high signal-to-noise ratio is required

we use a mode-lockedTi:Sapphire laser generating pulses with a duration of ∼ 100 fs at
sample position, at a repetition rate of 80 MHz. The central wavelength of this system

is 780 nm, and the typical pulse energy is in the range of 1 to 10 nJ. In order to achieve

all-optical switching, and measure the process in a time-resolved manner, higher pulse

energies are required. In this casewe use a pumped diode laserwith a variable repetition

rate up to 500 kHz, which in turn pumps a non-linear optical parametric amplifier tuned

for a central wavelength of 700 nm. The pulse duration for this system is similar, but the

pulse energy can be as high as 1.5 µJ.

In order to use the same laser to excite and probe the magnetization, the pulses

are split by a beamsplitter. As only very little energy is needed in the probe pulse, the

reflection of this beamsplitter can be as low as 5%. The path of the probe pulse contains

several optical elements. The polarizer and PEM have been introduced previously,

and are vital to measure small changes in magnetization with a high signal-to-noise

ratio. A lens is used to focus the probe pulse onto the sample, which is placed between

electromagnets to generate magnetic fields where necessary. The reflected pulse is

captured using the same lens and passes through the optionalQWP for complex MOKE,

and the analyzer. Finally, the pulse is detected by a photodetector. The signal at this

photodetector consists of a train of pulses at the repetition rate of the laser. This signal
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is fed to a lock-in amplifier (LIA) locked to the first or second harmonic of the PEM

modulation frequency. However, in order to map the magnetization dynamics, it is

necessary to be able to vary the time delay between the arrival of the pump and probe

pulses. This is achieved with the delay line, consisting of a retroreflector on a moveable

stage, placed in the probe path. Delay stages with translational accuracies in the order

of 1 µm are readily available, giving a time resolution of 6.7 fs. As this is significantly

smaller than the pulse duration, the latter is typically the limiting factor in the temporal

resolution of the experiment.

The path of the pump pulse, consisting of the remaining 95%of the original pulse

intensity, is more straightforward. It is only used to excite the magnetization dynamics,

and therefore simply needs to be focused onto the sample in the same location as the

probe pulse using the same lens. When the pump and probe pulses enter the lens along

parallel paths, alignment of the pulses on the sample is guaranteed when the sample

lies in the focal plane of the lens. However, care needs to be taken to avoid the reflected

high-intensity pump pulse from reaching the detector, as even with modulation this

soon drowns out the signal from the probe pulse.

In order to increase the signal-to-noise ratio further, a double modulation technique

is often employed. This is also sketched in figure 3.2, where the second modulation

takes place in the pump path in the form of an optical chopper. This device periodically

blocks the pump pulses, typically with a frequency between 50 to 500 Hz. The output of

the LIA that is used to demodulate the probe signal is fed into a second LIA which is

locked to the frequency of the chopper. The output of this system now consists of only

that part of the signal which is modulated at both the PEM and the chopper frequency.

This is made up precisely of the probe pulses arriving during the time intervals where

the pump pulses are allowed to reach the sample. In this way, only the pump-induced

changes of the magnetization are measured.

3.1.4 KERR MICROSCOPY

In typical all-optical switching (AOS) experiments it is necessary to image the magnetic

state of a sample after exposure to fs laser pulses. Although this can in principle be done

by scanning a probe beamover the surface of a sample, this is a time-consuming process

which is limited in resolution by the spot size of the probe beam (typically no smaller

than 5 µm). As an alternative we use a wide-field microscopy technique which has been

developed to optically image magnetic domains; this is typically referred to as Kerr
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Figure 3.3: Sketch of a typical setup for Kerr microscopy to image out-of-plane magnetization in

the case of perpendicular incidence. Based on ref. 124.

microscopy. We now briefly explain the components needed, following the discussion in

ref. 124.

A typical setup for Kerr microscopy is shown in figure 3.3, where the path of the

incoming light is shown on the left, and that of the reflected and captured light on

the right. Light which is generated by a stable, high-intensity lamp is focused by the

collector lens in the plane of the aperture diaphragm. This diaphragm is responsible for

selecting the maximum angle of incidence of the rays which are allowed to reach the

sample. In the case of imaging out-of-plane magnetization (polar geometry), the light

should impinge (nearly) perpendicular to the sample. Therefore the aperture diaphragm

is closed asmuch as possible while retaining enough light for proper imaging. Centering

the aperture in the beammeans that the net angle of incidence is zero, resulting in only

out-of-plane magnetization contrast. Conversely, in-plane magnetization contrast can

be achieved by aligning the diaphragm off-center with respect to the beam.

Next, the light passes through the field diaphragm, which is used to select the area

of the sample that is illuminated. After passing through a polarizer, half of the light is

deflected by a beamsplitter. The light is then collimated and directed onto the sample

through the objective lens. After reflection this light, having experienced the Kerr effect

and serving as a probe of the magnetization, now needs to be captured. When the

sample lies in the focal plane of the objective lens, the reflected light is collimated

by this same lens. It therefore determines the field of view, and as it can be readily

swapped out, different levels of magnification can be obtained. The field of view can be
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varied frommere tens of µm up to 1 cm, which is especially useful for imaging arrays of

all-optically switched domains.

Half of the collimated light passes through the beamsplitter, and reaches the com-

pensator and analyzer. In the absence of any modulation schemes, the polarization

axis of the analyzer is generally (nearly) perpendicular to that of the initial polarizer.

The compensator is typically a QWP, and can be used to convert the polarization of

reflected light from elliptical to linear in order to obtain the highest possible attenuation

by the analyzer. Finally the light is focused onto a CCD camera, generating a signal

which can be digitally processed to maximize the magneto-optical contrast. One of the

most common processing methods involves imaging an area of the sample where the

magnetization is homogeneous. This image can then be saved, and subtracted from

the live signal. Artefacts introduced to the live signal by the optics of the microscope

are then effectively cancelled out.

Themaximum resolution of a Kerr microscope depends on the wavelength of the

illuminating light and the numerical aperture of the optics used, but is typically in the

range of 0.5 to 1 µm. This is generally more than sufficient to image domains that have

been all-optically switched, which usually have diameters in the order of tens of µm.

3.2 MODELING ULTRAFAST MAGNETIZATION DYNAMICS

Several models have been developed over the years in attempts to microscopically

describe ultrafast laser-inducedmagnetization dynamics. In these complex systems,

some abstractions always have to be made, taking care to discard as few essential

elements as possible while retaining the core behavior. Although many efforts have

beenmade with local50 and non-local descriptions,52 a fundamental understanding is

still lacking. However, such models can still be very illustrative in the situations where

their particular description approximates reality to a useful degree. In this section we

discuss twomodels which are used in this thesis to simulate all-optical switching and

spin transport, namely themicroscopic three-temperaturemodel (M3TM) and an s-dmodel.
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Figure 3.4: Schematic representationof the layeredM3TM. The (spinless) electron system isheated

by a laser pulse, and exchanges energy with the phonon system. Electron-phonon scattering

events cause spin flips in the spin system, where angular momentum is transferred between

layers via exchange scattering.

3.2.1 MICROSCOPIC THREE TEMPERATURE MODEL

As was discussed in section 2.1, the M3TM55 can be seen as an extension of the very

phenomenological three-temperaturemodel (3TM), whichwas usedbyBeaurepaire et al.

to describe their experimental observations.43 In the M3TM, there is still an exchange of

energy between the subsystems, but angular momentum dissipation in the spin system

is now described with microscopic processes. The system has also been extended to

describe layered stacks with different magnetic materials. In the following we will give

a brief overview of the approaches to the subsystems, and show the resulting equations.

A more in-depth treatment of the general M3TM can be found in ref. 121; a description

of the layered extension is available in ref. 122.

Figure 3.4 shows a schematic representation of the three subsystems in the M3TM,

namely the electron, phonon, and spin systems. The spinless mobile electron system,

which is the only system initially excited by the laser pulse, is described as a free elec-

tron gas with a constant density of states. This results in a microscopic description

for the heat capacity of the electron system, which is an improvement on the purely

phenomenological description of the 3TM with regard to consistency with experimental

results. The same is true for the phonon system, which is described by a Debye model.

It is often assumed that the spin system, consisting of localized electronic magnetic

moments, has a negligible heat capacity.
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In that case transfer of energy is purely between the electron and phonon systems,

which can then be described as temperatures T
e
and T

p
with the following differential

equations:

γT
e

dT
e

dt
= g

ep
(T

p
− T

e
) + P(t), (3.15)

C
p

dT
p

dt
= g

ep
(T

e
− T

p
) + C

p

T
amb

− T
p

τ
d

. (3.16)

Here the heat capacities are the temperature-independent C
p
for the phonon system,

and C
e
= γT

e
for the electron system, with γ amaterial-dependent constant. The param-

eterg
ep
describes the efficiencyof energy transfer between the subsystems. Theheating

induced by the laser pulse is represented by the term P(t) in the electron system, which

is typically aGaussian function. Heat diffusion away from the lattice is phenomenolog-

ically described by the last term in the equation for the phonon temperature, where

T
amb

is the ambient temperature and τ
d
a typical timescale.

AWeiss mean-field model is used for the spin system, with the assumption that

the spin quantum number S = 1/2.* The angular momentum of the spin system

is transferred to the lattice by an Elliott-Yafet mechanism, where scattering events

between electrons and phonons can, with a certain probability a
sf
, cause a spin to flip

between up and down. The scattering probabilities can be evaluated using Fermi’s

golden rule. In the case of a single magnetic system, this yields a single differential

equation for the normalized magnetizationm:

dm

dt
= Rm

T
p

T
C

[1 −m coth (m
T
C

T
e

)] . (3.17)

Here the demagnetization rate is governed by the parameter R:

R =
8 a

sf
g
ep
k
B
T 2
C
V
at

(µ
at
/µ

B
) E 2

D

. (3.18)

This now contains only parameters which can be found in literature or extracted from

experiments. Specifically, k
B
is the Boltzmann constant, µ

at
andµ

B
the atomicmagnetic

moment and Bohr magneton respectively, and T
C
the Curie temperature. V

at
is the

atomic volume, and E
D
the Debye energy.

*Although not fully correct for materials such asGd (S = 7/2), which require a more complicated implementa-

tion,89 the discrepancy is subtle and generally does not impact qualitative results.
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In order to describe AOS in (layered) synthetic ferrimagnets, an extension to the

model is needed. Instead of treating only onemagnetic system, we now consider the

magnetic system to consist of atomic monolayers. Different material parameters can

then be assigned to each of these layers.

Although themagnetization within the layers can in principle be calculated in the

same manner as before, there is now the possibility within theWeiss model for the

atoms in layers to ‘feel’ a different environment according to the composition of their

neighboring layers. This is described by the exchange splitting Δ
ex,i

for each layer i.

Taking into account the nearest neighbors in an fcc lattice (6 and 3 in the own and

adjacent layer respectively), the exchange splitting can be described as.

Δ
ex,i

= 2k
B
(
3T

C,i−1
m

i−1
+ 6T

C,i
m

i
+ 3T

C,i+1
m

i+1

12
) . (3.19)

Note that for neighboring layers, the parameter T
C,i±1

is not strictly theCurie temper-

ature of that layer. Instead it is related to the coupling strength J
i±1

between layers

via J
i±1
∝ k

B
T
C,i±1

. As such, a positive (negative) T
C,i±1

denotes parallel (anti-parallel)

coupling between layers.

Using this description, we arrive at a set of equations for the normalized magnetic

moment per monolayerm
i
by rewriting equation (3.17) as

dm
i

dt
= R

i
T
p

Δ
ex,i

2k
B
T

2
C,i

[1 −m
i
coth (

Δ
ex,i

2k
B
T
e

)] . (3.20)

Next, an additional channel for angular momentum transport is introduced in the

form of electron-electron scattering events between layers, referred to as exchange

scattering, and indicated by the dotted arrows in the spin system in figure 3.4. This

describes events where two electrons from different layers scatter and both flip their

spin, resulting in a change in energy Δ
ex,i,i±1

given by

Δ
ex,i,i±1

= Δ
ex,i

− Δ
ex,i±1

. (3.21)

To calculate the transition probabilities according to this energy difference, a standard

integral (SI) over the electronic transition needs to be solved; this integral is quite

complex and therefore approximated numerically.122We denote the standard integral

over the electronic states when a scattering event results in either a gain or a loss of

energy as SI
±
.
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It can then be derived that the magnetization dynamics per monolayer as governed

by exchange scattering with each of the neighboring layers i ± 1 are described by

dm
i

dt
=

η
i,i±1

(μ
at,i

/ μ
B
)
T 3
e
[−SI

−
(
1 +m

i

2
) (

1 −m
i±1

2
)

+SI
+
(
1 −m

i

2
) (

1 +m
i±1

2
)] .

(3.22)

The efficiency of the exchange scattering is given by the dimensionless parameter η
i,i±1

.

Themagnetization dynamics due to interlayer exchange scattering for each layer are

then described by two differential equations, one for each neighboring layer.

The total magnetization dynamics for each layer are now obtained simply by adding

the differential equations for intra- and interlayer dynamics, equations (3.20) and (3.22).

Note that the electron and phonon temperatures are assumed to be constant across all

layers, and can therefore be described with one parameter each for the entire system.

This assumption is generally valid for systems where the electron equilibration time

is not much larger than the timescale of heat diffusion across the film. For thin film

systems these are typically both in the order of hundreds of fs.55,125

The M3TM has been successful in quantitatively reproducing ultrafast demagneti-

zation experiments,55 and can qualitatively model all-optical switching in alloys and

layered systems.89 However, as it only takes into account interactions between localized

spin moments, it is not suitable to investigate spin transport. For this purpose, we now

discuss a different approach, where themagneticmoment carried by itinerant electrons

is also taken into account.

3.2.2 S-D MODEL

For cases where non-local spin transport betweenmagnetic subsystems is a significant

factor, we use an s-d model as described in ref. 101. The general idea of this model is

sketched in figure 3.5. Akin to the M3TM, the system is separated into three subsystems.

The basic description of the subsystems is similar, with the free electron gas, and Debye

andWeiss model descriptions for the electron, phonon, and spin (localized electron)

systems, respectively. There are however some key differences. Firstly, the mobile

or itinerant electrons are no longer assumed to be spinless, and can carry angular

momentum in conjunctionwith the localized electron system. Dissipation of the angular
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Figure 3.5: Schematic representation of the layered s-d model. Here the itinerant electrons also

carry spin, and can exchange angular momentumwith the localized electrons via s-d scattering.

momentum of the localized electrons now occurs not via electron-phonon scattering,

but via scattering with the itinerant electrons.

As a thoroughderivationof thebasicmodel canbe found in 101,we turn immediately

to the resulting equations in the layered extension, analogous to the M3TM. The angular

momentum carried by the itinerant electrons is described as a spin accumulation µ
s,i

which is generated by each monolayer i. The time-evolution of this term is described as

dµ
s,i

dt
= ρ

sd,i

dm
d,i

dt
−
µ
s,i

τ
s,i

. (3.23)

Here ρ
sd
represents the scattering efficiency between localized and itinerant electrons,

m
d
is the moment carried by the localized electrons, and τ

s
a timescale for the scat-

tering events that dissipate angular momentum from the itinerant electrons. For our

purposes we can simplify the general model by assuming that the total thickness of the

magnetic system is small. In this case the generated spin instantaneously equilibrates

across the structure, and diffusive transport can be neglected. Therefore the individual

contributions to the spin accumulation simply sum up to a single µ
s
. The moment per

layer carried by the localized electrons is then described by

dm
d,i

dt
=

1

τ
sd,i

(m
d,i

−
µ
s

2k
B
T
C,i

) [1 −m
d,i
coth(

2m
d,i
k
B
T
C,i

− µ
s

2k
B
T
e

)] . (3.24)

Here the timescale τ
sd,i

is similar to the previously discussed demagnetization rate R.

It is interesting to note that in the limit where τ
sd

>> τ
s
, the spin accumulation will
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disappear instantaneously. The form of equation (3.24) then becomes strikingly similar

to theM3TM, even though themicroscopic processes responsible for angularmomentum

dissipation are different.

The s-d model has indeed been successful in describing several experimental results

regarding ultrafast magnetization dynamics where spin transport plays a role. For

instance, the demagnetization of a ferromagnet interfaced with a conductive metal

acting as a receptacle for itinerant electrons is correctly reproduced.101Most relevant for

this thesis, all-optical switching84,85 and experiments concerning spin transfer between

magnetic layers, such as the experiment of Malinowski et al.36 (figure 2.3) can also be

reproduced with the model.
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4
RAPIDLY REPEATED ALL-OPTICAL SWITCHING IN

SYNTHETIC FERRIMAGNETS

Although all-optical switching with fs laser pulses has garnered much technological inter-

est, the ultimate data writing rates achievable in synthetic ferrimagnets have not been

investigated at all. In this chapter we investigate the minimum time delay required be-

tween two subsequent switching events in synthetic ferrimagnetic Co/Gd bilayers using

two fs laser pulses. We experimentally demonstrate that the minimum time delay needed

for consistent switching can be as low as 10 ps. Moreover, we demonstrate the importance

of engineering heat diffusion away from the magnetic material, as well as control over the

laser pulse energy. This behavior is reproduced using modelling, where we find that the

second switch can occur even when the magnetization is not fully recovered. We further

confirm that heat diffusion is a critical factor in reducing the time delay for the second

switch, while also confirming a critical dependence on laser energy.

This chapter has been published inApplied Physics Letters.126

35



36 RAPIDLY REPEATED ALL-OPTICAL SWITCHING IN SYNTHETIC FERRIMAGNETS

4.1 INTRODUCTION

All-optical switching (AOS) of the magnetization of thin film ferrimagnets using single

femtosecond laser pulses has beendemonstrated tobea robust, ultrafast, andenergy ef-

ficient method to write data with promise for futurememory devices.18Themechanism

was first discovered in ferrimagnetic GdFeCo alloys,15–17,75,127 and was soon followed by

demonstrations in synthetic ferrimagnets (Co/Gd andCo/Tb).20,91 The switching was

shown to be symmetrical, with each subsequent laser pulse toggling the magnetization

between the ’up’ and ’down’ states, a process which can be repeated over hundreds of

millions of cycles without failure.77The energy efficiency ofAOS is especially interesting

for applications, with typical energies of only tens of fJ needed to switch nanoscale

bits.20,128 Moreover, the magnetization only takes a few picoseconds to cross zero,19,35

potentially implying nearTHz writing speeds. However, this is not the most relevant

timescale for determining the ultimate data rates, as it is expected that the magneti-

zation should relax to the opposite state after each switching event to facilitate the

next switch. This remagnetization process can potentially take hundreds of ps,77 and is

expected to be governed by heat diffusion away from themagnetic layers.45

Despite the large body of research intoAOS, understanding of the ultimate speed

with which subsequent switches can actually take place remains scarce.129 It has been

shown experimentally that a second fs laser pulse can consistently switch the magne-

tization in a GdFeCo alloy again after 300 to 400 ps.130 Here it was conjectured that

this is likely not a fundamental limit of the switching process but rather a limit imposed

by heat diffusion. Very recently it was demonstrated by Steinbach et al. that this is

indeed the case, with a minimum possible waiting time of 7 ps in aGdCo alloy when a

substrate with proper heat conductivity is used.78The remagnetization time of the alloy

was emphasized by the authors as a critical factor for facilitating the second switch.

In this light, one might expect longer waiting times between switches in technologi-

cally highly relevant synthetic ferrimagnets,24,131,132 where the magnetic sublattices are

less strongly coupled and therefore expected to remagnetize slower after AOS than in

alloys.133

In this chapter we experimentally demonstrate that by taking into account the heat

diffusion of the sample, switching events can take place with very short delays even

in synthetic ferrimagnetic Co/Gd systems. The minimum time delay for the second

pulse to consistently switch the magnetization is found to be as low as 10 ps, yielding

potential writing rates of up to 100GHz. The importance of the heat diffusion in this

process is highlighted by demonstrating a larger minimum time for a substrate with
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Figure 4.1: (a) Sketch of the experimental setup, colors are for illustrative purposes only. (b) Kerr

microscopy images of the magnetic state of a Si:B//Ta(4)/Pt(4)/Co(1)/Gd(3)/TaN(4) sample after

exposure to two ∼ 100 fs laser pulses with varying time delay. The green and blue lines enclose

the areas that would be switched by the two pulses individually. The scale bar represents 50µm.

lower heat conductivity. Moreover, the absence of rapid double switching when slightly

increasing the energy of the first pulse highlights the need for careful control of the

irradiation conditions. Finally, we presentmodelling results using theMicroscopicThree

Temperature Model (M3TM)89 confirming that heat diffusion is the dominant factor in

reducing the delay for the second switch, and also illuminating the critical role of the

laser pulse energy.

The experiments in this chapter are performed onTa(4)/Pt(4)/Co(1)/Gd(3)/TaN(4)

multilayer stacks (where numbers in parentheses indicate layer thickness in nm) known

to exhibit AOS,20 which are deposited on Si substrates using DC magnetron sputter

deposition. These stacks are deposited on a degenerately Boron doped Si substrate,

which shouldhave similar thermal conductivity to the substratesused inpreviouswork.78

As sketched in figure 4.1a, individual ∼ 100 fs laser pulses with a central wavelength of
700 nm are split in two using a 50:50 beam splitter, after which one pulse goes through

a delay line so that the time delay between the two pulses can be adjusted. Both pulses

are subsequently focused onto the sample via the same objective. The magnetic state

of a sample after exposure is imaged using an ex situ Kerr microscope.
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4.2 EXPERIMENTAL RESULTS

Themagnetic state of the sample after exposing different regions to sets of two pulses

with varying time delays is shown in figure 4.1b. Here, the regions that would be

switched by the first and second pulse separately are indicated by the solid green and

dashed blue shapes, respectively. For the longest time delay shown here (240 ps) a

clear region within the overlap of the two pulses is observed where the magnetization

is switched twice, returning to the initial state. This is comparable to previous work on

GdFeCo alloys, where the second switch was possible after 300-400 ps.130 Moreover,

comparable to recent work onGdCo78 we find that double switching also occurs when

reducing the time delay to 50 ps, and even stays possible for time delays as low as 10 ps.

As will be discussed later, this result is somewhat surprising, as magnetization recovery

is expected to be faster in alloys than in synthetic ferrimagnets, where the magnetic

sublattices are only coupled at the interface, and theGdmagnetization shows a stronger

temperature dependence. Comparing the images for 240 and 10 ps time delay, we

note the shrinkage of the region where double switching occurs for the shortest time

delay, indicating amore critical dependence on the exact laser fluence of the two pulses.

Switching in the region where the second pulse is below threshold, as was observed in

similar experiments onGdFeCo,130 has not been observed in the present research.

To investigate the effect of heat diffusion on the minimum double switching time,

we now turn to a substrate with lower heat conductivity. A Ta(4)/Pt(4)/Co(1)/Gd(3)/

TaN(4) stack is deposited on a silicon substrate with a 100 nm coating of SiO
2
. The oxide

layer is expected to be less efficient in conducting heat away from themetallicmultilayer

stack than the semimetallic Si:B substrate. Remagnetization therefore is expected to

be slower, and the minimum time needed between two pulses for consistent switching

should be larger. Although exact values of the thermal conductivity of the substrates

are not known, the negative effect of the Si/SiO
2
is illustrated with experiments which

are presented in appendixA.

We perform the same experiment presented in figure 4.1 on the multilayer stack

grown on the Si/SiO
2
substrate, the result of which is shown in figure 4.2a. The areas

switched by the two pulses separately are again indicated with solid green and dashed

blue lines in the Kerr microscope image for 150 ps time delay. Note that although the

total energy of the two laser pulses is identical, the first pulse has a narrower spatial

distribution. This leads to a higher maximum in the energy density, which falls off

more rapidly, resulting in a smaller switched area. Consistent double switching is again

observed for time delays down to 20 ps. However for a time delay of 10 ps, where
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Figure 4.2: Kerr microscopy images of the magnetic state of a

Si/SiO
2
/Ta(4)/Pt(4)/Co(1)/Gd(3)/TaN(4) sample after exposure to two ∼ 100 fs laser pulses

with varying time delay. The solid green and dashed blue lines enclose the areas that would be

switched by the two pulses individually. The scale bar represents 50µm. In (a) and (c), pulse 1

arrives before pulse 2, whereas in (b) pulse 2 arrives first. The total energy of pulse 2 is 10%
higher in (c) than in (a) and (b). The red dotted ellipse in (c) indicates the area where the effect

of the combined heating of both pulses was high enough to induce magnetic and/or structural

damage.

double switching was possible previously, different behavior is observed. Only a small

part of the area where both pulses overlapped has returned to the initial state, with this

area being rather complexly bounded. This is an indication that this area is actually not

consistently switched twice, but rather remagnetized in a random state after cooling

down. Such a process can occur when the temperature of the lattice exceeds the Curie

temperature for a longer time, leading to a complete loss of magnetization for a short

period of time.17 This observation is consistent with the expectation that heat remains

in the system for a longer time when heat transfer is impeded by the oxide coating.

To illustrate the sensitivity of the double switching process, figure 4.2b shows the

result of exposure when the order of the two pulses is swapped. For a delay as large

as 50 ps, a more random state is found in the overlapping region, indicating a critical

dependence on the energy density distribution of the two laser pulses. More specifically,

when the pulse with higher maximum energy density (‘pulse 1’) arrives last, double

switching is less consistent. This can again be understood by realizing that by strongly

heating the sample with the second pulse before the heat from the first pulse has

significantly dissipated, the lattice temperature can exceed the Curie temperature. As

an additional demonstration of the criticality of the laser pulse energy, we increase

the total energy of pulse 1 by as little as 10%, leading to the magnetic state shown

in figure 4.2c. Here we find a region (indicated by the red dashed ellipse) where the

magnetic properties of the sample have changed due to laser irradiation. Both the
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small dark dot in the center of this region as well as the lighter area around it have been

annealedby the combinedeffect of both laser pulses, and cannot be switchedagainwith

either a laser pulse or an external magnetic field. This indicates the high temperature of

the sample, and further highlights the importance of proper heat engineering.

4.3 MODELING RESULTS USING THE M3TM

To better understand double switching at these ultrashort timescales we turn to mod-

elling, which has been used to describeAOS in (synthetic) ferrimagnets.16,79–81,85,86,134

Here we use the simplified MicroscopicThreeTemperature Model (M3TM) as introduced

by Beens et al.,89 which can describeAOS in layered ferrimagnets. In this model, the

system is split in four interacting systems, namely separate spin systems for Co andGd,

mobile spinless electrons, and phonons. The two spin sublattices carry the magneti-

zation, and are described using aWeiss mean-field approach, whereas the electrons

and phonons are described in terms of temperatures. An incident laser pulse is initially

absorbed by the electron system, raising the electron temperature (T
e
). Due to electron-

phonon scattering, the electron and phonon temperature (T
p
) will equilibrate. Ultrafast

demagnetization occurs via electron-phonon scattering events, which have a finite

probability for an electron to flip its spin. Exchange of angular momentum between the

magnetic sublattices is described using exchange scattering. The model parameters

are taken from Beens et al.89 Similar to previous work,129 we include heat diffusion to

the substrate by adding a phenomenological term to the phonon temperature, namely

dT
p

dt
∝

T
amb

− T
p

τ
d

, (4.1)

where T
amb

is the ambient temperature (room temperature), and τ
d
a characteristic time

constant for heat diffusion. Although the timescale for full thermal relaxation can be

many hundreds of ps,78 this is not necessarily the timescale that needs to be considered

here. Instead, strong absorption in themetallic film leads to a first, fast equilibration

process with the cooler substrate, which can already have an effect within a few ps (see

appendixA.2). It is this timescale which is of relevance to understand the experimental

behavior, where the thermal conductivity is found to have an effect on repeatedAOS

within tens of ps. Therefore, τ
d
is chosen in this sameorder ofmagnitude. Weemphasize

that it is difficult to make precise qualitative statements using this approach, and only

investigate trends in the following.
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Figure 4.3: M3TM simulation results of excitation of a Co/Gd bilayer (3 monolayers each) with two

laser pulses (gray lines) separated by 40 ps. The top graph shows the average magnetization

response of both Co and Gd over time, with the dashed line indicating the Gd magnetization

at saturation. The bottom graph shows the electron and phonon temperature of the combined

system, with the ambient temperature T
amb

(295 K) indicated by the dashed line.

Figure 4.3 shows the simulated magnetization dynamics (top) as well as T
e
and T

p

(bottom) of a layeredCo/Gd systemwith τ
d
= 10 ps after excitation with two laser pulses

separated by 40 ps. After the first pulse, the Co andGdmagnetization are switched, fol-

lowed by remagnetization in the opposite direction. T
e
increases rapidly due to heating

by the laser pulse and equilibrates with T
p
more slowly, while heat is being removed

from the systemwith the characteristic timescale τ
d
. As the intrinsic remagnetization

rate of Co is faster than τ
d
, the latter is dominant in determining the remagnetization

time. By the time the second pulse arrives, the heat has nearly dissipated from the

system, and theComagnetization is very close to saturation. ForGd however, the re-

magnetization rate is an order ofmagnitude slower,41,55,93 such thatGd has not returned

to saturation (dashed line) when the second pulse arrives. This is in contrast with the

expected behavior in alloys, where theGd has more transition metal neighbors with

which it can exchange angular momentum and therefore remagnetize more rapidly.
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Nevertheless, this second pulse also leads to the switching of themagnetization of both

layers, after which remagnetization towards the original direction proceeds. Although

it might seem counter-intuitive that switching is still possible with a strongly reduced

Gd moment, this is in line with previous research on AOS in synthetic ferrimagnets

where a change in the relative magnetization of the sublattices was found not to hinder

switching.89 Conversely, in ferrimagnetic alloys it is known thatAOS can only occur if

the magnetizations of both sublattices (nearly) cancel each other.88 As such, we conjec-

ture that any possible detriment in remagnetization speed in synthetic ferrimagnets

could be compensated by the absence of a need to wait for full magnetization recovery,

leading to very similar timescales for repeatedAOS. Moreover, as the heat diffusion

is somewhat overestimated in this model, the Comagnetization will in reality still be

partially quenched when the second pulse arrives. However, due to the much higher

Curie temperature of Co compared toGd, there should still be a major difference in the

ratio betweenmagnetic moments when compared to equilibrium. It should be noted

that the exact minimum condition upon which a second switch is possible depends on a

multitude of factors, and is not comprehensively understood at this time. We note that

themagnetization dynamics modelled by the M3TM show a discrepancy around zero

magnetization when compared to time-resolved measurements on the same system.77

More specifically, a slowing down of the dynamics around zero net magnetization is

observed only in modelling. This is likely to be a consequence of treating each layer as

one single spin, as such behavior is not found in atomistic models.16,19,129 This might

lead to a shift in the minimum time between switches predicted by the model, but

should not impede the deduction of qualitative behavior and trends from the M3TM.

Finally, we investigate the effect of heat diffusion on double switching in the M3TM.

For different values of τ
d
wemodel excitation with two laser pulses. By varying the time

delay between the pulses and evaluating the final magnetization state, we extract a

value for the minimum time delay needed for double switching as a function of τ
d
. fig-

ure 4.4 shows these values for two different values of the absorbed laser energy density.

We emphasize that our first order approximation of heat diffusion should not be used

to draw quantitative conclusions. For τ
d
> 5 ps, the minimum waiting time between

pulses depends approximately linearly on τ
d
. In this regime heat diffusion seems to be

the dominant factor, however a non-trivial dependence on the energy of both pulses is

also found. Comparing the data for 40 and 50 × 108 J/m3 (solid circles and open squares,

respectively), it is found that the second switch can happen faster if the energy of both

pulses is higher. Individual time traces for different pulse energies (not shown here)

indicate that the switch occurs faster for higher pulse energies, giving more time for

relaxation towards saturation. For τ
d
< 5 ps, the minimum time needed for the second

4
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Figure 4.4: Minimum time delay needed between two pulses, with energy indicated in the figure,

for consistent double switching. Calculated as a function of the heat diffusion constant τ
d
with

M3TM simulations.

pulse starts to increase, which is attributed to a hindrance of the switching mechanism

in general by the unrealistically fast dissipation of heat. Here, the system already cools

down enough for the sublattices to start remagnetizing at the timescale at which the

switch would normally take place. From these results it is clear that although heat

dissipation has a significant effect on the waiting times between subsequent switching

events, the energy also needs to be carefully controlled. Combining this with the experi-

mental observation that a slight increase in laser energy can already be detrimental, this

highlights the narrow range of laser energies forwhich consistent aswell as rapid double

switching is possible. Finally, we note that double switching within 10 ps, as observed

in figure 4.1b, is not reproduced in modelling even for very efficient heat dissipation.

We believe this to be an intrinsic limit of the systemmodelled here, as this probably

represents a minimum time needed for sufficient recovery of theGdmagnetization. It

is possible, though not trivial, to extend the M3TM to include intermixing at theCo/Gd

interface by treating each discrete layer as a Co
x
/Gd

1-x
alloy and varying the concen-

tration x with the layer number.133 Here it was found that intermixing leads to more

efficient transfer of angular momentum between the two sublattices, driving a faster

zero crossing of the magnetization. Hence we expect that in our sputter deposited

system, which surely contains an intermixed interface region, both Co andGd could

remagnetize more rapidly than in a bilayer with perfect interfaces, potentially reducing

the waiting time needed for the second switch. It should be noted that switching| back

within a few picoseconds, as was reported using a different model,129 does not seem to

be possible using the M3TM for any combination of parameters.
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In conclusion, we have investigated the timescales for repeated all-optical switching

in synthetic ferrimagnetic Co/Gd bilayers, and have demonstrated a minimumwaiting

time of 10 ps between two subsequent switching events, implying writing speeds of

up to 100GHz. We have shown that the layered nature of these systems need not be a

hindrance to achieve similar writing speeds as in alloys, explained by the notion that

the slower remagnetization of Gd is compensated by a less critical dependence ofAOS

on theGdmoment. Furthermore, by changing the substrate we have confirmed the

importance of engineering heat diffusion away from the magnetic system. Finally, with

modelling efforts using the M3TM we have resolved the qualitative role of heat diffusion

in ultrafast repeated switching, but we also stress that controlling the laser energy is

critical to reliable integration in future optically written data storage devices.
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5
SPIN-CURRENT GENERATION
IN SYNTHETIC FERRIMAGNETS

The role of non-local spin transport in all-optical switching is thusfar scarcely understood.

Using Co/Gd and Co/Tb bilayers we isolate the contribution of the rare-earth materials

to the generated spin currents by using the precessional dynamics they excite in an ad-

jacent ferromagnetic layer as a probe. By measuringTHz standing spin-waves as well

as GHz homogeneous precessional modes, we probe both the high- and low-frequency

components of these spin currents. The low-frequency homogeneous mode indicates a

significant contribution of Gd to the spin current, but not fromTb, consistent with the

difficulty in achieving all-optical switching inTb-containing systems. Measurements on the

THz frequency spin waves reveal the inability of the rare-earth generated spin currents to

excite dynamics at the sub-ps timescale. We present modelling efforts using the s-dmodel,

which effectively reproduce our results and allow us to explain the behavior in terms of the

temporal profile of the spin current.

This chapter has been published as an Editor’s Suggestion in Physical Review B.135
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5.1 INTRODUCTION

Over the past few decades, femtosecond (fs) laser excitation of magnetic materials has

led to the discovery of a rich collection of physical phenomena. Among these, single

fs laser pulse all-optical switching (AOS) of the magnetization in rare-earth transition-

metal ferrimagnetic alloys15,16 andmultilayers20,91 appears tobeespecially promising for

future memory applications.18 This phenomenon was shown to arise from the transfer

of angular momentum between twomagnetic sublattices.19 In the same period the fs

laser excitation of spin currents, mobile electrons carrying spin angular momentum,

has been gaining significant interest from a fundamental perspective.52,99

A particularly relevant use for these optically excited spin currents exploits their

ability to transfer angular momentum between two ferromagnetic layers. This was

first demonstrated in an experiment investigating the ultrafast laser induced mag-

netization dynamics of two ferromagnetic layers separated by a conductive spacer

layer.36 A diverse body of research into optically generated spin currents has since

arisen.52,104,108,136–139 In recent years it has been shown that novel device functionality

can be achieved at the intersection ofAOS and optically excited spin currents. These

works focus on systems where an all-optically switchable ferrimagnetic layer is sepa-

rated by a spacer layer from a ferromagnetic layer. Depending on the precise composi-

tion of the layers, either the spin current coming from the ferromagnet can influence

the AOS process,140 or the ferromagnet can be switched by the spin current coming

from the switchable layer.111–113 This last case demonstrates the strength of the spin

current generated upon excitation of an all-optically switchable system, and begs the

question to what extent this spin current plays a role in the switching mechanism.

Although a great deal of AOS research has been performed onGd(Fe)Co andCo/Gd

systems, recent research indicates thatTb can be used as rare-earth (RE) component

instead ofGd.91,92 However, in these worksAOS has been found only for very specific

layer thicknesses, a requirementwhich is not present in layered ferrimagnets containing

Gd.89Work byChoi et al. has shown that spin currents generation inTb is significantly

weaker than inGd,100 hinting at an explanation for the increased difficulty in attaining

AOS. Here the accumulation of spins at the far end of a thick conductive spacer layer

wasmeasured, which can lead to a distorted spin current profile due to diffusive electron

transport.99 Moreover, the use of alloysmakes it difficult to disentangle the spin current

contributions originating from different elements.

In this work, we systematically study spin current generation in synthetic ferrimag-

nets using the collective spin precession they excite in a neighboring layer as a probe.
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Figure 5.1: (a) Schematic overview of the experiments, where the effect of the generation layer

composition on the response of the absorption layer is sketched for each of the three studied

configurations (Co, Co/Gd andCo/Tb). (b) Example magnetization response calculated using the

s-dmodel for Co and forGd in a Co/Gd bilayer.

The basic experimental concept and the noncollinear magnetic bilayers used in this

work are sketched in figure 5.1a. The generation layers are synthetic ferrimagnetic bilay-

ers, consisting of Co which couples antiferromagnetically to either Gd orTb. Although

these latter materials are paramagnetic at room temperature in bulk, a ferromagnetic

phase can be stabilized when interfaced with a ferromagnetic material,141 which decays

exponentially away from the interface. Upon laser excitation of the out-of-plane mag-

netized generation layer, a spin current which is spin-polarized in the direction of the

local magnetization is excited and injected into a ferromagnetic absorption layer with

in-plane magnetization. There the spins exert a torque on the local magnetic moments

and excite both the homogeneous precessional mode99,142 as well as higher-order in-

homogeneous spin waves.109,143 By extracting the phase, amplitude and frequency of

the FMRmode andTHz spin waves, we indirectly study the absorbed spin current,110

which is commonly expected to scale with the time derivative of the magnetization

(dm/dt), fulfilling conservation of angular momentum.99,110 In this framework, these

spin-wave parameters are directly proportional to the corresponding parameters of the

Fourier component of the spin-torque pulse at the spin-wave frequency. Specifically,

we probe the phase of the precessional dynamics to investigate the temporal profile of

the spin current, and the amplitude to study the spin-current strength and attenuation.

Changing the thickness of the RE layer changes both spin-current properties, which

leads to significant variations in the measured parameters of the precessions. By mea-

suring both the homogeneous FMRmode (∼10GHz) and the first-order inhomogeneous

mode (∼ 0.5 THz), the spin current can be studied on two distinct timescales, giving

access to both the fast as well as the slow components of the spin current separately.
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We corroborate our experiments with an s-dmodel which treats local and non-local spin

dynamics in a joint description.84,101,144,145

Our results on the FMRmode show a strong contribution to the excited spin current

fromGd,which is in linewith previouswork100,111 and confirmedbyourmodelling efforts.

In contrast, theTHzmode cannot be efficiently excited byGd, hinting at the relatively

slow nature of the spin current contribution fromGd. In the Co/Tb system, both the

FMR andTHz modes are found to vanish with only a slight addition of Tb, indicating

weak spin current generation inTb but strong spin absorption, consistent with the high

spin-orbit coupling (SOC) in this material. These results shed new light on non-local spin

dynamics in highly technologically relevant synthetic ferrimagnets, and help elucidate

the role of these processes in all-optical magnetic data recording.

5.2 EXPERIMENTAL DETAILS

The noncollinear magnetic bilayer central to this work, as sketched in figure 5.1a, con-

sists of an out-of-plane magnetizedCo/RE generation layer (where RE is eitherGd or

Tb) and an in-plane magnetizedCo absorption layer. Spin transport between the two

magnetic layers is facilitated by a thinCu spacer layer, which also serves tomagnetically

decouple the layers. The samples are fabricated using DCmagnetron sputtering, where

we vary the RE layer thickness along the sample length to ensure consistency between

measurements. The full sample stack is given bySi:B(substrate)/Ta(4)/Pt(4)/Co(1)/RE(X)/

Cu(2.5)/Co(5)/Pt(2.5) (numbers in brackets indicate the thickness in nm, with X being

the variable RE thickness).

We employ pump-probe spectroscopy to measure the magnetization dynamics

upon laser-pulse excitation, using the magneto-optical Kerr effect (MOKE) in the polar

configuration to probe the magnetization. The sample is placed in a magnetic field

with a variable angle of up to 20° with the sample plane. A mode-lockedTi:Sapphire

laser is used to generate pulses at a repetition rate of 80 MHz and with a wavelength of

780 nm. The pulse length at sample position is approximately 150 fs. Both pump and

probe pulses are focused onto the sample with a spot size of approximately 16 and 8

µm2 respectively, and the pump fluence is about 1mJ/cm2. We useComplex MOKE to

separate the magnetic contrast of both magnetic layers.103 To accurately determine

the absolute spin-wave phase in our experiments, the so-called coherence peak is used,

which arises at temporal and spatial pump-probe overlap due to interference effects.146

For more details on the experimental setup, see appendix B.1.
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Figure 5.2: Response of the absorption layer for each studied configuration. Both (a) the first

order inhomogeneous mode (H
ext

= 0mT) and (b) the homogeneous (H
ext

= 100mT)mode are

plotted, where only the former is measured using complex MOKE.

5.3 EXPERIMENTAL RESULTS

As a first experiment, we investigate the general behavior of the precessional dynamics

for the three different generation layer configurations (figure 5.1a). In order to isolate

the contribution of the RE layers, in which themagnetization decays exponentially away

from the Co interface, their thicknesses need to be chosen carefully. Previous work

gives a typical lengthscale of the magnetization decay inGd of 0.45 nm,20 with a similar

value to be expected forTb. In figures 5.2a and 5.2bwe present typicalmeasurements of

theTHz spin-wave and FMRmode respectively for the three different generation layer

configurations, namely Co(1), Co(1)/Gd(0.53), and Co(1)/Tb(0.45). Our results show that

the composition of the generation layer significantly influences the spin-wave behavior,

specifically the amplitude and phase. To better understand this observation, we show

representative modelled traces (see appendix B.5) of the magnetization response of

Co andGd upon fs laser excitation, in figure 5.1b. The precessional behavior can then

generally be understood with a simple picture where the generated spin current is

assumed to be proportional to dm/dt.99,110 Considering the antiferromagnetic coupling

between Co and Gd (or Tb), the spin currents generated by the RE material and by

Co should also have the opposite sign. Therefore, we expect that the polarization of

the total spin current changes sign (figure 5.1a) when the RE material becomes the

dominant contributor, which could explain the experimental observation of the large
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= 100mT) for several Gd thicknesses, fitted with a damped

cosine function. The green dashed line indicates the FMR phase shift and the thickness calibration

is discussed in appendix B.1.

phase shift of the FMR mode. However, no such sign change is observed in the THz

measurements, hinting at a less significant contribution of the REmaterial to the sub-ps

spin current dynamics. This is consistent with the expectedmagnetization dynamics

plotted in figure 5.1b, which forGd take place on the timescale of multiple ps, leading to

a relatively slow spin current profile. Additionally, we find a strongly reduced amplitude

for precession excited with a Co/Tb generation layer. This can be attributed to strong

absorption of the spin current generated inCo, consistent with the large SOC inTb,93 as

well as weak spin current generation inTb.

5.3.1 FMR MODE

To get a better understanding of the observed behavior, we systematically measure

both the FMR andTHzmode as a function of theGd andTb thickness in the generation

layer. First we discuss the results on the FMRmode, of which we show a selection of

measurements for a Co(1)/Gd(X) generation layer in figure 5.3. To extract the phase

and amplitude of the FMRmode, these measurements are fitted with a damped cosine

function, indicated by the solid black lines, where the frequency is shared between all

datasets.
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datasets. The green solid line in (a) and (c) represents the modeled behavior using equation (5.1),

and the black solid line in (c) is a fit with an exponential function.

We first discuss the FMR mode phase, of which we already observe a shift as a

function ofGd thickness in figure 5.3, as indicated by the dotted green line connecting

the shiftedmaximaof thefits. Thephaseweextract from thefits is plotted in figures 5.4a

and 5.4b forCo/Gd andCo/Tb respectively. With the addition of only 1 nmofGd, a phase

shift ofmore than 130° is observed, whereas no consistent phase shift ismeasuredwhen

addingTb. This again indicates a strong contribution to the spin current fromGd, but

a small to non-existent contribution fromTb. For large thicknesses of Gd the phase

remains constant, which can be explained by the paramagnetic state further away from

theCo/Gd interface.

Next, we focus on the amplitude of the FMRmode as a function of RE thickness,

which is normalized to the amplitude for a pure Co generation layer and plotted in

figures 5.4c and 5.4d for Co/Gd and Co/Tb respectively. This amplitude has been cor-

rected for changes in light absorption using transfer matrix calculations,147 as described

in appendix B.2. ForGd, an initial dip and succesive rise of the amplitude is observed,

followed by a gradual decrease. This behavior, in combinationwith the observed change

of the FMR phase can be captured in a simple toy model where we assume the spin

current contributions fromCo andGd excite two spin waves with different amplitudes

and phases, but with the same frequency. As discussed previously, theGd ismagnetized

due to exchange coupling with the Co, decaying at a characteristic length scale λ
mag
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which determines its contribution to the total spin current. Furthermore, the addition of

Gd introduces a characteristic length scale λ
diff

over which spin information is lost due to

spin flip scattering events, known as the spin diffusion length. For now we assume that

spin diffusion is independent of the magnetic state of Gd. Writing the phase difference

δ between the two excited precessions using Euler’s formula, the FMRmode can then

be described as

A
FMR

eiφ = [A
Co

− A
Gd

eiδ (1 − e
−

tGd
λmag )] e−

tGd
λdiff , (5.1)

where A
Co

and A
Gd

are the dimensionless amplitudes of the precessions excited by the

magnetic volume ofCo andGd respectively. These then result in a combined precession

with amplitudeA
FMR

and phaseφ. Expressions for these two parameters can be derived,

as is shown in appendix B.3. Now A
Co

= 1 can be fixed by normalization, and A
Gd

= 3.2

and δ = −140° are chosen to match the maximum of the amplitude and saturation

of the phase, respectively. Within these constraints, valid values for the remaining

parameters are found bymanual adjustment, and are found to be λ
mag

= 0.4 ± 0.1 nm

and λ
diff

= 2.0±0.2nm. The amplitude of theGd-excited precessionA
Gd
, when corrected

for the expected equivalent magnetic thickness ofGd (0.45 nm), gives aGd contribution

that is approximately 7 times larger per nm than that of Co. A complete understanding

of this difference is outside of the scope of this work, but some factors of relevance

are the differences in magnetization, the amount of magnetic moment lost during

demagnetization, and the spin-wave excitation efficiency, which will be discussed later.

The value for λ
mag

closely matches the experimentally determined length scale for the

loss of magnetization in Gd of ∼ 0.45 nm.20We note that this length scale could also

affect the rate of spin flip scattering, such that the parameter λ
diff

might not provide

a full description. Fitting the data for the FMR amplitude for thicknesses where Gd

is expected to be paramagnetic (from 1.5 nm onwards) with an exponential function,

indicated by the solid black line in figure 5.4c results in a λ
diff,Gd

of 1.9 ± 0.2 nm, which

has not been measured before to the best of our knowledge. The close agreement

between the two descriptions indicates that the magnetic state is not very relevant for

spin flip scattering in these weakly magnetic systems.

The reasonable agreement between experiments and calculations indicate that the

most important elements of this complex system are captured by this simple model.

However, the model can not capture the behavior we observe for a Co/Tb generation

layer, as plotted in figures 5.4b and 5.4d. Here we instead find only a rapid decrease

of the amplitude with the addition of Tb. This could indicate a very short diffusion

length λ
diff

forTb, which precludes any statements about the spin-current generation
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Figure 5.5: (a) Measured THz mode for several Gd thicknesses, fitted with a damped cosine

function. The green dashed line indicates the spin-wave phase shift. (b) Spin-wave amplitude,

green line indicates a solution of equation (5.1) usingA
Gd

= 0 and λ
diff,Gd

= 1.9nmand (c) frequency

as a function ofGd thickness.

strength in Tb. We attribute this discrepancy to a larger degree of scattering of the

mobile electrons inTb due to the high SOC compared toGd,93 leading to a loss of the

spin information over shorter length scales.

5.3.2 THZ MODE

Wemeasure theTHz spin-waves as a function of RE thickness to investigate the spin-

current generation on the ps timescale, and show a selection of the measurements

for a Co/Gd injection layer in figure 5.5a. Because THz mode excitation takes place

on the same timescale as laser-induced demagnetization and spin-current generation,

we disregard the first 2 ps of the data, in accordance with ref. 110. We again used a

damped cosine function to fit the data, indicated by the solid black lines, in order to

extract the spin-wave amplitude, phase, and frequency. At around 1 nm, the signal-

to-noise ratio is too low to extract spin-wave parameters reliably. The amplitude of

the spin waves, which is plotted in figure 5.5b, drops significantly with Gd thickness.

Contrary to the behavior for the FMRmode, no initial rise of the amplitude due to aGd

contribution is observed. We therefore show the expression for the amplitude derived

fromequation (5.1) usingA
Gd

= 0 and λ
diff,Gd

= 1.9nmas the solid green line in thefigure,
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which is equivalent to an exponential decay describing only the spin diffusion due to

Gd. The good agreement indicates that Gd is not actively contributing to the excitation

of the THz mode, which shows that this mode is excited by the Co-dominated fast

component of the generated spin current.55This is further confirmed by the observation

that the spin-wave phase is independent of theGd thickness, as indicated by the green

dashed line in figure 5.5a. The samemeasurements are repeated forTb and presented

in appendix B.4. No significant difference between theTHz spin-wave frequency and

phase for the twomaterials is observed, again confirming the dominant role of Co in

exciting these spin waves. However, a full analysis of the data is complicated by a more

rapid decrease of the spin-wave amplitude with increasingTb thickness, which could

again be attributed to high spin-flip scattering due to SOC.

Contrary to our measurements of the FMRmode we observe a significant decrease

of theTHz spin-wave frequency for increasingGd thickness, plotted in figure 5.5c, which

is not predicted by our simulations (see appendix B.6). We believe there are several

mechanisms that could explain this observation, the foremost being a growth related

change of the exchange stiffness109,148 and coupling between spin waves in the gener-

ation and absorption layers. The mechanisms are discussed in detail in appendix B.7

and predict the same direction of the shift of theTHz spin-wave frequency. However, a

full understanding of this effect is beyond the scope of this work and requires further

research.

5.4 S-D MODELLING

To better understand themechanisms governing our observations, as well as the un-

derlying physics in general, we modeled the generated spin current in the synthetic

ferrimagnetic generation layer using an extension of the s-dmodel.53,84,99,101,144,145,149

This model describes the coupling of local spins, in this case the 3 d and 4 f electrons in

the RE-TM ferrimagnet, to a system of itinerant spins (s electrons). The latter system

includes diffusive spin transport, similar to refs. 99, 101, 145. To model the experiments,

we define a discretized material system consisting of a ferrimagnetic (Co/Gd) region

and a nonmagnetic spacer layer (Cu). TheCo/Gd bilayer is modeled in a layeredmanner,

where the local Co andGd concentration is sampled from a function that represents an

intermixed transition from pure Co toGd, similar to ref. 133. This process is discussed in

appendix B.5. Furthermore, the absorption layer is implemented as an ideal spin sink

connected to the spacer layer, which is a valid assumption considering the experimental

absorption layer thickness of 5 nm and the transverse spin diffusion length in Co of
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Figure 5.6: (a) Calculated FMR mode excited by the spin current from a Co(1) (black) and

Co(1)/Gd(2) (red) generation layer. (b) Absolute phase of the excited FMRmode as a function of

the effective thickness t
eff,Gd

of the (generation) Gd layer. (c) Absorbed spin current as function of

time generated by aCo (black) and aCo/Gd (red) generation layer.

approximately 1 nm.109 This allows us to calculate the absorbed spin current for varying

composition of the Co/Gd layer. Using a linearized Landau-Lifshitz-Gilbert equation,

including the anti-damping spin-transfer torque exerted by the absorbed spin current,

we calculate the absolute phase shift of the excited homogeneous precession. Although

the used model includes multiple assumptions that disqualify any precise quantitative

statements, it gives a complete description of the qualitative characteristics of the spin

current and excited precession. Further details on the modeling, including all the used

material parameters, are presented in appendix B.5.

In figure 5.6a we present traces of the modeled z-component of the FMR mode

excited by a Co(1) and a Co(1)/Gd(2) generation layer, in black and red, respectively.

Note that the amplitude of the FMRmode excited by pure Co has beenmultiplied by 10

for clarity, as it is significantly weaker than that excited byCo/Gd. This is likely a result

of the assumptions made in the model, such as the simplistic description of optical

absorption and the parameters chosen for Gd, as the exact shape of the spin current
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pulse strongly affects the excitation efficiency. Similar to the experimental results, our

model shows a shift of the phase of the FMRmode whenGd is added to the generation

layer. In figure 5.6b the absolute phase is plotted as a function of the effective Gd

thickness t
eff,Gd

, which for our purposes is analogous to theGd layer thickness, and is

further described in appendix B.5. The figure clearly shows a qualitative agreement

with the experiments (figure 5.4c), with a shift of approximately 130° upon adding a few

monolayers ofGd. The exact value of the phase shift can be explained by a combination

of factors. Naively, one would expect a 180° phase shift if only the Gd spin-current

would excite dynamics once it starts to dominate the total spin current. The actual shift

however is lowered by the contribution of Co, as well as the relatively slow (Type II)

magnetization dynamics of theGd,55 as will be demonstrated in the following.

To clarify the origin of the observed phase shift, we plot the absorbed spin currents

for a pure Co(1) injection layer and aCo(1)/Gd(2) bilayer calculated using the s-dmodel

in figure 5.6c. The addition of Gd leads to changes in both the amplitude of the first,

fast peak of the spin current, as well as a much longer negative tail. Both of these can

be understood by the demagnetization behavior ofGd, as plotted in figure 5.1b. The

reduction of the amplitude of the first peak of the spin current is caused by the initial,

relatively rapid demagnetization ofGd. At longer timescales, when theCo generated

spin current is negligible, a long tail in the Co/Gd generated spin current is observed.

This is in turn caused by the secondary, slower demagnetization ofGd, and results in a

spin current that is mostly polarized in the opposite direction. This explains the abrupt

phase jump in figure 5.4c and 5.6b for increasing Gd thickness. Moreover, the long

duration of this component of the spin current gives rise to a deviation of the phase

shift from 180°. This is to be expected, as theGd demagnetization takes place over tens

of ps, which is comparable to the precessional period (∼ 80 ps). The small increase of

the phase from -130° to -110° that is observed in figure 5.6b for a further increase of

theGd thickness is attributed to an additional slowing down of theGdmagnetization

dynamics. More specifically, we find that transfer of angular momentum from theCo,

which speeds up theGdmagnetization dynamics near the interface betweenCo and

Gd, has a smaller total effect when theGd thickness is increased.

In appendix B.6 we show calculated traces of theTHzmode for increasingGd thick-

ness. Our calculations indicate a phase shift of up to 10° when adding a 2 nm thickGd

layer to a 1 nm thick Co layer. Contrary to previous work110 we were unable to resolve

this potential phase shift, because the resolution is determined by the strength of the

spin current and thus the total magnetic moment of the generation layer. In future re-

search,Co/Gdmultilayers could be used to studyTHz spin-wave generation in rare-earth

transition-metal ferrimagnetic system in more detail.
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5.5 CONCLUSION

We have shown that examining the parameters of precessional modes excited by ultra-

fast optically generated spin currents can be a powerful tool to elucidate the behavior of

these spin currents. Synthetic ferrimagnets offer a novel platform to systematically in-

vestigate these phenomena. The large discrepancy in spin current generation between

Gd andTb could shed new light on the relative difficulty of achievingAOS in systems

containing only the latter as RE material. Using spin-wave modes withTHz frequencies

has additionally allowed us to probe the high-frequency component of the generated

spin currents. Here we again find a link between the intrinsic speed of the magneti-

zation dynamics and the behavior of the excited spin current. This gives additional

weight to the notion that angular momentum which is lost during demagnetization

can be transferred to mobile spins.99 This notion also underlies the s-dmodel, which

we have successfully used to describe our experimental results. Our experiments give

new insight in the magnetization dynamics of rare-earth materials, which could prove

critical in future spintronic memory devices.
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6
SPIN-CURRENT ASSISTED
ALL-OPTICAL SWITCHING

Although all-optical switching has shown potential for future data storage and logic de-

vices, the toggle mechanism is not desirable for applications. Here we experimentally

demonstrate conversion from toggle switching to a deterministic mechanism by biasing

AOS in a Co/Gd bilayer with a spin polarized current which is optically generated in an

adjacent ferromagnetic reference layer. We showdeterministicwriting of an ‘up’ and ‘down’

state using a sequence of 1 or 2 pulses, respectively, and demonstrate the non-local origin

by varying the magnitude of the generated spin current. Our demonstration of determinis-

tic magnetization writing could provide an essential step towards the implementation of

future optically addressable spintronic memory devices.

This chapter has been published inNature Communications.140
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6.1 INTRODUCTION

The explosive growth of data production and consumption rates in the past decades

has driven the search for faster and more energy-efficient methods to record data.

Among these methods, the use of optics to assist or even facilitate data recording in

magnetic materials shows promise in terms of speed and energy efficiency.18 More

specifically, all-optical switching (AOS) of magnetic materials, whereby themagneti-

zation can be reversed on a picosecond timescale using only femtosecond (fs) laser

pulses, has striking potential. First discovered around a decade ago,15 it has since been

shown that twomechanisms can be distinguished, namely, (1) multiple pulse helicity

dependent switching and (2) single pulse helicity independent switching. The helicity

dependent mechanism has been observed in several magnetic materials,15,150–155 and

is believed to result from a dependence of the absorption of circularly polarized light

on the magnetization direction.156 Although this mechanism is deterministic in that

the final magnetization direction is defined by the helicity of the incident light alone,

it requires multiple laser pulses,154 which limits speed and applicability. The second

effect, single pulse helicity independent switching, has thus far been demonstrated in

ferrimagneticGdFeCo alloys,16,17,19 synthetic ferrimagneticCo/Gd bilayers20 and very re-

cently in a ferrimagnetic Heusler alloy.157This effect relies strongly on transfer of angular

momentum betweenmagnetic sublattices, as well as a difference in demagnetization

timescales between the involved materials.

In the example of a ferrimagnetic rare earth-transition metal (GdFeCo) alloy, single

pulse switching has been shown to be a toggle process.19 In the ground state of these

materials, the sublattices (Gd and FeCo) are aligned antiparallel due to an antiferromag-

netic coupling. Upon fs laser pulse induced heating both sublattices will demagnetize,

but FeCo will do so more rapidly than Gd. This means that at some point the FeCo

magnetization will be nearly quenched whilst there is still a significant amount ofGd

magnetization. Due to transfer of angular momentum between the sublattices the

FeComagnetization is pulled through zero, creating a temporary ferromagnetic state.

While the FeCo sublattice now remagnetizes in the opposite direction, Gd continues to

demagnetize, and is also pulled through zero due to the antiferromagnetic coupling be-

tween the sublattices. After relaxation both sublattice magnetizations end up opposite

to the initial state. It should be noted that single pulse helicity dependent switching has

also been observed in a narrow range of laser fluences for GdFeCo alloys,15,158 owing to

magnetization and helicity dependent light absorption.75 This same switching process

has also been demonstrated in synthetic ferrimagnetic Co/Gd bilayers,20 which we will
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use in this chapter. Switching in the latter materials has been shown to be more robust

than in ferrimagnetic alloys, in the sense that it does not depend on the sublattices

being close to magnetization compensation.89

Using a toggle mechanism for data storage applications would require prior knowl-

edge of the state of a bit to overwrite it, imposing limits on speed and integration

flexibility. Therefore it is desirable to find a deterministic AOS procedure using as few

laser pulses as possible where the final magnetization direction is not always the oppo-

site of the initial state but instead relies on a specific process to set and reset amagnetic

bit. In this chapter, we will propose and experimentally demonstrate such a method.

Regarding theunderlyingphysics, the singlepulseAOSscenariodescribedearlier has

been confirmed by several complementary theoretical models.16,79–82,85 These works

have all included the exchange of angular momentum between the two sublattices as

an essential ingredient to find switching. However, it is not yet clear to which extent this

exchange is driven by local exchange scattering processes, or by non-local transfer of

angular momentum. Recent work has shown that upon switching, angular momentum

can be transferred from a switching layer to a ferromagnetic layer separated by a

conducting spacer, thereby switching the ferromagnetic layer.111 The inverse effect

where angular momentum is transferred non-locally from a ferromagnetic reference

layer to a switching layer has however not been addressed so far.

In this chapter, we experimentally demonstrate deterministicmagnetization writing

using either one or two laser pulses in a system consisting of a ferromagnetic reference

layer, a conductive spacer layer, and an all-optically switchable free layer. When exciting

the samplewith a fs laser pulse, a spin polarized electron current will be generated in the

ferromagnetic reference layer, governed by its magnetization.98,99 Angular momentum

carried by this spin current is transferred to the free layer, where it can assist or hinder

switching depending on the relativemagnetization orientation of the reference and free

layer. This asymmetry between the parallel and antiparallel alignment of these layers

leads to two incident laser fluence regimes. Above a certain threshold fluence, the final

state is completely determined by the orientation of the reference layer. When increas-

ing the fluence above a higher threshold, the familiar toggle switchingmechanism is

recovered. We demonstrate experimentally how these two regimes combined can be

used to deterministically write both magnetization states of the free layer, regardless

of its initial state. Moreover, we confirm that this effect scales as expected with the

optically generated spin current, and demonstrate that its magnitude can be easily

tuned.
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Figure 6.1: (a) Out-of-plane hysteresis loop of the (Co/Ni)
x4
/Co/Cu/Co/Gd sample used in this

chapter. TheCo/Ni multilayer andCo/Gd bilayer switch independently at different applied mag-

netic fields, resulting in four possible magnetization states. (b) Simplified sketch of the multilayer

stack used and how it breaks the toggle switching symmetry. The spin current generated in the

reference layer upon demagnetization flows through the Cu spacer and aids or hinders switching

in the free layer depending on the relative magnetization orientation of these layers.

6.2 DETERMINISTIC OPTICAL MAGNETIZATIONWRITING

Our system consists of twomagnetic layers, the previously mentioned reference and

free layers. First is a ferromagnetic [Co(0.2 nm)/Ni(x)]
x4
/Co(0.2)multilayer, which acts as

the reference layer. This layer has an out-of-plane magnetization due to strong perpen-

dicular magnetic anisotropy (PMA) and a relatively large magnetic moment compared

to the switching free layer. The free layer is composed of a synthetic ferrimagnetic

Co/Gd bilayer (1 and 3 nm respectively) with PMA, which is known to exhibit toggle

AOS.20 It should be noted that due to the antiferromagnetic exchange between Co

andGd,131 the proximity inducedGdmagnetization (corresponding to ∼0.5 nm at room

temperature) is aligned antiparallel with the adjacent Co in the ground state. When

discussing the state of the free layer, we will refer to the dominant compound, i.e. Co.

The reference layer and free layer are separated by a 5 nmCu spacer layer, which decou-

ples the layers magnetically whilst being transparent for spin-polarized electrons.159

The stack is deposited using DC magnetron sputtering on a Si/SiO
2
substrate. The

general sample structure for all measurements isTa(4)/Pt(4)/[Co(0.2)/Ni(t
Ni
)]
x4
/Co(0.2)/

Cu(5)/Pt(0.5)/Co(1)/Gd(3)/Ta(4), where the numbers between parentheses indicate layer

thicknesses in nm.

All four magnetization states of the system (Co/Ni up/down andCo parallel/antipar-

allel) can be realized using an external magnetic field. This is illustrated in figure 6.1a
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using the out-of-plane hysteresis loop of the samplemeasured using the polarmagneto-

optical Kerr effect. Positive (+) and negative (−) states are defined as the reference layer

havingmagnetization pointed up or down respectively, while parallel (P) and antiparallel

(AP) refers to the relative orientation of the reference layer and Co in the free layer.

The four states are thus defined as P+, AP+, AP− and P−. Note that since corresponding

+ and − states are simply time reversed versions of each other, they do not add any

new physics. Therefore without loss of generality we only consider the positive (+) P

and AP states, and drop the plus sign in the remainder of this chapter. Data on the

corresponding negative states are shown in appendix C.1.

In our system both states of the free layer are no longer equivalent, due to a sym-

metry breaking provided by the reference layer. The nature of this symmetry breaking

is sketched in figure 6.1b. Upon fs laser excitation, the ferromagnetic reference layer

will demagnetize on a sub-picosecond timescale. The lost angular momentum is par-

tially converted into a spin current, mediated by mobile electrons. Althoughmultiple

mechanisms for the generation of this spin current have been proposed, all find that

the spin carried by the mobile electrons is aligned with the layer fromwhich they orig-

inate,98,99,160 i.e. the reference layer. The resulting spin current flows through the

conductingCu spacer layer to the free layer, where the spin angular momentum is de-

posited via scattering betweenmobile and localized electrons. Such non-local transfer

of spin angular momentum can have a measurable impact on the ultra-fast magnetiza-

tion dynamics of a magnetic layer.36,109,136 Moreover, the spin current is expected to

exist roughly on the timescale of the demagnetization of the reference layer, thereby

transferring angular momentum to the free layer while Co andGd are still demagnetiz-

ing. Because at this point the free layer is out of equilibrium with a strongly reduced

magnetic moment, the additional angular momentum could significantly influence the

switching process. We note that a spin current is also generated in the free layer, travel-

ling towards the reference layer. However, as this particular spin current is muchweaker

due to the reduced magnetic moment of the free layer and is not found to significantly

influence the receiving reference layer, we have not sketched it here. Moreover, it is pre-

cisely the threshold nature of AOS that allows us to observe the effect of a spin current

muchmore clearly than in the reference layer, which is only partially demagnetized.

When the reference layer magnetization, and thereby the spin current polarization,

is antiparallel to the Comagnetization in the free layer, the additional angular momen-

tum should assist the demagnetization of Co and hinder the demagnetization of Gd.

As switching is strongly dependent on the formation of a temporary ferromagnetic

state aligned withGd,19 and this state can now formmore easily, switching is assisted.
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Figure 6.2: (c)Measurement of optically switcheddomain size as a functionof incoming laser pulse

energy for a sample prepared in either AP+ or P+ state. Fitting is done assuming aGaussian laser

spot profile to extract the threshold laser fluence F
0
. (d)Top: Sketch of the threshold fluences F

0,D

and F
0,T

relative to theGaussian laser spot profile. Bottom: Kerr microscopy images of switched

domains after excitation by a single laser pulse of two regions with different initial magnetization.

Scale bar represents 20 µm

In the case where the reference layer and free layer are aligned parallel the angular

momentum transfer works in the opposite fashion, such that the formation of the ferro-

magnetic state, and therefore switching itself, is hindered. This results in a breaking of

the symmetry of toggle switching, and could provide a regime where switching only

occurs from an antiparallel to a parallel state, and not vice versa. In passingwe note that

due to the relatively high total magnetic moment of the reference layer in our samples

compared to previous work,111 we do not expect it to be significantly influenced by

any spin current originating from the free layer. Moreover, in our stack the volume of

magnetizedGd, which was conjectured to govern this ‘reverse’ spin current, is relatively

small, yielding a small spin current in any case. After a few picoseconds, the reference

layer should therefore start to remagnetize to its original saturation magnetization,

ensuring that it remains fixed.

To experimentally confirm the expected behaviour of our system, we investigate

the switching behaviour after excitation by single laser pulses with a duration of ∼100
fs in a sample which is prepared in either the P orAP state. In figure 6.2a we present

the results of these measurements, where we determine the threshold laser fluence

F
0
needed for switching by extracting the size of a switched domain as a function of
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incident laser pulse energy(see 20). We find that the threshold fluences for switching

are indeed not the same for both states. The fluence needed to switch from the AP

state (F
0,D

) is 1 mJ/cm2 lower than the fluence needed to switch from the P state (F
0,T
).

Similar data for all four possible states are shown in appendix C.1.

The difference in switching fluence is in accordance with the expectation that the

spin current generated in the reference layer either assists or hinders switching from the

APorP state, respectively. As a consequence, a regimeof laser fluences (indicatedby the

green region between the fits in figure 6.2a) now exists where part of an excited region

will only switch from an AP state to the corresponding P state, and never back with

the same fluence. In other words, in this regime the magnetization is deterministically

written to the P state. For higher fluences, indicated as the blue region in figure 6.2a,

switchingback fromaP state is possible and toggle switching is recovered. Note that the

laser spot radius is kept constant for both measurements, so the asymmetry between

the states can also directly be seen in the different threshold energy for deterministic

writing (E
D
) and toggle switching (E

T
).

By making use of both this difference in threshold fluence and theGaussian spatial

energy density profile of the laser pulse, we can demonstrate both deterministic writing

and toggle switching in a single experiment, as shown in figure 6.2b. As sketched in

the top part of this figure, both mechanisms should be present across a single laser

pulse with high enoughmaximum fluence, assuming the switching is governed by local

energy dissipation. In the bottom part of figure 6.2b we present microscope images

with magnetization contrast (Kerr microscopy, see section 3.1.4 and appendix C.4) of

a sample where both an AP and a P region are excited by a laser pulse with a such a

high maximum fluence. Here it can now be directly seen that the size of the domain

written by a single laser pulse indeed depends on the initial magnetization state, as seen

previously in figure 6.2a. This is contrary to the ‘standard’ toggleAOS behaviour, where

there is no such symmetry breaking for the energy needed to induce a switch. The

demonstration of deterministic magnetization writing can be seen in the Kerr images

by the larger area which is switched only when the magnetization starts in theAP state.

This outer region does not switch when starting from the P state due to hindering by

the spin current, which is aligned with the free layer in that case. Note that for lower

total laser pulse energies, no switching will occur from the P state and an entire domain

will be written deterministically, as we will demonstrate in the following.

As a full demonstration of the ability to deterministically write both states of the

free layer, we present a scheme taking advantage of the switching behaviour in these

samples in figure 6.3a. Two well-defined procedures can be used to write the desired
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state of the free layer relative to the reference layer (P or AP). By using a single laser

pulse with maximum fluence above the threshold fluence for deterministic writing F
0,D

but below the toggle switching threshold F
0,T
, only a P state can be written. A second

procedure is used to write the correspondingAP state. In this case, a single pulse with

maximum fluence F
0,D

< F
pulse

< F
0,T

first ensures the magnetization is in the P state.

Subsequently, the same region is exposed to a second pulse with maximum fluence

F
pulse

> F
0,T

. The part of the pulse which meets this condition will then be able to switch

the P region to AP. In figure 6.3b we experimentally demonstrate this scheme with

Kerr microscopy images of samples exposed in the previously described manner. It can

be seen that in the centers of all exposed areas (indicated by the black squares), the

final state is indeed fully dependent on the writing procedure, and no longer on the

initial magnetization state. Additionally we observe deterministic writing in the outer

regions for the two-pulse procedure, due to the higher total energy of the second pulse.

Nevertheless, the existence of any region where deterministic writing of both free layer

states is possible is sufficient for applications using patternedmedia or bymaking use of

plasmonic structures to provide local heating.161 Although the use of two pulses might
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somewhat limit the speed of this protocol, we have seen in chapter 4 that a second laser

pulse can be used to switch the magnetization a second time in as little as 10 ps. Note

that this only concerned ‘simple’ Co/Gd systems, andmore experiments on the systems

described in this chapter should be performed to determine the relevant timescales.

6.3 TUNING THE SPIN CURRENT MAGNITUDE

To verify that the origin of the symmetry breaking is truly non-local transfer of angular

momentum, we investigate the impact of the magnitude of the generated spin current

on the regimewhere deterministic writing is possible. Note that amore straightforward,

though less quantitative verification is presented in appendixC.3. By tuning the Ni thick-

ness in the reference layer, we change the total magnetic moment and consequently

themagnitude of the spin current.109 Here, a larger volume ofmagnetic material should

result in a stronger spin current.

The thickness of each Ni layer (t
Ni
) in the reference layer is varied from 0.5 to 1.0 nm,

while keeping the amount of repetitions constant. We determine the threshold fluence

for both deterministic writing and toggle switching (F
0,D

and F
0,T
, respectively) for a

range of t
Ni
, using the samemethod as in figure 6.2a. Note that instead of preparing

the sample in the AP or P state initially, this experiment is performed by exposing a

sample prepared in theAP state to two identical subsequent laser pulses. This results

in a ring-like domain as seen in the inset of figure 6.4a, as the first pulse will create a P

domain, whereas the secondwill create a smallerAP domainwithin the first domain due

to the higher threshold fluence F
0,T
. This allows us to determine both sets of domain

sizes from a single experiment, and reduces the variance betweenmeasurements. The

extracted threshold fluences are presented in figure 6.4a. Here we observe two effects.

Firstly, both sets of threshold fluences increasewith increasing t
Ni
. This behaviour canbe

explained by a decrease of optical absorption in the free layer with increasing reference

layer thickness (see appendixC.2), as well as a probable increase in free layer roughness.

More importantly, we observe that the gap between F
0,D

and F
0,T

also increases with

t
Ni
. This gap, defined as ΔF

0
= F

0,T
− F

0,D
, is plotted in figure 6.4b. The increase of ΔF

0

is consistent with the hypothesis that the effect is driven by a spin current originating

from the reference layer.

To verify the hypothesis more quantitatively, we model the trends for increasing

t
Ni
. To show that the increase in ΔF

0
is not merely a consequence of scaling with the

increase of both threshold fluences, we present this scaling as the purple dashed curve
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) as
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experiment used to obtain the threshold fluences, where a sample prepared in theAP state is

exposed to two subsequent identical laser pulses with an energy of 300 nJ, yielding both domain

sizes. Scale bar represents 20 µm (b)The difference ΔF
0
between the fluences presented in (a).

Lines indicate scaling behaviour with either these fluences, reference layer magnetic moment

and optical absorption, or both combined. Error bars represent the standard deviation obtained

through fitting.

in figure 6.4b. As it is clear that this behaviour alone can not explain the increase in ΔF
0
,

we now turn to the expected scaling of the spin current. The optically generated spin

current should scale primarily with two factors, namely the magnetic moment of the

reference layer (μ
Co/Ni

) and the optical absorption A. Wemodel μ
Co/Ni

as a function of

t
Ni
by assuming bulk values for the magnetization for each sublayer. For all proposed

mechanisms of optical spin current generation, the spin current scales with the light

absorption in either the magnetic layer (due to demagnetization55,99) or all metallic

layers underneath (due to hot electron generation98). As the absorption in all layers

should scale in the same fashion with increasing thickness, we use the absorption in the

reference layer itself for the sake of simplicity. Moreover, it has been found in similar

Co/Ni multilayers that the spin current originates from the full thickness of the generat-
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ing layer.109We calculate the light absorption in the reference layer (A
Co/Ni

) as a function

of t
Ni
by using a transfer matrix method147,162(see appendix C.2). The trend for both

μ
Co/Ni

and A
Co/Ni

is shown by the orange dashed curve in figure 6.4b. By now combining

this with the scaling of F
0
discussed earlier, we find the red curve in this figure, which

can be seen to adequately explain the increase of ΔF
0
. This further confirms that the

corresponding symmetry breaking is indeed the result of an optically generated spin

current. Some effects are not included here, such as the dependence of the reference

layer demagnetization rate on themultilayer composition. Indeed, different demagneti-

zation dynamics could arise at high fluences for different Ni concentrations163 or due to

variation in theCurie temperature.164 Moreover, it should be noted that the actual mag-

netization of the reference layer likely differs from the values assumed here due to an

absence of perfectly sharp multilayer interfaces. However, assuming that these effects

are small compared to the variation in absorption andmagnetization we have shown

that this relatively simple description can adequately explain the data. Finally, wewould

like to draw attention to the magnitude of the effect. For a [Co(0.2)/Ni(1)]
x4
/Co(0.2)

reference layer the threshold fluence gap ΔF
0
has a relatively large magnitude, corre-

sponding to 28% of the base fluence F
0,D

. This is expected to be scaleable towards even

larger values, for instance by using stack engineering to increase the magnetization of

the reference layer and light absorption in this layer.

In conclusion, we have experimentally demonstrated deterministic writing of the

magnetization of a free Co/Gd bilayer using a fs laser pulse by using the symmetry

breaking provided by a spin current generated in a neighbouring ferromagnetic Co/Ni

reference layer. Moreover, we have demonstrated two protocols for reliably and con-

trollably writing both (bit) states of the free layer, by using either one or two laser

pulses. We have also shown that the spin current induced symmetry breaking scales

as expected with the magnitude of the spin current generated in the reference layer,

by tuning its composition. The system described here benefits from the strong binary

threshold of all-optical switching and can provide a method to further enhance the

general understanding of optically generated spin currents. In section 7.2.2 wemodel

changing the delay between the arrival of the spin current and the switching of the free

layer, showing that the resulting switching behavior could be used to investigate the

spin current. Moreover, this system can provide insight into the role of spin transport

versus local transfer of angular momentum in all-optical switching, which is essential

for the implementation of future opto-spintronic devices, such as the optically written

racetrack memory.21,25,131 The deterministic magnetization writing presented in this

chapter provides a stepping stone on the road to realizing such data storage devices.
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FURTHER RESEARCH AND OUTLOOK

To conclude this thesis, we discuss additional research on all-optical switching and ultrafast

spin currents in synthetic ferrimagnets. First we investigate novel synthetic ferrimagnets

containing bothGd andTb, showing the effect of the composition on AOS behavior and

the stability of small domains. We also discuss preliminary measurements on the time-

resolved dynamics of spin-current assisted AOS, and showmodeling results using the s-d

model. The chapter concludes with a general outlook on further research and the potential

technological applications of the work discussed in this thesis.
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7.1 SYNTHETIC FERRIMAGNETSWITHGD ANDTB

The energy-efficiency and speed of all-optical switching (AOS) hold great potential for

future data storage applications. However, the material systems investigated thus far

have some drawbacks with regard to implementation. Here we focus on one specific

factor, namely the anisotropy of thematerial, which is of crucial importance to facilitate

high-density, stable data storage. InGdFeCo andGdCo alloys, it has been shown that

nanostructures down to 200 nm in size can be all-optically switched.87,127 For continuous

media however, the minimum stable domain size afterAOS has been reported to be

up to tens of µm.17,112,165 For Co/Gd bilayers, where the anisotropy originates from a Pt

seed layer, it has been shown that the stable domain size in a continuous film is at most

2-5 µm.166 It is clear that this is inadequate in order to be competitive in bit density with

current hard disk drives, which are already working with bit sizes of only tens of nm.*

Due to its high intrinsic anisotropy, the rare-earth materialTb is a potential candi-

date for increasing the stability of magnetic domains in RE-TM systems. This anisotropy

is magnetocrystalline in origin, and can be explained by taking a look at the orbital

configurations of Gd andTb. In these materials, the magnetic moment is carried pri-

marily by the 4f electrons. As the 4f orbital of Gd has an orbital quantum number L

of zero, the wave-function is symmetrical relative to the lattice.49 This results in zero

net spin-orbit coupling, and no intrinsic anisotropy of the 4f electrons. Instead, the

anisotropy inGd comes primarily from spin-orbit coupling of the 5d electrons, which

is transfered to the 4f electrons via the exchange interaction.167 In contrast,Tb (L = 3)

has a non-symmetrical wave-function, resulting in high spin-orbit coupling for the 4f

electrons and an anisotropy constant which is many times greater than that of Gd.49

Owing to this high intrinsic anisotropy, amorphousTbFeCo alloys have already been

extensively researched168,169 and have seen use in magnetic storage media. Stable

domain sizes down to 50 nm have been created inTbFeCo alloys using local heating

via plasmonic nano-antennas.161 However, as discussed in chapter 5, AOS in systems

whereTb is the only REmaterial is notoriously difficult. Indeed, consistent single pulse

toggleAOS inTbFeCo alloys has to this date not been conclusively proven. Single pulse

AOS has been shown in synthetic ferrimagnetic Co/Tb multilayers, albeit with a critical

dependence on the Co andTb thickness,91,92 leaving little room for further engineering.

*Based on areal densities of 0.1-0.3 Tbit/cm2.
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Figure 7.1: (a) Phase diagram of the hysteresis step of aTb(y)/Co(0.8)/Gd(x)/Co(0.8)/Tb(y) sample

measured using polar MOKE. The dotted line indicates the compensation region. (b,c,d) Kerr

microscopy images of themagnetic state of the sample after excitation with a single fs laser pulse

at approximate thicknesses indicated in (a). The scale bar represents 50 µm.

Systems containing bothGd andTb offer an appealing alternative, usingGd as the

main driving force forAOSwhile exploiting the high anisotropy ofTb. Recently,Ceballos

et al. demonstrated single pulseAOS inGdTbCo alloys whereGdmakes up at least 20%
of the total REmaterial.35Theminimum stable domain size was not explicitly addressed

in this work, but features down to a few µm are visible in Kerr microscopy images,

potentially already providing an improvement onGdFeCo alloys. Although this system

has some room for tuning, it is expected that the requirement common to alloys for the

composition to be close to magnetization compensation still exists. Therefore, in this

section we investigateAOS and domain stability in synthetic ferrimagnets containing

bothGd andTb.

7.1.1 COMPOSITION AND ALL-OPTICAL SWITCHING

The exact design of the synthetic ferrimagnetic stack is subject to two considerations.

First off, as is the casewithGd,Tb has aCurie temperature (T
C
) below room temperature

(237 K); its magnetization needs to be stabilized by introducing an interface with a fer-

romagnet such as Co. Second, as the asymmetrical Dzyaloshinskii-Moriya interaction

(DMI) could have an effect on the domain stability166 and obscure the effect ofTb, we

want to investigate a symmetricalmultilayer stackwhere this effect is cancelled out. The

choice is therefore made to investigate aTa(4)/Tb/Co(0.8)/Gd/Co(0.8)/Tb/TaN(4) multi-

layer, where theTb andGd thicknesses are varied. By varying these thicknesses along
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perpendicular directions on a single sample, we can investigate a wide composition

range systematically while excluding any sample-to-sample variation.

We fabricate such a sample using DC magnetron sputtering, and investigate the

static magnetic behavior, in order to determine for which compositions PMA is present.

In figure 7.1a we show a phase diagram derived from the step in the hysteresis loop

measured using MOKE, as a function of Gd andTb thickness. No PMA is present for

lowGd andTb thicknesses, which can be understood as follows. As there are no Pt/Co

interfaces in this stack,Tb is expected to be the main source of PMA. For sputter depo-

sition of lowTb thicknesses (<0.4 nm) it is reasonable to assume that no closed layer

has formed, which could be detrimental to achieving PMA.At too lowGd thicknesses

we expect that the twoCo layers are too strongly coupled, leading to an in-plane shape

anisotropy which overcomes theTb-induced anisotropy. For thicknesses where PMA is

present, we observe a transition fromCo-dominated to RE-dominated behavior.* The

compensation line separating these regions is indicated by the dotted line in the figure.

The curvature of this line indicates that the profiles of the inducedmagnetization are

not the same inTb andGd, which might be expected due to their respective locations

within the stack.

We now investigate AOS behavior as a function of composition by exposing the

sample in several locations to a single fs laser pulse with a fixed energy, and show Kerr

microscopy images in figures 7.1b, 7.1c, and 7.1d. In the first two locations we find

consistent single pulseAOS, demonstrated for the first time in these hybrid synthetic

ferrimagnets. However, for higherGd andTb thicknesses, only a multi-domain state

is present. As discussed in chapter 4, this state arises when the phonon temperature

temporarily exceeds T
C
. Due to the low T

C
ofGd andTb, the effective T

C
of the system

decreases when adding REmaterial. Therefore the same amount of heating can bring

the sample above T
C
, fully quenching themagnetic moment and preventingAOS. In-

deed, the resulting multi-domain state is already visible in figure 7.1c, although here it

only occurs in the middle of the laser pulse, where the fluence is highest. In figure 7.1d,

the fluence needed to quench the magnetization is larger than the switching threshold

fluence, resulting in only a multi-domain state being formed. This imposes some limits

on the extent to which the thicknesses in this system can be tuned, although amore

systematic study would be needed to better understand these limits.

To get a clearer picture of the influence ofTb onAOS behavior, we fabricate several

samples with varying Tb thickness, but a constant Gd thickness (1 nm). We extract

*Due to the sensitivity of MOKE to only the Comagnetization, this is apparent in an inversion of the hysteresis

loop.
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Figure 7.2: Threshold fluence for AOS in aTb(x)/Co(0.8)/Gd(1)/Co(0.8)/Tb(x) sample. The blue

band indicates the typical threshold fluence range for a Co(1)/Gd(3) sample.

the threshold fluence needed forAOS as a function ofTb thickness using themethod

described in chapter 6, and plot the results in figure 7.2. No clear trend is observed

here, leading to the preliminary conclusion thatTb does not (actively) contribute to the

AOS process in these samples. This is somewhat surprising considering the potential

for AOS in Co/Tb multilayers.91 In the work on GdTbCo alloys, the threshold fluence

was found to increase with increasingTb concentration,35 which however also entails

removal of Gd from the system. One might expect that upon increasing the amount

of magnetic material by adding more Tb, our system would require more energy to

sufficiently quench the magnetization for switching. However, it is important to note

that at these thicknesses the laser pulse is not fully absorbed. Hence, adding more

material also allows for more energy to be absorbed by the stack.

It is plausible that due to its low T
C
, theTbmoment is fully quenched by the laser

pulse, and aligns opposite to the (switched) Co upon remagnetization due to direct

exchange coupling at the interface. Time-resolvedmeasurements of themagnetization

dynamics could shedmore light on the exact switchingprocess ofTb, and its influenceon

Co andGd. Although element-selectivity can be achieved using X-ray measurements,19

these are complicated experiments requiring access to dedicated facilities. As a more

straightforward alternative, one could exploit the wavelength-sensitivity of MOKE to

Tb andCo. It has been shown thatTb becomes the dominant contributor to the MOKE

signal in TbCo alloys at wavelengths below 600 nm, making it possible to measure

time-resolved MOKE in an element-selective manner.170,171
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Figure 7.3: (a) Sketch of the process to create small domains usingAOS to investigate domain

stability. (b) Kerr microscopy images of domains created using this process on two different

samples. Pt/Co/Gd results adapted from ref. 166. Scale bars represent 50 µm.

In passing, we note that value of the threshold fluence of approximately 4.5 mJ/cm2

is around twice as high as the fluences of 2 to 2.5 mJ/cm2 generally found for a Co(1)/

Gd(3) system (indicated by the blue band in figure 7.2). Several factors make it difficult

to disentangle this discrepancy, even when assuming thatTb does not assist or hinder

switching in any way. On the one hand, the total Co thickness in our system is greater

(1.6 nm), which would already cause a large increase of the threshold fluence, as was

found by Lalieu et al.20 Moreover, theGd thickness is close to the magnetization decay

length inGd (∼ 0.5 nm), leaving lessmagnetizedGd able to contribute toAOS compared

to stacks with 3 nm of Gd. Conversely, there are also two Co/Gd interfaces, which

could stabilize a larger total magnetic moment inGd. To complicate matters further,

preliminary results indicate that substrate choice can also have a large effect on the

switching behavior in these systems. The current conjecture is that substrates with

poorer heat conductivity reach higher temperatures during sputter deposition, driving

increased intermixing. Amore systematic study, controlling for as many variables as

possible, is necessary to fully grasp the intricacies of AOS in these systems.

7.1.2 DOMAIN STABILITY

We now return to our stated goal of finding a high-anisotropy system capable of AOS.

In order to determine the minimum stable domain size in ourTb/Co/Gd/Co/Tb system,

we use the approach proposed byCao et al.,166 which is sketched in figure 7.3a. Here we

expose the sample to two subsequent single fs laser pulses, while moving the sample

with a distance δ between the two exposures. Toggle switching results in the formation

of two crescent-shaped domains with a maximumwidth δ, which (ideally) meet at an

infinitely sharp point. Due to the energy cost associated with the stabilization of a
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domain wall, the domains are generally unstable at these tips. They will therefore start

to shrink, whereby the width at the tip will gradually increase. At a certain point the

minimumstable domain size is reached. Weperform this experiment for different values

of δ, and show Kerr microscopy images taken 5minutes after exposure in figure 7.3b.

Results from the same experiment performed on Pt/Co/Gd byCao et al.166 are shown

for comparison. The most apparent result is the existence of stable domains in our

sample for a δ of 2 and 1 µm, whereas these have already (mostly) disappeared in

the Pt/Co/Gd sample. Clearly the minimum stable domain size in ourTb/Co/Gd/Co/Tb

system is significantly lower than in Pt/Co/Gd.

Although the actual minimumwidth of the domain that remains is below the resolu-

tion of the Kerr microscope (∼ 1 µm), we canmake an estimate using the angle between

the two domain edges. As sketched in figure 7.3a, we defineφ as the angle between the

displacement axis and the line intersecting the domain at the desired widthw. From

geometric considerations it can be derived that w = δ ⋅ cosφ. For a δ of 1 µm, we

then find φ
max

= 75 ± 5 °, givingw
min

= 0.3 ± 0.1 µm. This is quite a large improvement

on Pt/Co/Gd andGdFeCo systems, and it is plausible that further sample optimization

would make it possible to reach the desired sizes of ∼ 50 nm. Other techniques, such as

magnetic force microscopy, would be needed to properly image domain sizes below 1

µm. A better understanding of the origin of the anisotropy in these samples could be

obtained in future experiments by directly measuring the anisotropy, for instance using

hard-axis hysteresis loops.

For applications, it would be interesting to investigate the efficiency of domain-wall

(DW)motion in these samples. There are indications thatTb could give rise to a large

spin Hall angle,172 which could drive efficient DWmotion using the spin Hall effect.173

Note that the symmetry of the system should be broken in this case, so as not to cancel

the net torque on the magnetization. Moreover, it is also relatively easy to tune the

compensation in these systems, which is beneficial for exchange-torque-induced DW

motion.24

Concluding, these results show that synthetic ferrimagnets containing bothGd and

Tb are an interesting platform for optically written data storage. These systems exhibit

consistent AOS over a significant range of layer thicknesses, and are able to contain

stable sub-micron domains.
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7.2 SPIN-CURRENT ASSISTED ALL-OPTICAL SWITCHING

DYNAMICS

In chapter 6 we demonstrated the concept of spin-current assisted all-optical switching

(SCA-AOS). Recapping, we used a spin current coming from a ferromagnetic reference

layer to influenceAOS and thereby deterministically set the magnetization state in a

Co/Gd bilayer regardless of its initial state. Although this result has some interesting

applications, we do not yet knowmuch about the behavior at the ps timescale and the

physics at play. In this section we present preliminary time-resolved MOKEmeasure-

ments as well as calculations using the s-d model, which can be used as a starting point

for a more in-depth investigation of SCA-AOS.

7.2.1 TIME-RESOLVEDMOKE MEASUREMENTS

To better understand the effect of the spin current onAOS dynamics, measurements of

the dynamics at the (sub-)ps timescale are essential. Although element-selective X-ray

measurements would provide themost complete picture, as a more straightforward

starting point we turn to time-resolved MOKE measurements. A drawback here is

that only the transition metal dynamics (Co andCo/Ni) can bemeasured, and theGd

dynamics are inaccessible. Additionally, measuring AOS dynamics in a stroboscopic

experiment poses a peculiar difficulty. As the magnetization switches between ‘up’

and ‘down’ with every pulse, the measured dynamics for each subsequent cycle will

have the opposite sign and thus cancel each other out. A solution to this problem,

proposed by Peeters et al., is to discard the signal of every other pulse before it reaches

the lock-in amplifier.77 For a typical toggleAOS process in a sample initialized in the ‘up’

state, measuring only the odd-numbered pulses as a function of pump-probe delay will

then give theAOS dynamics for switching from ‘up’ to ‘down’, and vice versa for the

even-numbered pulses.

Anadded complicationariseswhenapplying thismethod tomeasuring thedynamics

of SCA-AOS. Now, for a sample initialized in the anti-parallel (AP) state and a relatively

low laser fluence, switching only occurs with the first incident laser pulse. Therefore a

stroboscopic measurement would not pick up any pump-induced changes, nomatter

which pulses are measured. Alternatively, an external field could be used to reset the

Co/Gd bilayer between each laser pulse. However, in typical samples used for SCA-

AOS, the coercive field of theCo/Ni multilayer is lower than that of theCo/Gd bilayer
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Figure 7.4: TR-MOKEmeasurements of spin-current assisted all-optical switching in a [Co/Ni]
x4
/

Cu/Co/Gd sample. (a) Measurement when starting from the parallel (anti-parallel) state giving

the sum (difference) of the two contributions. (b) Separated Co/Ni and Co(/Gd) dynamics via

respectively adding and subtracting the signals from (a).

(see figure 6.1a). An applied field which is large enough to reset the Co/Gd bilayer

after anAOS event will then also switch theCo/Ni multilayer, resulting in a parallel (P)

alignment. As it is not possible to measure the switching dynamics within the fluence

gap in a stroboscopic manner, we will limit the current investigation to dynamics at

higher fluences, where switching is a toggle process again. Wewould then expect to see

a speeding up of the switching dynamics when starting from theAP state as compared

to the P state, analogous to the experiment of Malinowski et al. (see figure 2.3b and ref.

36).

A final consideration needs to be made due to the disparate magnetic layers in our

[Co/Ni]
x4
/Cu/Co/Gd samples. Because the total stack thickness is smaller than the laser

penetration depth (∼ 20 nm), both the Co/Ni multilayer and Co in the Co/Gd bilayer

will contribute to the MOKE signal. If the laser fluence is chosen carefully, the Co/Ni

multilayer will demagnetize and remagnetize to its original state between pulses, while

the Co/Gd bilayer will switch with every pulse. For now we are mainly interested in

the switching signal, which becomes more difficult to parse with the addition of the

demagnetization signal.

This is illustrated in figure 7.4a, where we show results from time-resolved MOKE

measurements using the previously described scheme to measure only the odd- or

even-numbered pulses. When preparing a sample in the P state, measuring the odd-

numbered pulses results in a signal which is the sumof theCo/Ni andCo/Gd signal. After
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every odd-numbered pulse theCo/Gd bilayer has switched, and theCo is anti-parallel to

theCo/Ni. Therefore, the signal from the even-numbered pulses consists of the Co/Gd

signal subtracted from theCo/Ni signal. It is clear that these signals are difficult to parse;

any difference in the switching behavior between the initial states becomes obscured.

Due to the fact that the Co/Ni multilayer remains in the same orientation, whereas

the Co/Gd bilayer switches with every pulse, the signal from the two layers can be

isolated, as is shown in figure 7.4b. The Co/Ni signal is obtained by adding the signal

from the odd- and even-numbered pulses (and dividing by two). Taking the difference

between the signals instead gives the Co/Gd signal. Here it is good to once again note

that only the dynamics of Co in the bilayer can bemeasured with this technique.

The striking difference between the dynamics of the two layers now becomes clear,

with typical de- and remagnetization behavior observed for the Co/Ni multilayer and

switching behavior for the Co/Gd bilayer. The latter is similar to the switching dynamics

measured by Peeters et al. for a solitary Co/Gd bilayer,77 showing a zero crossing within

a few ps and a slower relaxation towards saturation. It is important to notice that

this approach actually does not provide information on the effect of the spin current

onAOS dynamics. Because the isolated signals are in equal parts made up from the

contributions from both the P and theAP state, we end up with one set of signals where

the difference between these two situations is averaged out. To alleviate this problem,

one final ingredient needs to be introduced.

As discussed in section 3.1.2 and already utilized in chapter 5, complex MOKE can be

used to filter out the signal of the Co/Ni multilayer. Hysteresis loops are measured as a

function of the angle of a quarter-wave plate inserted in the probe beam. At a certain

angle the step in the hysteresis loop belonging to theCo/Ni multilayer vanishes, and

only the signal of Co in theCo/Gd bilayer is left. By nowmeasuring the time-resolved

dynamics for odd- and even-numbered pulses, we obtain theAOS dynamics for switch-

ing from the P to theAP state and vice versa, respectively. A preliminary time-resolved

MOKE result is presented in figure 7.5, with the inset showing the time-derivative of

theCo/Ni dynamics seen in figure 7.4b as an indication of the spin current.99,110 Note

that the signal-to-noise ratio is significantly worse than before; this is a consequence of

using complex MOKE, as unavoidably also signal from the desired layer is lost.

There indeed appears to be a difference between the switching dynamics depending

on the initial state. Compared to the P state, when starting from theAP state (where

the spin current assists switching) the magnetization crosses zero sooner, and reaches

a higher absolute value before the dynamics begin slowing down. Considering that the
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Figure 7.5: Time-resolved magnetization dynamics of spin-current assistedAOSmeasured using

complex MOKE to filter out the Co/Ni dynamics. The inset shows the time-derivative of the Co/Ni

signal. The gray band in both graphs indicates the time duringwhich this time-derivative is largest.

Lines are guides to the eye.

approximate temporal profile of the spin current (shown in the inset) shows a peak in

the first ps after the pump pulse hits, it is not surprising that the deviation between

the datasets also grows in this timespan. This deviation seems to remain constant

after the spin current has decayed, and the dynamics are governed only by intrinsic

remagnetization processes and heat diffusion.

It should be noted that these are preliminary results, and more systematic mea-

surements with a better signal-to-noise ratio are needed to draw concrete conclusions.

One barrier that needs to be overcome here is the relatively high threshold fluence for

switching in these samples. The high fluences needed lead to heat-induced changes in

the magnetic behavior of sample over time, which limits both the maximummeasure-

ment time and the range of fluences that can be investigated. As discussed in chapter 6,

the high threshold fluence could be a consequence of the growth of Co/Gd on rougher

interfaces; other sample geometries should therefore be considered for further research.

Here the high anisotropy ofTb could once again be exploited, as the main difficulty in

designing samples for SCA-AOS is the need for PMA in both the reference layer and the

switching layer.
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Figure 7.6: Threshold fluence for AOS in an FM/Cu/Co/Gd stack calculated using the s-d model.

The dashed line indicates the threshold fluence in the absence of the FM reference layer.

7.2.2 MODELING SPIN-CURRENT ASSISTEDAOS

Next to time-resolved measurements, modeling can provide valuable insights into the

dynamics of SCA-AOS. Of the two models used in this thesis, the M3TM and the s-d

model (sections 3.2.1 and 3.2.2), the latter is clearly more suitable due to its ability

to describe non-local dynamics. The structure is described as a series of pure atomic

monolayers, analogous to the implementation of the M3TM in ref. 89. We use a generic

ferromagnet as the spin-current generating reference layer, and implement the non-

magnetic spacer layer by setting the exchange coupling between the ferromagnet

and the Co/Gd bilayer to zero. The assumption that the spin current instantaneously

equilibrates across the layers is also valid in the structures considered here. Material

parameters are taken from references 89 and 101, with the exception of a reducedCo

and FMCurie temperature (T
C
) of 1000 K chosen to better reflect the thin film nature

of the system. It is worth bearing in mind that quantitative predictions should not be

expected, as the exact choice of material parameters strongly influences the numerical

results.

To determine if themodel is capable of reproducing the experimental observation of

SCA-AOS, we simulate the magnetization dynamics as a function of laser fluence for a

system initialized in the P and in theAP state. We extract the threshold fluence from the

magnetic state after several tens of ps, and plot this result as a function of the amount

of monolayers in the reference layer (n
FM
) in figure 7.6. We indeed find a significant

difference in the threshold fluence between the two initial states, which grows with

increasing reference layer thickness. This result also agrees with the experimental

observation in figure 6.4. In contrast to the experiment, the model predicts a slightly
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decreasing threshold fluence with increasing n
FM

when starting in theAP state. This

can be simply understood, as the main cause for the rising trend seen in the experiment

is assumed to be growth-related changes of interfaces, which are of course not taken

into account here.

A second interesting observation relates to the threshold fluence in the absence of

a reference layer, indicated by the dotted line in the figure. Looking at this value we

find that the spin current mainly hinders switching from the P state, while the degree

of assistance when starting from theAP state is significantly smaller. Due to the same

growth-related issues previously mentioned, this would be difficult to experimentally

investigate; a ‘pure’ measurement of only the effect of increasing spin current strength

hardly seems possible. However, if a reversed (Co/Gd/Cu/FM) stack could be fabricated,

a spin sink such as Pt (see appendix C.3) could be inserted between Cu and the FM

layer without affecting the intrinsic switching behavior of the bilayer. In exploratory

attempts, achieving PMA with a traditional Co/Ni multilayer as FM layer has proven

to be a challenge. However,Tb could again be used to strengthen the anisotropy. The

arrival of the spin current inGd first rather than in Co could also lead to different results,

which would require systematic investigation. Alternatively, the switching layer could

instead be aCo/Gd/Co stack, such that the spin current again arrives first in a Co layer.

Finally, it is good to note that although the material parameters have hardly been

tweaked, the relative difference in threshold fluence is similar to that found in experi-

ment. Specifically, we find a relative fluence gap of approximately 10% for n
FM

= 15,

close to the experimental range of 10 to 20%, giving confidence that themodel descrip-

tion is sensible.

Next we can take a look at the time-resolved dynamics for a laser fluence where

switching is one-directional. A fixed laser fluence of 28 ⋅ 108 J/m3 and n
FM

= 15 gives the

curves shown for the parallel and anti-parallel state in figures 7.7a and 7.7b, respectively.

Note that for the sake of clarity, the reference layer instead of the bilayer has been

switched to obtain the anti-parallel state. The behavior found here is as expected, with

only de- and remagnetization found in the P state, whereas the Co/Gd bilayer switches

when starting from theAP state. Note that switching of theGd layer takes place on a

timescale of several tens of ps, and is not visible in this figure.

The FM layer is also affected by the spin current generated byCo andGd, as evident

in the difference in the maximum quenching between the two states. In fact, when

increasing the laser fluence above 36 ⋅ 108 J/m3 (not pictured), the FM layer is also found

to switch. This is consistent with observations in FM/Cu/GdFeCo systems,111,112 but is
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Figure 7.7: Laser-induced magnetization dynamics in an FM/Cu/Co/Gd stack calculated using the

s-d model for (a) parallel) and (b) anti-parallel alignment of FM andCo. Laser fluence is the same

in both situations.

not observed in our experiments. For higher fluences we experimentally instead find

full demagnetization of the Co/Ni reference layer, evident by a multi-domain state after

relaxation (see appendix C.4). As one explanation of this discrepancy, it is possible

that the T
C
of the FM layer is too high in our model description, as in the experiment

it would be closer to that of the main component, Ni (627 K). A lower T
C
could entail a

complete quenching of the Co/Ni moment at higher fluences, preventing a spin current

from theCo/Gd bilayer from switching the reference layer. At the same time, the spin

current responsible for switching the FM layer in FM/Cu/GdFeCo systems was found to

be dominated by theGd contribution. Although we have shown that this contribution

can still be large in layered Co/Gd systems in chapter 5, in this case this spin current

would have to pass through theCo layer in order to reach the reference layer, already

reducing its magnitude. To investigate the possibility of switching the FM layer in these

systems, the previously discussedCo/Gd/Cu/FM stacks could be used here as well.

It is also interesting to note the large difference in theGd dynamics between the two

states in figure 7.7. Starting from the P state a rapid demagnetization of Gd is followed

by slow dynamics over a longer timescale; in theAP state the rapid demagnetization is

absent, and theGdmagnetization is even slightly enhanced at very short delays. This is

a clear effect of the spin current generated by the FM layer, which is aligned antiparallel

toGd in the P state (and thus assists demagnetization), and vice versa. We can see this

as an indication that, no matter where in the bilayer the spin current is absorbed, it has

the same qualitative effect onAOS. In the P state for instance, the spin current would

7



7.2. SPIN-CURRENT ASSISTED ALL-OPTICAL SWITCHING DYNAMICS 85

AP    P

P    AP

-10 -5 0 5 10

26

28

30

Th
re

sh
ol

d
flu

en
ce

(1
08

J/
m

3 )

Delay (ps)

FM

NM

Co

Gd

Δt

a b

1

2
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hinder demagnetization of Co, and assist in Gd. For both materials it would be more

difficult to form the transient ferromagnetic state necessary for switching;19 sufficient

quenching ofCowould be prevented, or theGdmomentwould be reduced such that the

angular momentum transferred is insufficient to pull the Comoment through zero. We

note that the slowing down of the Co dynamics around the zero crossing in figure 7.7b

does not seem present in the time-resolved MOKEmeasurements of figure 7.5. This

discrepancy was also noted in the M3TM in chapter 4 and ref. 77, and is likely an artefact

of treating the magnetization as a single spin for each layer and neglecting thermal

fluctuations, which is common factor in both models.

Asafinal use caseof the s-dmodelwe investigateanovel samplegeometry, sketched

in figure 7.8a, which can be used to study ultrafast optically generated spin currents.

Although the materials and their order are the same as in the previous discussion and

experiments, the difference lies in the thickness of the non-magnetic (NM) spacer layer.

Here, this thickness is chosen such that a laser pulse impinging from the top of the

sample will not (directly) heat the FM layer. For Cu approximately 99% of the light

would be reflected or absorbed for thickness of 50 nm onwards. The idea is now that

the FM layer can be excited separately from theCo/Gd bilayer with a second laser pulse

from the bottom of the sample through a transparent substrate. The time delay ∆t

between the two laser pulses can then be varied, depositing the angular momentum

7
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from the spin current into the Co/Gd bilayer at different times.*

We implement this system in the s-d model by defining two sets of electron and

phonon temperatures, one for theCo/Gd bilayer and one for the FM layer. These can

then be separately excited byGaussian laser pulses with a time delay∆t. The FM layer is

now excited by a pulse with a fluence of 30 ⋅ 108 J/m3, whereas the fluence for the bilayer

is again varied to find the threshold fluence. Doing this for both the P andAP state as

a function of the delay between the two pulses gives the result shown in figure 7.8b.

Understanding the exact shape of the curves is quite complicated, as the effect of

the spin current is in essence a convolution of the profile of the spin current and the

magnetization dynamics of the switching layers. As there is also an effect of the former

on the latter and vice versa, reducing the observed behavior to the spin current profile

is exceedingly difficult. However, some interesting observations can still be made.

The highest difference in threshold fluences is found for delays of 1 to 3 ps, which is

when the Co andGd dynamics are evolving rapidly. This implies that, in this description,

adding additional angular momentum to the system at lower time delays, while it

is still demagnetizing is not optimally effective; the angular momentum acts more

efficiently when the net Co andGdmoments are already low. In fact, the magnitude

of the maximum fluence gap increases from 10% at zero time delay to 18% at its

maximum. There is also a marked difference in the shape of the curves for the two

initial states. An asymmetry is present in the curve for theAP state, but nearly absent

in the curve for the P state. This could potentially be a second order effect, namely the

result of the spin current from the Co/Gd bilayer acting on the FM layer, affecting its

dynamics and therefore modifying the spin current generated by the FM.Additionally,

there appears to be a slight increase of the threshold fluence for switching from theAP

state for negative time delays. Potentially this is the result of the remagnetization of

the FM layer generating a spin current with the opposite polarization, due to the source

term scaling as dm

dt
.

Implementing this scheme in an experiment poses some challenges. As a consid-

eration for sample design, PMA is needed in the Co/Gd layer, which would now be

grown on a thick Cu layer. Any crystalline texture induced by the seed layers at the

bottom of the stack, needed for inducing PMA via a Pt/Co interface, is likely lost within

the Cu layer. Here Tb could again come to the rescue, for instance in the form of a

Co/Gd/Co/Tb switching layer. Additionally, aligning the two laser beams to illuminate

the same area of the sample could also be challenging. Nanofabricated markers could

*Although the travel time of the electrons through the NM layer would already cause a delay, a Fermi velocity

of 1.57 ⋅ 106m/s for Cu174 gives a delay of 32 fs, which is very close to the limits of the experimental resolution.
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assist in this process, using reflectance measurements to accurately overlap the beams.

Measuring the time-resolved dynamics of this system itself is likely quite complicated,

as the accumulated heating from two laser pulses could quickly become prohibitive for

stroboscopicmeasurements. Amajor benefit in this approach therefore lies in the setup

only requiring single-shot switching. The created domains can be straightforwardly

analysed using Kerr microscopy, which could give quite reliable results. In combination

with amore rigorous implementation of the s-dmodel, this experiment could add to the

body of knowledge on ultrafast optically generated spin currents, while also providing

some insights into the crucial factors inAOS itself.

7.3 GENERAL OUTLOOK

The results presented in this thesis demonstrate the diversity of the physics that can

be investigated using synthetic ferrimagnetic layered systems. We have seen that

the intersection of many fascinating physical phenomena enables rapid repeatedAOS

(chapter 4), spin current generation (chapter 5), and the use of external spin currents for

novel functionality(chapter 6). In regard to the latter two results, we have shown that

these systems can even function as a probe of the often elusive non-local processes

inherent to ultrafast magnetization dynamics (chapter 5 and section 7.2). Naturally

there are still burning fundamental questions on the microscopic origins of all types of

laser-induced ultrafast magnetization dynamics. However, we have shown that existing

models such as theM3TMand the s-dmodel can at least qualitatively reproduce thenovel

experimental observations, giving confidence that we are on the right track towards

better fundamental understanding.

Circling back to technological applications, the systems investigated here show

robust operation and a versatility that can be exploited in several device architectures.

For instance, one spintronic device which is starting to see use in commercial products is

the magnetic tunnel junction (MTJ),28 which uses electrical currents to both switch and

read out the magnetization. As discussed in section 1.2, hybrid opto-spintronic MTJs

usingCo/Gd bilayers have been demonstrated with a high tunnel magnetoresistance

and robustness in the face of industrial processing steps.32 In these devices, writing

would be performed via AOS, whereas the reading process remains in the electrical

domain. Although this yields a massive speed boost in terms of writing, the toggle

switching limitation ofAOSwould be a hindrance to the efficient functioning of a device;

either a read or a reset operation is required before a write operation can take place.

Integrating SCA-AOS in these devices would provide a way around this issue, making it

7



88 FURTHER RESEARCH AND OUTLOOK

possible to write a bit without having to know the initial state. Although the need for

two laser pulses to write one of the two bit states somewhat complicates the device,

we have shown that switching events in Co/Gd bilayers can take place within 10 ps.

Therefore this need not be a hindrance to the operation speed of the device.

An alternative device geometry exploiting plasmonics could circumvent the need for

two laser pulses altogether. It has beendemonstrated inGdFeCo/SiN/GdFeCo structures

where the light is coupled in via a prism, that the absorption canbe localized to either the

top or the bottomGdFeCo layer depending on the polarization of the laser pulse.175Now

envision an all-optically switchable multilayer, sandwiched between two ferromagnetic

reference layers with opposite magnetization. By careful plasmonic design, the system

could then be engineered such that a laser pulse will excite the switchable layer and only

one of the two reference layers, depending on its polarization. With the proper laser

fluence, the choice of polarization then uniquely defines the final state of the switchable

layer, requiring only a single laser pulse.

Synthetic ferrimagnets are particularly promising for future spintronic devices due

to their inherent versatility; engineering of layers affords awide spectrumof possibilities

for optimization and functionality. As demonstrated in section 7.1,Tb can be used to

maintain PMA and stabilize small domains without sacrificingAOS efficiency. Addition-

ally, the already low energy consumption inherent to AOS could be further reduced

by careful engineering of intermixing133 and optical absorption.176 At the same time,

thermal engineering is essential to ultrafast device operation, as demonstrated in chap-

ter 4. It should be noted that although repeated writing of the same bit at a frequency

of 10GHz is not a likely scenario, thermal engineering is still essential to prevent device

degradation due to accumulated heat, even at lower operating frequencies.

Finally, possibilities at the intersection with the emerging field of integrated pho-

tonics should not be understated. All-optical switching makes it possible to convert

information from the optical domain directly into the magnetic domain, without the

need for intermediate electronics. These processes also inherently have a strong non-

linear response, and magnetic systems in general present a tried and tested way to

store information in a non-volatile manner. These are factors which are highly sought

after in current photonic technology, potentially paving the way for synthetic ferri-

magnetic spintronic devices to function as crucial building blocks for the ultrafast and

energy-efficient data processing devices of the future.
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Figure A.1: (a) Kerr microscopy images of a Si:B//Ta(4)/Pt(4)/Co(1)/Gd(3)/TaN(4) sample after

exposure to single fs laser pulses with indicated total energy. The scale bar represents 50 µm.

(b) Threshold fluence, corrected for absorption, for single laser pulse AOS and multi-domain

formation on both Si:B and Si/SiO
2
substrates.

A.1 THRESHOLD FLUENCE FORAOS AND DEMAGNETIZATION

Due to a lack of data on the thermal conductivity of the Si:B and Si/SiO
2
(100) substrates

used, we have performed additional experiments to gain an indirect measure of this

parameter. The first experiment is presented here, and involves exposingCo/Gd samples

to single fs laser pulses with varying total energy. After exposure, we again image

themagnetic state of the samples using Kerr microscopy, of which we present some

representative images in figureA.1a. The size of the written domain size increases with

increasing laser pulse energy, which is simply a consequence of the Gaussian profile

of the energy density of the pulse. Moreover, above certain laser pulse energies (in

this case ∼ 500 nJ) a randommulti-domain state will form in roughly the center of the

switched area. As mentioned in chapter 4, this occurs when the laser energy is so high

that the magnetization is fully quenched and remagnetizes into a pattern driven by

dipolar interactions. This only occurs when the phonon temperature exceeds the Curie

temperature after equilibration with the electron temperature.17 This logically also

depends on the thermal conductivity of the sample, as a substrate that more efficiently
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conducts heat away from the metallic layers should equilibrate to a lower temperature.

Therefore, comparing the laser energy at which a multi-domain state begins to appear

within the switched region between samples can give us an idea of the relative thermal

conductivities of the samples.

To be able to properly compare the two substrates, we first determine the threshold

fluence for AOS on both substrates. This can be done by extracting the area A of the

switched domain as a function of the laser pulse energy E and fitting the data with20,177

A = πr 2 × ln( E

F
0
× πr 2

). (A.1)

Here, r is the radius of the laser pulse, defined as the standard deviation of the

Gaussian energy density distrubtion, and F
0
is the threshold fluence. A complicating

factor here is the difference in optical properties between the two substrates, meaning

that we should compare absorbed rather than incident laser pulse energy. The most

significant difference is the SiO
2
layer, which acts as a reflective coating, increasing

the absorption in the metallic stack.176 To calculate the absorbed fraction of the laser

pulse energy in themetallic stack, we perform transfer matrix calculations.147 This gives

the threshold fluences plotted in figureA.1b, which are found to be the same for both

substrates. This is expected, as the occurrence ofAOS is driven by the immediate rise in

temperature of the electron system,17 and is therefore not influenced by the substrate

thermal conductivity.

We now extract the energy E at which a multi-domain state starts to appear within

the switched area from our Kerr microscopy images. The value is defined as the average

of the pulse energy where a multi-domain state is first observed and the next-lowest

pulse energy that was applied, with the error given by the difference between this

value and the two applied pulse energies. When again corrected for absorption, filling

this in in equation (A.1) together with the laser radius r obtained from the fit gives the

threshold fluence for multi-domain formation, plotted as the red bars in figure A.1b.

We clearly find a lower threshold fluence for the Si/SiO
2
substrate as compared to the

Si:B substrate, indicative of lower thermal conductivity at the relevant timescales for

repeatedAOS.
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FigureA.2: Time-resolved MOKEmeasurements of low fluence demagnetization of Co(1)/Gd(3)

bilayers on two different substrates. This experiment mainly measures theCo dynamics. Here

the measurements are normalized to the maximum demagnetization to facilitate comparison.

The inset shows the raw data, normalized instead using magnetic hysteresis measurements.

A.2 TIME-RESOLVEDMOKE MEASUREMENTS

As a second experiment to characterize the thermal conductivity of the substrates, we

perform time-resolvedMOKE experiments onCo/Gd bilayers to measure the magne-

tization dynamics after laser excitation. Although the laser energy used here is not

high enough to result inAOS, simple de- and remagnetization dynamics can also give

information on the thermal conductivity. We use a mode-lockedTi:Sapphire laser to

generate laser pulses with a duration of approximately 150 fs at a repetition rate of

80 MHzThe pulses have a central wavelength of 780 nm, at which we are dominantly

sensitive to the Comagnetization.

In figureA.2 we plot the fully normalized results on both the Si:B and the Si/SiO
2

substrate. Note that the maximum demagnetization on both sublattices is not equal,

and the raw data is plotted in the inset. There, the relative magnetization loss is ex-

tracted using magnetic hysteresis measurements. In the main figure, we observe rapid

demagnetization and subsequent remagnetization on a short timescale (< 5 ps). Already

at this timescale, a difference is present between the two substrates. Here it should be

noted that, as seen in the inset, demagnetization on the Si/SiO
2
substrate was lower.

This leads to faster magnetic dynamics than on the Si:B substrate,55 as is observed in

the behavior below ∼ 4 ps. After this time a relative slowing down of the dynamics

on the Si/SiO
2
substrate is found. This indicates a clear effect of the thermal conduc-
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tivity of these substrates on the ultra-short timescale, which is relevant for repeated

switching events. For longer timescales, the difference in behavior becomes even more

pronounced. Although the timescale for full recovery of the magnetization is quite

long (>500 ps), we emphasize that this is not the critical condition for allowing a second

switching event. Instead, this depends on a number of factors such as theCo andGd

magnetization, their ratio, and the remaining temperature in the electron and phonon

systems. However, the relatively slow recovery will be of interest in moving to many

repeated writing events, as accumulated heat will most likely prove detrimental in that

case.
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B.1 ADDITIONAL EXPERIMENTAL DETAILS

In our samples, theGd andTb layers were deposited while moving a shutter over the

sample, leading to a thickness gradient along the sample. In order to determine the

absolute thickness on this wedge an additional marker layer of Pt was deposited while

keeping the shutter at the starting point of the path followed in the previous step. The

reflectivity of the sample as a function of position then exhibits a step where thismarker

layer starts, giving a calibration point for the gradient. Due to shadowing effects the

width of the step in this measurement is ∼0.3 mm, which corresponds to 0.3 nm of RE

thickness. Also due to imperfections in the positioning of the shutter, the exact starting

point of the gradient can not be determined with greater accuracy than this 0.3 nm.

Within this range, we define 0 nm as the final measurement point along the sample

before the behavior of the FMR orTHzmode begins to change. Note that the length

of the gradient can be accurately determined, and the relative variation in thickness is

accurate to within a few percent.

To accurately determine the exact moment of excitation, the so-called coherence

peak is used,146 which is centered around the temporal pump-probe overlap. This is a

non-magnetic effect, so it can bemeasured bymeasuring the demagnetization after

saturation in opposite directions. Adding the two curves leaves only the non-magnetic

effects that are independent of the magnetization direction, which in our case is only

the coherence peak. Using this technique, themoment of excitation can be determined

with an uncertainty in the order of 10 fs, necessary for phase measurements of theTHz

spin waves. Amore detailed description of the measurements, as well as an example,

can be found in ref. 110.

B.2 TRANSFER MATRIX CALCULATIONS FOR OPTICAL

ABSORPTION

In figure 5.4a we show the amplitude of the FMRmode for Gd thicknesses in the gener-

ation layer of up to 10 nm. At these thicknesses the optical absorption starts to play

a significant role, and needs to be taken into account when determining the actual

amplitude. As the film thickness increases, the absorbed laser energy also increases.

Therefore heating and thus demagnetization is greater for thickerGd layers, potentially

generating stronger spin currents. To calculate the size of this effect, we perform trans-
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Figure B.1: (a) Instantaneous light absorption profile calculated with transfer matrix method for

a Si:B(substrate)/Ta(4)/Pt(4)/Co(1)/Gd(3)/Cu(2.5)/Co(5)/Pt(2.5) stack. (b)Total absorption in the

metallic layers as a function of theGd thickness.

fer matrix calculations147 using the tmm Python package.162Values for the refractive

indices at the central laser wavelength (780 nm) are taken from literature.178,179

We calculate the instantaneous absorption profile for the metallic stack used in

the experiments (with t
Gd

= 3 nm), which we plot in figure B.1a. In metallic layers with

thicknesses of only a few tens of nm, thermal equilibration between the layers proceeds

on the timescale ofmere hundreds of fs.125As this is comparable to the demagnetization

timescale in Co, and much shorter than this timescale in Gd,55 the absorption in the

entiremetallic stack is the relevant parameter to determine the ultimatemagnetization

quenching. Integrating the absorption profile over the thickness of the metallic layers

then gives this total absorption. Repeating this for the range ofGd thicknesses used in

the main work gives the curve shown in figure B.1b. Here we indeed find an increase of

the absorption with theGd thickness. To finally arrive at the data shown in figure 5.4a,

the measured amplitude of the FMR spin-waves is divided by the total absorption for

each value of theGd thickness.
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B.3 DERIVATION OF THE PHASE AND AMPLITUDE OF TOY

MODEL FMR MODE

In section 5.3.1, we explain the Gd thickness dependence of the FMR amplitude and

phase by decomposing the total FMR signal into a separate Co and Gd contribution,

each with its own respective amplitude (A
Co

and A†
Gd

= A
Gd
(1 − exp(−t/λ

mag
)) and phase

(0 and δ). Using Euler’s formula, this can be written as:

A
FMR

ei (ωt+φ) = A
Co
eiωt + A†

Gd
ei (ωt+δ) . (B.1)

As the frequencyω is assumed to be the same for all contributions, we can multiply

equation (B.1) with e−iωt, yielding:

A
FMR

eiφ = A
Co

+ A†
Gd
eiδ . (B.2)

First, we find an expression for A
FMR

by taking the complex absolute value of equa-

tion (B.2).

A
FMR

= √|ACo
+ A

†
Gdeiδ|2

= √ACo
2 + A

Gd
2 (1 − e

− t
λmag )

2

+ 2A
Co
A
Gd

cos(δ) (1 − e
− t
λmag ) . (B.3)

Next, an equation for the phase of the FMR mode is derived by taking the real and

imaginary part of equation (B.2):

A
FMR

=
A
Co

+ A†
Gd

cos δ

cosφ

A
FMR

=
A†
Gd

sin δ

sinφ
,

} φ = tan−1 (
sin(δ)A

Gd
(1 − e

− t
λmag )

A
Co

+ cos(δ)A
Gd
(1 − e

− t
λmag )

) . (B.4)

Equations (B.3) and (B.4) are used to describe the data presented in figure 5.4a.
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Figure B.2: (a) Spin wave measurements for the Co/Tb generation layer. (b) Extracted frequency

as a function ofTb andGd thickness. Data forGd on a similar sample are included for comparison.

B.4 THZ SPIN-WAVES EXCITED BYCO/TB

THz spin-wavemeasurements are performed for theCo/Tb generation layers as well, as

presented in figure B.2a. Due to strong attenuation of the measured signal for added

Tb, onlyTb thicknesses of up to 0.4 nm can be reliably considered. A decrease of the

spin-wave frequency for increasingTb thickness is observed (figure B.2b), similar to our

observation forGd, presented in section 5.3.2. We should note that thesemeasurements

were performed under slightly different growth conditions, leading to a slightly different

absorption-layer thickness and thus a different spin-wave frequency. To be able to

compareGd andTb, we performed the same experiments for a sample containingGd,

grown under the same conditions. As can be seen in figure B.2b, the frequency does

not depend on the REmaterial, indicating thatTHz spin-wave generation is dominated

by the Co. Furthermore, the observed frequency differences between identical samples

gives us a strong indication that the observed anomalous frequency behavior is related

to growth.
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B.5 S-D MODELLING

B.5.1 THE DESCRIPTION OF THE MAGNETIC STACK

Asmentioned in section 5.4, the generation layer is described as a system of layered

CoGd alloys with a varying local Co concentration describing an intermixed Co/Gd

bilayer.133 Furthermore, thisCo/Gdbilayer is connected to aCu spacer layer ofd = 2.5nm.

We define the interface between the generation layer and the spacer layer as z = 0,

where z represents the out-of-plane spatial coordinate. Now the local concentration of

Co at position z is modeled by the function

x
Co

=
1

2
[1 − erf((z − z

int
)/w)], (B.5)

where z
int

is the position of the the (intermixed)Co/Gd interface. We setw = 0.5 nm.

This yields an intermixing region with a width in the order of nanometers, an order of

magnitude larger than the discretization step size (lattice spacing a).

Due to the intermixing region the layer thicknesses are not well defined. We define

̃d
Gd

= z
int

+ a, where a is the lattice constant. ̃d
Gd

determines the total Gd in the system

and plays the role analogue to a layer thickness. The total thickness of the system is

then given d = d
Co

+ ̃d
Gd
, where ̃d

Co
= 1 nm is set constant and plays a the role of a

thickness for theCo. To be clear, using this approach d
Co

and ̃d
Gd

do not precisely define

a layer thickness, since we assume an intermixed interface. Nevertheless, for increasing

value of ̃d
Gd

the relative amount of Gd increases in an monotonuous way.

B.5.2 THE CALCULATION OF THE PHASE

To calculate the phase of the excited homogeneous precession in the absorption layer,

we write down the Landau-Lifshitz-Gilbert-Slonzcewski equation for a homogeneous

magnetization in the form180

dm

dt
= −ω

0
m × ̂z + αm ×

dm

dt
+ τ

STT
, (B.6)

whereω
0
is the angular FMR frequency and α the effectiveGilbert damping. τ

STT
is the

(anti-damping) spin-transfer torque exerted by the absorbed spin current. The latter is
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proportional to180

τ
STT

∝ m × (j
s
(t) ̂x ×m). (B.7)

We focus on small perturbations around the ground statem = ̂z, assuming small trans-

verse components in the x (OOP direction) and y direction δm
x
, δm

y
<< 1. Furthermore,

we defineψ = δm
x
+ iδm

y
. Equations (B.6) and (B.7) then reduce to

−i(1 − iα)
dψ

dt
= ω

0
ψ − iτ

STT,x
(t), (B.8)

which can easily be solved using theGreen’s function method. Assuming |α|2 << 1, we

have theGreen’s function

G
0
(t − t’) ∝ θ(t − t’) exp(iω

0
(1 + iα)(t − t’)). (B.9)

The transverse magnetization is expressed in terms of a convolution

δm
x
(t) ∝ Re{G

0
∗ j

s
}. (B.10)

Equation (B.10) is used to determine the phase of the homogeneous precession excited

by j
s
(t) as calculated by the method in the previous section.

Extending the model to include the excited inhomogeneous modes can be accom-

plished by taking the following steps. The first step is to make the normalized mag-

netizationm spatial dependent. The second step is to implement the exchange field

in equation (B.6), which is of the formH
ex
∝ A∇2mwith A the spin-wave stiffness.109

In analogy with equation (B.8), the resulting equation of motion can be expressed in

terms of the complex functionψ(x, t), which is now dependent on spatial coordinate

x. Importantly, it is assumed that all incoming (perpendicular) spins are absorbed at

the interface. Now, the spin-transfer torque will appear as a boundary condition for

the functionψ(x, t). Finally, the functionψ(x, t) is expanded in cosines cos(nπx/L) that
represent the standing spin-wave solutions. In that way, an equation for every separate

mode can be derived. It is straightforward to show that the contribution δm
x,n

of mode

n to the amplitude of the transverse magnetization is equivalently determined by

δm
x,n
(t) ∝ Re{G

n
∗ j

s
}, (B.11)

with the response functionG
n
(t) for mode n

G
n
(t − t’) ∝ θ(t − t’) exp(iω

n
(1 + iα

n
)(t − t’)), (B.12)
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whereω
n
is the frequency of mode n and given byω

n
= ω

0
+ (A/ℏ)(nπ/L)2 with L the

thickness of the absorption layer. Furthermore, α
n
is the mode-dependent damping

parameter. For simplicity, the latter is assumed to be independent of the mode and set

equal to theGilbert damping.

B.5.3 SYSTEM PARAMETERS

The values of the material parameters as used in the calculations presented in sec-

tion 5.4are given in table B.1. We stress that although we use the terminology of Co/Gd

components in the text, the material parameters presented here correspond to the

values for a generalTM-RE system. The latter is motivated by that the modeling only

justifies qualitative statements, since the implementation required a large number of

assumptions and approximations.
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Table B.1: The typical values used for the material parameters in the calculation of section .. .

symbol meaning value

T
amb

ambient temperature 295 K

γ electronic heat capacity parameter 2000 Jm−3 K−2

C
p

phonon heat capacity 4 ⋅ 106 Jm−3 K−1

P
0

absorbed pulse energy 2 ⋅ 108 Jm−3

σ pulse duration 0.15 ps

τ
D
* heat dissipation time scale 100 ps

a lattice spacing 0.25 nm

T
C,TM

TMCurie temperature 1000 K

T
C,RE

RECurie temperature 292 K

S
TM

spin quantum number 1/2

S
RE

spin quantum number 7/2

μ
at,TM

TM atomic magnetic moment 2.0 μ
B

μ
at,RE

RE atomic magnetic moment 7.0 μ
B

ρ
sd

s-d coefficient Ref.101 1.0 eV

τ
sd,TM

TM s-d scattering time 0.1 ps

τ
sd,RE

RE s-d scattering time 20.0 ps

τ
s

spin-flip scattering time (magnetic region) 0.2 ps

τ
s,N

spin-flip scattering time (nonmagnetic region)145 17 ps

σ conductivity (magnetic region)145 6.7 ⋅ 106 Sm−1

σ
N

conductivity (spacer layer)145 39 ⋅ 106 Sm−1

D spin diffusion coefficient (magnetic region)145 250 nm2 ps−1

D
N

spin diffusion coefficient (spacer layer)145 9500 nm2 ps−1

g interfacial conductance parameter 0.4 ⋅ 106 m−2

ω
0
/(2π) FMR frequency 12GHz

α effective damping 0.05

j
Co−Gd

interatomic exchange constant 2.0meV
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Figure B.3: CalculatedTHzmode excited by the spin cur- rent from aCo(1) (black) andCo(1)/Gd(2)

(blue) generation layer.

B.6 MODELLINGTHZ SPINWAVES USING THE S-D MODEL

Using the s-d framework discussed in Sec. IV of this, theTHz response of the absorp-

tion layer is calculated. The results are plotted in figure B.3 for Co(1) (black line) and

Co(1)/Gd(2) (red line).

Our calculations indicate a slight decreaseof theamplitude,which in experimentswe

expect to bemorepronounceddue to spin diffusion in theGd layer. Furthermore, a slight

phase shift is expected. The calculated shift is in the order of 60 fs, which corresponds

to a phase shift of about 10°. This is too small to pick up in our measurements.



B.7. POTENTIAL EXPLANATIONS FOR THETHZ SPIN-WAVE FREQUENCY SHIFT 107

B.7 POTENTIAL EXPLANATIONS FOR THETHZ SPIN-WAVE

FREQUENCY SHIFT

B.7.1 GROWTH RELATED FREQUENCY SHIFT

A growth-related change in the exchange stiffness scales linearly with the spin-wave

frequency.181 Eyrich et al. demonstrated that the effective exchange stiffness of ul-

trathin (< 10 nm) Co can drop significantly when alloyed with certain non-magnetic

materials,148 and similar effects were later reported inCu/Co bilayers due to intermixing

at the interface.109We postulate that due to the addition of a RE dusting below theCu,

subsequent growth becomes more disordered, leading to more intermixing and thus

a lower exchange stiffness. Although we expect the ∼45% reduction of the exchange

stiffness required to explain the observed frequency shift completely is improbably

large,109,148 the order of magnitude of this effect is unknown for our system specifically

and requires further research.

B.7.2 INTERLAYER COUPLING BETWEENTWO EIGENMODES

We postulate that the frequency is significantly affected by the interlayer coupling

of the simultaneous transverse magnetization dynamics in the generation layer and

absorption layer. This coupling arises from the combination of spin pumping, interlayer

spin transport, and the resulting spin-transfer torques. It will be maximized in case the

eigenmodes of the absorption layer (the standing spin waves) and the eigenmodes of

the generation layer (e.g., the exchangemode of the synthetic-ferrimagneticmultilayer)

have a similar frequency.

In order to reach amathematical description of this concept, we formulate an expres-

sion of the form of equation (B.6) for both layers separately. The noncollinear nature of

the full magnetic stack is captured in the definitions of the effective fields within the

distinct layers. In analogy with the previous subsection, the effective field within the

absorption is pointing along the z axis, and its magnitude is expressed in terms of the

eigenfrequencyω
A
. For the generation layer, we define the effective field to be directed

along the positive x direction, with a magnitude determined byω
G
. Additionally, we

include the interlayer coupling terms. Specifically, the equation for the absorption layer
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includes the torque180

τ
interlayer−STT

∝ g
A
m

A
× ((m

G
×
dm

G

dt
) ×m

A
), (B.13)

wherem
A
describes the normalized magnetization of the absorption layer andm

G
the

normalized magnetization of the generation layer. Furthermore, the dimensionless

factor g
A
is determined by the efficiency of spin pumping and the interlayer spin transfer,

andmainly depends on the spin-mixing conductances. The expression describes an anti-

damping spin-transfer torquemediatedby thepumped spin current from thegeneration

layer. A similar torque will be present in the equation for themagnetization dynamics in

the generation layer, where the subscripts are interchanged A G. We linearize the set

of equations usingm
A
= (δm

A,x
, δm

A,y
, 1) andm

G
= (1, δm

G,y
, δm

G,z
). By collecting the

linear terms, and switching to the frequency domain, we find the following equation for

the eigenfrequencyω

((ω
A
+ iα

A
ω)2 −ω2)((ω

G
+ iα

G
ω)2 −ω2) − g

A
g
G
ω2(ω

A
+ iα

A
ω)(ω

G
+ iα

G
ω) = 0, (B.14)

where α
A
and α

G
are the effective damping for the layer-specific eigenmodes. To purely

extract the role of the effect discussed in this subsection, we remove the terms depen-

dent on the damping α
A
= α

G
→ 0. By solving equation (B.14), it can be shown that

the maximal shift of the frequency (compared to the layer-specific eigenfrequencies

ω
A
andω

G
) is reached in case the eigenfrequencies are equalω

A
= ω

G
ω

0
. Then, the

frequency is given by

ω = ω
0√1 +

g
A
g
G

2
± √gAgG√1 +

g
A
g
G

4
. (B.15)

For √gAgG << 1 this expression is equivalent to

ω = ω
0
(1 ± √gAgG/2), (B.16)

indicating that the change is linear in √gAgG.

Considering that the factors g
A
and g

G
are related to the effective damping (which

for ultrathin films is strongly enhanced by spin pumping), using an effective damping

of α = 0.1we estimate that the reduction of the frequency resulting from this effect is

approximately 5%. Considering that the (not investigated) eigenmode of the ferrimag-

netic generation layer may have a stronger damping, higher values for the frequency

shift may be possible. Although this mechanism can not explain the large frequency
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reduction as observed in the experiments, the order of magnitude of this results proofs

that this contribution is nonnegligible.
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Figure C.1: Switched domain size extracted from Kerr microscopy images after irradiation of a

(Co/Ni)
x4
/Co/Cu/Co/Gd sample with a ∼100 fs laser pulse as a function of laser pulse energy. Fits

are made to extract the threshold fluence, where each pair (P+ and P−, AP+ and AP−) is fitted

simultaneously.

C.1 AOSTHRESHOLD FLUENCES FOR ALL INITIAL STATES

In figure 6.2a we presented ameasurement where we determined the threshold fluence

for switching from the AP to the P state (F
0,D

) and vice versa (F
0,T
). For the sake of

simplicity, we only showed data frommeasurements where the reference layer magne-

tization was in the positive direction out of the sample plane (plus-states). We assumed

that, as the corresponding plus- andminus-states are time reversed versions of each

other, only the relative orientation of the reference layer and free layer (P or AP) deter-

mines whether the spin current from the reference layer assists or hinders switching.

Herewe verify this assumption by determining the threshold fluence for switchingwhen

starting from all four possible magnetization states (P+, AP+, AP−, and P−).

In figureC.1 we present the switched domain size in a (Co/Ni)
x4
/Co/Cu/Co/Gd sample

as a function of incident laser pulse energy, when starting from all four states. The

domain sizes indeed do not depend on the sample starting in a plus- or a minus-state,

confirming as expected that only the relative orientation of the reference and free layer

is relevant. Note that these measurements were performed on a different sample than

those in Fig. 1(c), yielding different values for the threshold fluence but showing the

same qualitative behaviour.
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FigureC.2: Optical absorption per unit depth of aSiO
2
(100)/Ta(4)/Pt(4)/(Co(0.2)/Ni(0.9))

x4
/Co(0.2)/

Cu(5)/Pt(0.5)/Co(1)/Gd(3)/Ta(4) sample as used in this work (numbers between parentheses in-

dicate thicknesses in nm). Note that the full SiO
2
layer and Si:B substrate are included in the

calculation itself.

C.2 CALCULATED OPTICAL ABSORPTION IN SAMPLES

For theanalysis presented infigure6.4b,we calculated the theoretical optical absorption

in theCo/Ni reference layer. Asmentioned, thiswasdoneusing a transfermatrixmethod.

In this section we briefly expand on the process that was used. Using known values

of the refractive index at 700 nm for all materials in the stack (from both our own

measurements and literature178), we calculate an absorption profile of the entire stack,

as shown in figure C.2. Note that due to the likely high degree of intermixing, we

treat the full Co/Ni multilayer as having the refractive index of the dominant material

by volume, being Ni. The absorption in this multilayer is subsequently calculated by

integrating over the thickness of this layer.

In the same discussion wementioned that the threshold fluences F
0,D

and F
0,T

were

found to increase with increasing Ni thickness in the reference layer. To explain this,

we posited that this could be partially explained by a difference in optical absorption

in the Co/Gd layer. As the SiO
2
layer on our substrates acts as a reflective coating, the

absorption is strongly affected by this reflection. Therefore, an increase in absorption

in lower layers with increasing thickness could lead to a sizeable reduction of the ab-

sorption in the upper layers. To verify this, we calculated the absorption in theCo/Gd

bilayer as a function of Ni thickness. We find that upon increasing the Ni thickness in

each repeat from 0.5 to 1.0 nm, the optical absorption in theCo/Gd bilayer decreases

by approximately 12%. At the same time, the threshold fluences increase by ∼ 19% in
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Figure C.3: Difference between threshold fluences for deterministic writing and toggle switching

as a function of the total Pt thickness between the reference and free layer in a SiO
2
(100)/Ta(4)/

Pt(4)/(Co(0.2)/Ni(0.9))
x4
/Co(0.2)/Pt(X-0.5)/Cu(5)/Pt(0.5)/Co(1)/Gd(3)/Ta(4) sample. Line indicates

a fit with an exponentially decaying function. Inset shows a two pulse experiment similar to

figure 6.4a for two different Pt thicknesses in the spacer layer. Scale bar represents 20 µm Error

bars represent the standard deviation obtained through fitting.

this same interval. The increase in threshold fluence can therefore to a large extent be

attributed to the reduction in optical absorption in theCo/Gd bilayer. As mentioned in

section 6.3, a higher roughness of the top layers could explain the additional increase,

which could be verified by investigating the inverted stack (where the reference and

free layer switch position).

C.3 BLOCKING SPIN TRANSFERWITH A SPIN SINK

In section 6.3 we showed that the difference between threshold fluences can quantita-

tively be explained by the behaviour of an optically generated spin current by tuning the

reference layer. As a less quantitative, but more straightforward check that the effect is

driven by a spin current we show a different approach here.

Following Iihama et al.,111 in figure C.3 we present results of an experiment where

we determine the difference between the two threshold fluences as a function of the

thickness of a Pt insert layer between the reference layer and free layer. Note that we

plot the total Pt thickness in the spacer, as a 0.5 nm Pt buffer layer on top ofCu is always

included to induce PMA in theCo/Gd bilayer. It is clear here that the threshold fluence

gap goes to zero within ∼2.5 nm of total Pt thickness. From a fit of the data with an

exponentially decaying function (solid line) we extract a characteristic decay length, the
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Pt spin diffusion length, of (0.9 ± 0.3) nm, which is consistent with literature reports.182

This is also demonstrated in the inset of figure C.3, where we show Kerr microscopy

images of the same two pulse experiment shown in figure 6.4a. There, we exposed a

sample prepared in theAP state to two subsequent laser pulses with the same energy.

We have already seen that this results in a ring-shaped region where the second pulse

does not switch the free layer again, due to the difference in threshold fluences. Here

we additionally perform this experiment on a sample with an added Pt layer of 2 nm

between the reference layer and theCu spacer layer. It can be seen that no clear ring

appears, as is to be expected when there is no difference in threshold fluences. The

slight broken ring which remains is the result of pulse-to-pulse variations of the laser, as

this same ring is also present when performing the experiment on a sample which is

prepared in the P state. This same variation between pulses is also the main cause of

the relatively large error bar, as well as the apparent zero crossing and subsequent rise

of the fluence gap in these measurements.

C.4 DISTINGUISHING BETWEEN STATES IN KERR MICROSCOPY

The different contrast levels in the Kerr microscopy images in this work have thus far

been labelled as different magnetization configurations. In this section we show how

we determine which contrast level corresponds to which magnetization state.

In figure C.4a we show Kerr microscopy images of a sample that has been prepared

in theAP+ state which has been exposed to a train of laser pulses (left, green border)

and a single laser pulse (right, blue border). After exposure with a train of laser pulses, a

complexmultidomainmagnetization state appears due to excessive heating of the sam-

ple. The energy of the laser pulses used here was high enough that both the reference

and free layer have been thermally demagnetized by the pulse train. Therefore both

states of both layers, and consequently all four possible magnetization configurations,

are present in this area. This can be seen directly in the four different contrast levels

that can be distinguished. In the case of exposure with a single laser pulse, only two

total contrast levels are present.

In figure C.4b we present histogram data of the gray values of all pixels in both

images of figure C.4b, after application of a slightGaussian blur to reduce noise. Here,

gray values of 0 and 255 are black and white, respectively. In the area that has been

exposed to a train of laser pulses, four peaks in gray value are indeed present, which

correspond with the four possible magnetization states. Conversely, for exposure with
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Figure C.4: (a) Kerr microscopy images of a typical (Co/Ni)
x4
/Co/Cu/Co/Gd sample that has been

exposed to a train of fs laser pulses (left) and a single laser pulse (right). (b) Histogram data of the

gray values of each pixel in blurred versions of the images in (a). Four distinct contrast levels are

observed and labelled with their corresponding magnetization states.

a single pulse only two peaks are present. We can nowmatch the four contrast levels

with their magnetization states by making use of the MOKE hysteresis loop presented

in figure 6.1a. As mentioned previously, the sample has been prepared in theAP+ state.

This contrast level has the largest area, and therefore corresponds to the highest peak

in figure C.4b, or the second highest gray value. Second, the P states have the highest

total Kerr rotation, and are therefore represented by the darkest and lightest levels.

The settings of the Kerr microscope were chosen such that lighter contrast corresponds

to higher positive Kerr rotation, which means the lightest (darkest) contrast level corre-

sponds to the P+ (P-) state. The final remaining state, which has the second lowest gray

value, is then theAP- state.

Here it is also clear that after a single pulse, only the free layer switches. When starting

from a plus state, the appearance of a minus state is found only to occur after exposure

to a train of laser pulses or a single laser pulse with high energy, both of which can lead

to demagnetization of the reference layer. We note that the differences in gray value

between the states do not precisely match with the steps found in theMOKE hysteresis

loop. This is likely due to the use of white light in Kerr microscopy, as opposed to red
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laser light (632 nm) in theMOKEmeasurements, leading to different penetration depths

and relative sensitivities to each of the magnetic layers.





SUMMARY

The work described in this thesis concerns the excitation of magnetic material stacks

with femtosecond (fs) laser pulses. The study of the dynamics arising from such excita-

tion is commonly referred to as femtomagnetism. This field was kickstarted in 1996

with the discovery of sub-picosecondmagnetization quenching in a ferromagnetic film

after fs pulsed laser excitation. In later years it was revealed that mobile spin polarized

electrons (spin currents) could be excited during such a demagnetization process, acting

as carriers of spin angular momentum.

The field was shaken up in 2007 with the surprising demonstration of full magne-

tization reversal in a ferrimagnetic rare earth-transition metal (GdFeCo) alloy with a

single fs laser pulse (all-optical switching orAOS). Later research demonstrated that

AOS occurs via a symmetric toggle mechanism, and that the switch itself takes place on

a picosecond timescale. The potential of this phenomenon for writing data in magnetic

storage media in a non-dissipative and ultrafast manner was soon realized, and has

driven research to this day. In particular, synthetic ferrimagnetic systems have proven to

be promising candidates for integration in future hybrid photonic data storage devices.

Although subsequent research in the field of femtomagnetism has led to major new

insights, several quandaries relevant for both fundamental physical understanding and

future applications remain. In this thesis we shed new light on this field, by investigating

bothAOS and optically generated spin currents, as well as novel combinations of the

two.

In thefirst research chapterwe investigate theultimate repetition rates atwhichAOS

can take place. By exciting a synthetic ferrimagnet with two fs laser pulses separated by

several picoseconds, we deduce the minimum time needed to consistently observe two

switching events. Using specially engineered layered ferrimagnetic systems as well as

careful tuning of heat conduction and laser pulse energy, we find a minimum timescale
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of only 10 ps. This is in line with recent research on ferrimagnetic alloys, cementing the

viability of synthetic ferrimagnets for AOS.

In the second research chapter we examine optically generated spin currents in

all-optically switchable materials. Using collective magnetic excitations (spin waves)

excited by the spin current generated in an adjacent layer, we are able to deduce charac-

teristics of this spin current. Weperform this experiment both for all-optically switchable

Co/Gd systems as well as Co/Tb systems, which do not showAOS.We find a significant

contribution to the spin current from both Co and Gd, but not fromTb, hinting at a

reason for the lack of AOS inTb-containing systems.

In the subsequent chapter we fully combineAOS and optical spin current generation

to achieve novel device functionality. Here we show that spin currents excited in a

magnetic reference layer can hinder or assist AOS in an adjacent synthetic ferrimagnet

depending on their spin polarization. We demonstrate that this symmetry breaking can

be used to deterministically write a desired magnetization state with no knowledge of

the initial state.

We present an outlook on further research in the final chapter. Here we investigate

synthetic ferrimagnets containing bothGd andTb, the latter of which has a high intrinsic

anisotropy. This leads to the possibility to stabilize sub-micron domains, whereas the ad-

dition ofGd enables all-optical switching. Furthermorewe investigate the time-resolved

dynamics of AOS in the presence of an external spin current with both experiments and

modeling, providing valuable new insights into this process. The chapter concludes with

a general outlook on the technological applications of the work presented in this thesis.

The results in this thesis add to the growing body of knowledge in the field of fem-

tomagnetism that could, together with integrated photonics, provide unprecedented

speed and energy efficiency to the digital data storage and processing devices of the

future.
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