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Abstract 

 

Investigation and Control of Ultrafast Magnetic Phenomena 

by 

Akshay Bhimesh Pattabi 

 

Doctor of Philosophy in Electrical Engineering and Computer Sciences 

 

University of California, Berkeley 

 

Professor Jeffrey Bokor, Chair 

 

Spintronic devices have shown a lot of promise in low power and non-volatile memory applications. 

However, conventional spintronic devices are limited by the speed of equilibrium magnetization 

reversal. For more than two decades, the field of ultrafast magnetism, wherein magnetic processes in 

(sub)picosecond timescales are triggered by the ultrafast non-equilibrium heating of magnetic thin 

films with femtosecond laser pulses, has provided us with the tantalizing prospect of controlling 

magnetism in unprecedentedly fast timescales. This dissertation will detail the research conducted over 

the last 6 years in understanding ultrafast magnetic phenomena, and in controlling and integrating 

them with conventional spintronic processes to realize fast, non-volatile spintronic devices. 

The first part of the dissertation will focus on work done to understand the fundamental limitations 

of some spintronic and ultrafast magnetic phenomena. This will include experiments on detecting the 

current induced spin accumulation due to the spin-orbit effects in heavy metals directly on the heavy 

metal surface using an optical technique called the magnetization-induced second harmonic generation 

(MSHG). Insight into the dynamics and timescales of current induced spin accumulation in 

conventional spin-orbit torque (SOT) devices gained from these experiments will help understand the 

speed limitations of such devices. The dissertation then focuses on the ultrafast helicity-independent 

all-optical switching (HI-AOS) in ferrimagnetic GdFeCo and GdTbCo alloys. These experiments shed 

a light on the underlying mechanism of such a process, and unravel the complex interplay of exchange 

coupling, elemental damping and other parameters in ultrafast magnetization switching events. The 

upper limit for the pulse duration of optical excitation that triggers HI-AOS, which has important 

implications when it comes to integrating these processes on-chip, is also studied. 

The second part of the dissertation will introduce ways to build up on the experimental results of the 

first part, thereby moving towards the integration of ultrafast magnetic phenomena into conventional 

spintronic devices. Experiments performed to extend the ultrafast HI-AOS capabilities of GdFeCo 

to Co/Pt multilayers by controlling the exchange interaction between these two films are presented. 
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This is of technological significance because HI-AOS had thus far only been reported in Gd-based 

ferrimagnetic films, which are not very attractive for device integration due to their ferrimagnetic 

nature. Co/Pt multilayers, on the other, are ferromagnetic and are well suited for application in 

spintronic devices. Then, the ultrafast control of magnetism by picosecond heat current and electrical 

current pulses will be introduced. Finally, the dissertation will present recent results on demonstrating 

the deterministic spin-orbit torque switching of a Co/Pt ferromagnet by short, 6 ps electrical pulses. 
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Chapter 1. Introduction 

We live in an era of information, and every dimension of our lives is affected to varying degrees by 

data and the technological infrastructure that stores and processes this data. At the time of writing of 

this introduction – July 2020 – the SARS-CoV-2 coronavirus continues to hamper livelihoods and 

ravage healthcare systems in unprecedented ways as the COVID-19 pandemic brings normal life 

around the globe to a standstill. This bizarre and unexpected scenario has led humankind to adapt in 

various resourceful ways. Technology has come to the forefront in ensuring a semblance of normalcy 

as larger swaths of the population are using computers, smartphones, online services and cloud-based 

infrastructures in larger volumes and with great effectiveness from the relative safety of their homes. 

More importantly, technology has proven to be a great resource in healthcare and other sectors at the 

frontlines. A tremendous amount of data has been used for undertakings such as contact-tracing of 

infected persons, scheduling of virus tests, analysis of infection epicenters and spread and location-

based targeting of public health policy with great success. It has become clear that as humankind 

moves forward to face the tremendous challenges of the future, like fighting the pandemic for the 

next couple of years and solving larger, slower problems like the large scale global effects of climate 

change, the role that technology will play as a tool to aid these challenges will become exponentially 

more important. 

The technological growth of the past few decades has been fuelled by the persistent scaling of the size 

of Si metal-oxide-semiconductor field effect transistors (MOSFETs) in complementary metal-oxide-

semiconductor (CMOS) technology, as dictated by Moore’s law1. As transistors scale, they get faster, 

consume less power and become cheaper to produce, leading to advancements in the technology. 

Since transistors cannot be shrunk indefinitely, the demise of the Moore’s law has been predicted for 

decades. Advances in CMOS technology have successfully warded off such fears so far; in 2019 TSMC 

began limited production of CMOS at the 5 nm technology node (although it must be kept in mind 

that the node number does not necessarily mean the transistor gate length). However, for gate lengths 

below 10 nm, it is inevitable that at some point physical limits will be hit, preventing further scaling. 

Indeed, signs of hitting these physical limits have existed since the early 2000’s, with the saturation of 

the operating voltage and frequency of CMOS processors (Figure 1.1). The total power dissipated in 

a CMOS transistor can be calculated at the sum of the dynamic power (arising from the switching of 

a transistor) and the static power (arising due to the leakage from a constant drain voltage VDD required 

to power a transistor). At longer channel lengths L of the transistor, the power dissipation in a chip is 

dominated by the dynamic power, which depends on the density of transistors, the switching 

frequency and the square of VDD. The scaling of the transistor channel length L at longer L allowed 

the scaling of VDD linearly, thereby enabling the clock frequencies (processor speed) to increase with 

each technology node. But for short channel length transistors, the VDD scaling is limited by the physics 

of the transistor operation. The rate of change of the drain current of a MOSFET with respect to the 

control gate voltage during the on-off transition of the transistor, called the subthreshold swing, is at 

best 60 mV/decade due to the Boltzmann limit of the MOSFET operation2, 3. Given this limit of the 

subthreshold swing, in order to limit the MOSFET off-current (thereby limiting static power 

consumption to manageably low levels) while still enjoying large on-currents, the MOSFET has to be 

operated at relatively high operating voltage VDD. CMOS scaling has therefore resulted in larger 

transistor densities at the similar operating voltages. Therefore the clock frequency of processors has 
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been stuck at ~3 GHz since 2005 so that the total power dissipation of the device does not increase 

with each generation. 

 

Figure 1.1. Effects of CMOS transistor scaling over the years on CPU performance. 
(a) Scaling enables reduction of operation voltage VDD, but the effect has saturated. (b) CPU clock 

frequencies have saturated since 2005. (c) The power consumption in CPUs has saturated due to the 

saturation of clock frequency and VDD (Figure adapted from Refs 2, 4). 

The ubiquity of CMOS technology is seen in not only in logic processors, but also in different levels 

of memory. MOSFETs are used in different cache memory levels and different kinds of random access 

memory. A static random access memory (SRAM) cell comprises of two CMOS pairs and dynamic 

random access memory (DRAM) cell contains a MOSFET and a capacitor. The scaling and energy 

issues of CMOS discussed above apply to these memory systems as well. These limitations to transistor 

scaling have fuelled the search for viable long-term alternatives and complements to CMOS 

technology. Various “beyond CMOS” technologies have been touted and floated around for decades, 

with varying degrees of success. Among these, one of the most promising technologies is spintronics, 

a subfield of magnetism which involves the use of magnets and spin currents to store and process 

information. While spintronics has a huge advantage over CMOS technology when it comes to energy 

dissipation, its strengths are dealt a heavy blow by the slow switching speed of its magnetic bits.  

Ultrafast magnetism (or femtomagnetism) is another subfield of magnetism and involves the study 

and control of magnetism at unprecedented fast picosecond (ps) and sub-picosecond timescales by 

heating magnets with short femtosecond laser pulses5. Ultrafast magnetism by itself is infeasible for 

application in technology owing to the need for bulky femtosecond-capable laser systems. An 
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understanding of the field, however, offers an avenue for speeding up spintronic devices. This 

dissertation will focus heavily on unraveling the complex physics and mechanisms of ultrafast 

magnetization processes through various experiments, keeping in mind its feasibility in application 

and the requirements of technology. Armed with this knowledge, the dissertation will then tackle 

problems on the integration of these processes with conventional spintronics, thereby creating a new 

subfield we call ultrafast spintronics. 

This introduction chapter serves to provide a high-level overview of spintronics, its need and its speed 

limitations, and a brief introduction to the field of ultrafast magnetism. 

1.1 Magnets and magnetism for device applications 

Magnetic materials have been used by humankind since times immemorial for applications such as 

compasses for navigation, magnetic metal separators, motors, generators and, more recently, for the 

storage and processing of data. A magnetic material can loosely be defined as any material that has 

magnetic order even in the absence of an external magnetic field6. Magnetic order in a material arises 

from the arrangement of the magnetic moments in the material. 

Atomically, magnetism and other magnetic properties in materials arise from the angular momentum 

(a type of momentum arising from circular or rotational motion of objects) of the electrons in the 

atoms of these materials. This angular momentum results in a magnetic moment m, sometimes also 

referred to as the magnetic dipole moment, in the atom which consists of two contributions.  

The first contributor is the orbital angular momenta of the electrons circulating around the nucleus. 

This is analogous to current circulating in a coiled electrical wire leading to the generation of a 

magnetic field in an electromagnet. The orbital magnetic moment of a single electron in an atom is 

given by ml.e = IA where I is the current due to the circular motion of the electron and A is the area 

of the loop of the electron around the nucleus. This magnetic moment can be thought of as being 

similar to the Oersted field generated around a current carrying conductor. The orbital magnetic 

moment ml of the atom is the vector sum of the orbital magnetic moments of all the electrons in that 

atom. 

The second contributor to the magnetic moment m of an atom is the spin angular momentum, simply 

referred to as “spin”, of its electrons. The spin of an electron is an intrinsic, quantum mechanical 

property that can be understood if we visualize the electrons to be spinning around a central axis, akin 

to the rotation of the earth around an axis. In reality, the origin of spin is purely quantum mechanical 

and does not arise from any observable physical property of the electron. In the presence of a magnetic 

field, the spin of an electron is quantized as either “up” (parallel to the field) or “down” (antiparallel 

to the field). The spin of electrons results in a spin magnetic moment ms in an atom, which is derived 

from the vector sum of the spins of all the electrons in that atom. Note that the symbol σ is also 

sometimes used to denote the spin magnetic moment (instead of ms) or the spin angular momentum 

of an atom. The net magnetic moment m of an atom is then given by m = ml + ms, the vector sum 

of the orbital and spin magnetic moments. 

Non-magnetic materials have atoms with zero magnetic moment m. Magnetic materials order 

comprise of atoms that have non-zero magnetic moments, and, as mentioned before, have magnetic 

arising from the arrangement of these magnetic moments. The magnetic moments of atoms in these 
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materials typically arise from unpaired electrons in their outer shells. It turns out that the contribution 

of the orbital magnetic moment in most of the commonly used magnetic materials is negligibly small 

compared to the contribution of the spin magnetic moment7. Based on the arrangement of their 

magnetic moments in equilibrium, magnetic materials are classified into different types, the most 

common of which are ferromagnets, antiferromagnets and ferrimagnets. Ferromagnets are magnetic 

materials in which neighboring moments tend to align parallel to each other due to a strong exchange 

field. Ferromagnets are the most common class of magnetic materials, and is probably what a layman 

means when they use the word “magnet”. Co/Pt ferromagnets are extensively studied in this thesis, 

and will be the main material focused on in Chapter 5 and Chapter 7. A moment in an antiferromagnet 

is equal and opposite to its neighboring moments, leading to a net zero moment in such a material. A 

ferrimagnet is a magnet with opposite but unequal moments, resulting in a net non-zero moment that 

is typically lower than that of a ferromagnet. Thin films Gd-based rare-earth transition metal 

ferrimagnetic alloys will be the focus of a bulk of this dissertation (Chapter 3 -Chapter 6). 

The density of magnetic moments in a magnetic material or object is a property known as its 

magnetization. The magnetization M of a magnetic material is therefore the vector sum of the 

magnetic moment m of all its atoms divided by its volume V, given by M = Σm/V.  

Magnetic anisotropy refers to the dependence of magnetic properties on the direction along which 

they are measured. Ferromagnets and ferrimagnets typically have directions or axes along which their 

magnetic moments (and therefore their magnetization) prefer to align. A direction along which it is 

energetically favorable for the magnetization of a magnet to orient is called the easy axis of that 

magnet, and a direction where it is energetically unfavorable for magnetization alignment is called a 

hard axis. Magnetic thin films that are used as bits to store information in magnetic devices are usually 

engineered to have only one easy axis, such that the magnetization is bi-stable and prefers to orient 

along only two opposite directions on that axis (they have “uniaxial anisotropy”). These two directions 

of magnetization act as the 0 and 1 in binary data storage (Figure 1.2). Most of the magnetic films 

presented in this dissertation show perpendicular magnetic anisotropy (PMA), which means that their 

easy axis lies perpendicular to the plane of the film with their magnetization preferring to point either 

into or out of the plane of the sample surface. 

 

Figure 1.2 Magnetic bits for data storage. 
(a) A magnet with uniaxial anisotropy can has two stable opposite states of magnetization. (b) The 

two opposite states of a magnetic bit store the “0” and “1” of binary data. The dynamic power of a 

magnetic device depends on the energy required to change the bit from one state to another. 

A great advantage of storing binary data using the two opposite magnetization directions of a magnetic 

film is the non-volatility of magnetic bits. This means that a magnet can retain its state indefinitely 

without the need for an external power supply as in a semiconductor based static random access 
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memory (SRAM) or dynamic random access memory (DRAM) cell. Magnetic RAMs (MRAMs) 

therefore have a static leakage power of zero, accounting for the better energy efficiency of spintronic 

devices compared to their semiconductor counterparts8, 9. Thermal fluctuations can cause loss of the 

stored state over time, but in most magnetic devices this takes a long period of time, of the order of 

years10. Indeed, a vast majority of information storage systems – from cassette tapes to hard drives in 

personal computers and cloud storage – rely on magnetic memory.  

The energy consumption of a magnetic device depends on the energy required to write a magnetic bit, 

i.e., to switch its magnetization from one bi-stable state to the other. Early magnetic devices relied on 

an external magnetic field for writing the magnetic bits10. This field was applied as an Oersted field 

around a current carrying wire (called a “write line” or “word line”) in early magnetic random access 

memories (MRAMs). The final switched magnetic state is controlled by the strength and direction of 

the applied field, which in turn depends on the strength and direction of the write current. Such a 

scheme requires relatively large write currents that can create stray fields that switch undesired bits, 

thereby making scaling of the bits quite infeasible. 

1.2 Spintronic devices: spin-transfer torque switching of magnets 

Spintronics (short for spin-transfer-electronics) is the subfield of magnetism and electronics that 

involves the control of the spin degree of freedom of an electron (in addition to its charge) in order 

to manipulate the magnetic states in a magnetic device. Spintronics allows for the electrical control of 

magnetism of an individual bit without the need for a local external magnetic field, allowing for easier 

scaling and lower energy compared to traditional field-based MRAMs10.  

Over the last couple of decades, the spin-transfer torque (STT) has emerged as an alternative to an 

external field for writing magnetic bits in spintronic devices11, 12. The schematic of STT is shown in 

Figure 1.3. The “free layer” represents a magnet that acts as a magnetic bit, and magnetization can be 

switched between two states that correspond to the “0” and “1” of binary data. The “fixed layer” is a 

magnetic film with large anisotropy that cannot be switched within the typical operating parameters 

of the device, and separated from the free layer by a nonmagnetic spacer. When a charge current is 

flowed from the free layer to the fixed layer (the electrons flow from left to right in the Figure 1.3 (a)), 

the fixed layer acts as a spin filter because of the different mobilities for electrons with the two spin 

directions as they flow through a magnetic film with fixed magnetization. The transmitted conduction 

electrons therefore get polarized along the magnetization of the fixed layer (Figure 1.3 (a)), generating 

spin currents with a spin moment of σ. These spins then get absorbed in the free layer and transfer 

their angular momentum onto the magnetic moment m of the free layer. A torque, called the spin-

transfer torque (STT), is then exerted on m, which is given by τSTT ~ m × m × σ. Larger the current, 

larger is the σ, and therefore larger the τSTT. In the scenario shown in Figure 1.3 (a), the free layer and 

fixed layers are magnetized anti-parallel, and the m and σ are initially perfectly antiparallel to each 

other, resulting in zero τSTT in the beginning. However, as thermal fluctuations tip m slightly away 

from the axis of σ, an STT sets in and torques m away from its original direction and tends to align it 

along the direction of σ. More the deviation of m from its initial orientation, larger is the STT, 

ultimately switching the m for a large enough τSTT (i.e., for a large enough current).  
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Figure 1.3 Schematic of the spin transfer torque (STT). 
(a) Electrons flowing from the fixed layer to the free layer switch the free layer from the antiparallel 

(AP) to the parallel (P) configuration by the STT from the transmitted spins. (b) Electrons flowing 

from the free layer to the fixed layer switch the free layer from the parallel (P) to the parallel (P) 

configuration by the STT from the spins reflected at the fixed layer. 

In the scenario shown in Figure 1.3 (b), the current is flowed in the opposite direction (electrons flow 

from the free layer to the fixed layer – right to left). The fixed layer again acts as spin filter and the 

reflected spins are oriented opposite to the first case. These back-reflected spins σ, with moment again 

apply an STT τSTT ~ m × m × σ as before. This causes the free layer from being switched from being 

parallel to the fixed layer to being antiparallel. It can therefore be seen that the final switched state of 

the free layer can be set by choosing the direction of write current. It must be noted that the magnitude 

of the minimum write currents required for switching from parallel to antiparallel configurations of 

the free and fixed layers (P  AP) and from antiparallel to parallel (AP  P) are different because 

the latter works with the spin current transmitted through the fixed layer, and the former utilizes the 

spin current reflected from the fixed layer.  

The STT mechanism is the underlying principle of the spin-transfer torque magnetic random access 

memory (STT-MRAM). Although STT devices are more energy efficient than field-based devices, the 

critical current needed for switching is still high11. Moreover, in a spintronic device, the spacer layer is 

typically a thin layer of MgO that acts as a tunnel barrier between the fixed and free layers, and the 

trilayer structure of the fixed layer, spacer and free layer is called a magnetic tunnel junction (MTJ, 

discussed further in Section 1.4). Passing the large write currents through the MTJ stack in an STT 

device degrades the MgO tunnel barrier, eventually causing device failure. 
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1.3 Spin-orbit torque based spintronic devices 

The spin-orbit torque (SOT) mechanism has recently emerged as an energy efficient, low current 

alternative to the STT for switching magnetic bits in an MRAM. In SOT devices, the spin orbit 

coupling of heavy metals creates a non-equilibrium density of spin polarized conduction electrons 

when a charge current is flowed through a wire of such a heavy metal13, 14, 15, 16, 17. This non-equilibrium 

of spin polarized electrons causes an accumulation of spin polarization at the surfaces and interfaces 

of the current carrying heavy metal wire (Figure 1.4). The accumulated spins can then be absorbed by 

a ferromagnet (or any magnetic film) grown over the heavy metal wire, leading to a transfer of angular 

momentum and exertion a torque called the spin-orbit torque, similar to the STT. The SOT in heavy 

metal/ferromagnet bilayers has two possible origins. First is the Rashba effect, wherein an asymmetric 

crystal field profile is generated across the thickness of the ferromagnet due to the asymmetry between 

the bottom (heavy metal) and top (oxide, different heavy metal, air etc) layers of the stack. This results 

in an electric field called the Rashba field14. When a charge current JC flows along such a stack, the 

conduction electrons in motion experience this electric field as a magnetic field due to relativistic 

effects, creating a net polarization of the spins of the conduction electrons which then exerts the SOT 

on the magnetization of the ferromagnet. The non-equilibrium in spin density across the cross-section 

causes a spin current with density JS and the accumulation of spins at the surfaces and interfaces where 

the Rashba field is non-continuous. The second possible origin of the SOT is the spin-Hall effect, 

which is seen in materials with high spin-orbit coupling, including heavy metals like Pt, Ta and W. 

When an unpolarized charge current flows through a heavy metal wire, the spin-orbit coupling causes 

the electrons with spin opposite polarization orientations to spatially separate in opposite directions 

across the thickness of the layer. This leads to a spin current JS perpendicular to the direction of the 

charge current. This, too, causes a spin imbalance, resulting in the accumulation of spin moments at 

the surfaces and interfaces of the wire. The origin spin-Hall effect could either be intrinsic18 and linked 

to the band structure of a material, or extrinsic13 and dependent on impurities and defects through 

mechanisms like side-jump or skew scattering. Irrespective of the exact mechanism, both the Rashba 

and spin-Hall effects have a spin current JS and a spin accumulation σ that are perpendicular to each 

other and to the direction of the charge current JC as shown in the Figure 1.4. The strength of a heavy 

metal wire used for SOT is given by the spin-Hall angle, which is given by θsH = JS/JC. For the rest of 

this thesis, the terms current-induced spin accumulation and spin-Hall effect will be used 

interchangeably, without consideration for the actual mechanism behind the spin accumulation. The 

speed of this spin accumulation in SOT devices will be the focus of Chapter 2 and Chapter 7 of this 

thesis. 

The SOT applied on the magnetic moment m of the ferromagnetic layer on top of the heavy metal 

by the transfer of angular momentum from the accumulated spins, like the STT, is given by τSOT ~ m 

× m × σ. Changing the direction and magnitude of the charge current JC changes the direction and 

magnitude of σ and, therefore, also of τSOT. As in the case of STT, large currents with the right direction 

can create a large enough torque to switch the magnetization of a free layer of an MTJ. The final 

switched state of the magnet can be set deterministically for a current over a certain threshold just by 

the direction of the charge current JC, all else being equal. In the schematic shown in Figure 1.4, the 

SOT is utilized to switch the magnetization of a film magnetized with PMA, magnetized along the z-

direction with a moment m = mZ. The current JC applied along the x-axis leads to spins σY 

accumulating along the y-axis at the heavy metal/magnet interface. τSOT then works to align m along 
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σY and we have m = mY. After this, in order for the magnet to be to be torqued towards either the –

z or +z direction, an external field HX – referred to as the symmetry breaking field – along the x-axis 

(parallel or antiparallel to the charge current) is needed. This then exerts a torque τH ~ mY ×HX that 

torques the magnet along either –z or +z, depending on whether HX is positive or negative. The τSOT 

described here is typically called the damping-like torque. SOT devices have an additional torque called 

the field-like torque τFL ~ m × σ which could be essential in the SOT switching of some systems19, 20. 

The damping-like and field-like SOTs will be discussed again in Section 1.5. 

 

Figure 1.4 Current-induced spin accumulation in a wire of Ta heavy metal. 
The orientation of the accumulated spins (along the y-axis), the spin current (z-axis) and charge current 

(x-axis) are transverse to each other. The accumulated spins exert a spin orbit torque (SOT) on the 

magnetization of a CoFeB ferromagnetic film on the top of the Ta wire. The symmetry breaking field 

HX is required for switching a PMA magnet (Figure from Ref 21).  

SOT devices have reduced switching currents compared to STT devices. Additionally, since the write 

current only passes through the heavy metal wire, the degradation of the MgO tunnel barrier of the 

MTJ bit by the passing of large currents across it can be avoided. 

The potential for the low power consumption of SOT and STT based MRAMs, in addition to their 

non-volatility, make them great candidates for the replacement of semiconductor based volatile 

SRAMs and DRAMs. Traditionally, memory elements farther from the processor core in the memory 

hierarchy – like secondary storage and external storage – rely on non-volatile memory. The primary 

concern here is the long retention of data and not necessarily the speed of the memory. Memory 

elements closer to the processor core are built using fast, volatile devices. The cache memory closest 

to the processor typically relies on SRAM cells. SRAM cells of cache memory occupy a large area and 

consume enormous power owing to their large static leakage current (volatility). Recently, the last level 

of cache has been implemented by DRAM. DRAM cells, too, have a large leakage current. Moreover, 

they need a periodic refresh operation which adds to the power consumption. MRAMs have the 

promise of replacing SRAM and DRAM, resulting in lower energy cache operations. Efforts to reduce 

the write current, for example by using SOT instead of STT, can further improve the efficiency of 

these MRAMs for use in higher level memory systems. However, cache and other high level energy 

systems need to be fast enough to keep up with the processor speed. As will be seen from the 

discussion in Section 1.5, conventional STT and SOT based devices are limited in speed due to the 

limitations of the precessional switching speed of magnets in equilibrium. This thesis will work 
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towards building a toolbox for integrating certain phenomena from the field of ultrafast magnetism – 

which will enable the reversal of magnetization in fast ps and sub-ps timescales – with conventional 

spintronics schemes like the SOT to allow the ultrafast control of magnetism in spintronic devices. 

Certain considerations for this will be introduced in the upcoming sections (Sections 1.5 and 1.6) of 

this chapter. 

1.4 Magnetic tunnel junctions and tunnel magnetoresitance 

The state of a magnetic bit in a spintronic device must be read electrically in order to enable on-chip 

integration. This is done by using a magnetic tunnel junction (MTJ) to store the magnetic data. As 

mentioned in Section 1.2, an MTJ is a trilayer stack of a thin tunnel barrier (spacer) sandwiched 

between two ferromagnetic layers. A schematic of the MTJ is shown in Figure 1.5 (a). The tunnel 

barrier is usually a thin insulating layer of crystalline MgO, although other insulators, like an 

amorphous film of Al2O3 have also been used as the tunnel barrier. The free ferromagnetic layer has 

a magnetization that can be switched between its two opposite bistable states, corresponding to the 

bit storing a “0” and a “1”. The fixed ferromagnetic layer has a magnetization that cannot be switched 

within the routine operation of the device. The fixed and free layers are typically made from transition 

metal ferromagnetic elements and their alloys, like Fe, Ni, CoFeB etc. The parallel (P) and antiparallel 

(AP) configurations of the magnetizations of the fixed and free layers therefore encode, say, the “0” 

and “1” respectively of the binary data. The P and AP configurations differ in the resistance across 

the MTJ, a phenomenon known as the tunnel magneto-resistance (TMR)22. This difference in 

resistance can be sensed electrically by sending a small read current through the junction and 

measuring the corresponding voltage drop. 

To understand the basic principle of TMR, let us assume that the fixed and free layers have in-plane 

magnetization (schematic of Figure 1.5 (a)) and are made of similar magnetic materials with the same 

band structure. The magnetization of transition metal ferromagnetic materials arises from their 

itinerant 3d electrons. A magnetized transition metal ferromagnetic film will therefore will have an 

asymmetry in the densities of its spin “up” and spin “down” 3d electrons. The majority spins 

determine the magnetization direction of the ferromagnet. In the case of the schematic of Figure 1.5 

(a), the magnetization of the fixed layer always points to the right. Let us assume that this means the 

fixed layer always has a majority of spin “up” electrons as shown in the band structure schematic of 

Figure 1.5 (b). The spins of the conduction electrons of a charge current, say the read current, passed 

through the MTJ can be resolved into two opposite directions along the magnetization of the fixed 

layer – “up” spins (left-pointing blue spins in Figure 1.5 (c)) oriented parallel to the fixed layer 

magnetization, and “down” spins (right-pointing red spins in Figure 1.5 (c)) oriented antiparallel to 

the fixed layer magnetization. This explanation neglects the role of the MgO tunnel barrier for the 

sake of simplicity. It must be noted that crystalline (100) MgO conserves the coherence of electron 

wave functions during tunneling, such that only conduction electrons whose wave functions are 

symmetrical with respect to the barrier normal have a high tunneling probability23, 24, 25. 
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Figure 1.5 Magnetic tunnel junction (MTJ) and tunnel magnetoresistance (TMR). 
(a) Schematic of an MTJ with in-plane magnetized fixed and free layers. The fixed layer is always 

magnetized to the left. (b) The asymmetry in density of the spin up and spin down 3d electrons of the 

fixed and free layers causes a difference in scattering rates for the spin up and down conduction 

electrons for the parallel (P, top) and antiparallel (AP, bottom) alignments of the two layers. In this 

example, the fixed and free layers have the same band structure. (c) Schematic showing the scattering 

of spin up (blue) and down (red) conduction electrons for the P (left) and AP (right) configurations 

of the MTJ. (d) Simple circuit schematic for the P (left) and AP (right) configurations of the MTJ. 

In the case of the parallel (P) configuration of the fixed and free layers, the spin down electrons (red) 

get scattered at a large rate by the of large density of empty spin down (minority) 3d states at the Fermi 

level of the fixed layer6, 22. This results in the spin down electrons experiencing a large resistance R– 

from the fixed layer. Similarly, these electrons experience the same large resistance R– from the parallel 

magnetized free layer as well (we are assuming that the resistances from the fixed and free layers are 

the same for a fixed magnetization direction). The spin up electrons (blue), on the other hand, 

experience a lower scattering rate because the majority spin up 3d electrons of the fixed and free layers 

do not offer a lot of free states at the Fermi level for the conduction electrons to scatter into. As a 

result, the spin up electrons experience a low resistance of R+ each from the free and fixed layers. It 
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must now be noted that the difference in scattering rate of the up and down spins by a magnet with a 

given fixed magnetization is also the principle of the spin filtering of the write current by the fixed 

layer in STT devices mentioned in Section 1.2. The circuit schematic for this parallel configuration is 

shown in Figure 1.5 (d). The resistance RP of this configuration is then given by equation (1.1). 

(1. 1) 𝑅𝑃 =
2𝑅+𝑅−

𝑅+ + 𝑅−
 

Similarly, for the antiparallel (AP) alignment of the fixed and free layer magnetizations, the spin down 

(red) conduction electrons of the read current experience the same large resistance R– from the fixed 

layer (because its magnetization direction – and hence its spin density asymmetry – is the same as in 

the P case), and a small resistance R+ from the switched free layer, which is now a majority spin down 

magnet. Going by the same argument, the blue spin up electrons experience a low resistance R+ and a 

large resistance R– from the fixed and free layers respectively, leading to a circuit schematic as shown 

in Figure 1.5 (d), whose total resistance RAP is given by equation (1.2). 

(1. 2) 𝑅𝐴𝑃 =
𝑅+ + 𝑅−

2
 

It can be seen from equations (1.1) and (1.2) that RAP ≠ RP, and this phenomenon is called the tunnel 

magnetoresistance (TMR). TMR can be characterized by a number called the TMR ratio, which is 

given by  

(1. 3) 𝑇𝑀𝑅 =  
𝑅𝐴𝑃 − 𝑅𝑃

𝑅𝑃
=

(𝑅− − 𝑅+)2

4𝑅+𝑅−
 

As can be seen from equation (1.3), TMR > 0, which means that RAP > RP. This is true for any MTJ 

where the fixed and free layers are made from similar materials. The difference in resistance of the 

MTJ between the two states of the free layer enables the determination of the bit state by the voltage 

drop induced by a constant read current. Larger the difference between RAP and RP, larger is the TMR 

ratio, and easier the distinction between the two states. Standard ferromagnet based spintronic MTJs 

have high TMR ratios > 100%. CoFeB/MgO/CoFeB MTJs with in-plane magnetized CoFeB have 

TMR of ~700% at room temperature26. Chapter 5 and Chapter 7 will touch upon the possibility of 

having an electrical TMR readout in an ultrafast spintronic device by integrating a ferromagnet based 

MTJ with the device. 

1.5 Speed limit of conventional spintronic devices 

Consider a magnet with magnetization M in magnetic field H. The magnetization experiences a torque 

τ ~ M × H. This torque, which will be referred to as the field torque, causes the magnetization to 

precess around H as given by the equation (1.4).  

(1. 4) 
𝑑�⃗⃗� 

𝑑𝑡
= −𝛾𝜇0(�⃗⃗� × �⃗⃗� ) 



12 
 

Here μ0 is the permeability of vacuum and γ is the gyromagnetic ratio – the ratio of magnetic moment 

to the angular momentum, which for a single electron spin is given by equation (1.5). 

(1. 5) 𝛾 =
𝑔𝑞𝑒

2𝑚𝑒
=

𝑔𝜇𝐵

ħ
 

Here g is the gyromagnetic splitting factor and is approximately equal to 2 for an electron spin. ħ = 

h/2π where h is the Planck’s constant. qe and me are the magnitude of the charge and the mass of an 

electron, respectively and μB = qe/2me is the Bohr magneton. For a single free electron spin, γ ≈ 28 

GHz/T. 

The energy of the magnetic system is E ~ –M.H and for the energy to be minimized, the 

magnetization needs to be aligned along the direction of the field. This means that the precessions of 

equation (1.4) cannot go on indefinitely. The system will relax to its minimum energy state with its 

magnetization pointing along an effective magnetic field Heff by the dissipation of energy and angular 

momentum. This leads to the modification of the equation (1.4) by the addition of a damping term, 

leading to the Landau-Lifshitz-Gilbert (LLG) equation (Equation (1.6)). 

(1. 6) 
𝑑�⃗⃗� 

𝑑𝑡
= −𝛾𝜇0(�⃗⃗� × �⃗⃗� 𝑒𝑓𝑓) +

𝛼

𝑀𝑠
(�⃗⃗� ×

𝑑�⃗⃗� 

𝑑𝑡
) 

Here MS is the saturation magnetization of the magnetic system and α is its damping parameter. The 

effect of these two torques on the magnetization M is depicted in Figure 1.6 (a). The first term is arises 

from the field torque, which as mentioned before leads to the precessional dynamics of the magnet 

around Heff as shown by the green circle in Figure 1.6 (a), depicting the precessional motion of the 

magnetization. The second damping term originates from a torque called the damping torque and 

damps these precessions, and over time aligns M along Heff as is required by energy considerations. 

The damping torque in conjunction with the field torque leads to the magnet to precess along a spiral 

that damps towards Heff as depicted by the teal dotted line in Figure 1.6 (a). 

The effective field is a sum of the anisotropy field of the magnet HA (arising from its 

magnetocrystalline, interfacial and/or shape anisotropies), the demagnetization field (arising from the 

stray fields outside the magnet due to its magnetization) and any external or applied field H. For a 

magnet that has a uniaxial anisotropy along the z-axis, Heff can be written as equation (1.7). 

(1. 7) �⃗⃗� 𝑒𝑓𝑓 =

[
 
 
 

𝐻𝑥

𝐻𝑦

𝐻𝑧 + (
2𝐾𝑧

𝜇0𝑀𝑠
− 𝑀𝑠)𝑚𝑧]

 
 
 

 

Here HX, HY and HZ, are the x, y, and z-components of the external field H, KZ is the perpendicular 

anisotropy constant, and �⃗⃗� = 𝑀𝑠[𝑚𝑋    𝑚𝑌    𝑚𝑍 ]𝑇. The -MSmZ term in the z-direction is the 

demagnetization field due to thin-film shape anisotropy, and 𝐻𝐴 =
2𝐾𝑧

𝜇0𝑀𝑠
𝑚𝑧 . 
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Figure 1.6 Precessional dynamics of magnetization in a conventional spintronic device. 
(a) The field and damping torques acting on a magnet with magnetization M due to a field Heff. The 

green circle represents the precessions caused of the field torque, and the teal spiral denotes the 

effective motion of M in the presence of both torques. (b) A spin current with spin moment σ adds 

the damping-like and field-like torques to M in a conventional spintronic device. The precessions are 

governed by the net effect of all four torques on M. 

In an STT or SOT spintronic device, spins with moment σ are applied onto the magnet as discussed 

in Sections 1.2 and 1.3. In an SOT device, these spins exert a damping-like SOT τDL ~ M × M × σ 

(sometimes also called the Slonczewski torque, or simply the spin transfer torque) and a field-like SOT 

τFL ~ M × σ. These two terms can be added to the LLG equation as equation (1.8). 

 

(1. 8)
𝑑�⃗⃗� 

𝑑𝑡
= −𝛾𝜇0(�⃗⃗� × �⃗⃗� 𝑒𝑓𝑓) +

𝛼

𝑀𝑠
(�⃗⃗� ×

𝑑�⃗⃗� 

𝑑𝑡
) − 𝜃𝑆𝐻

𝐷𝐿
𝐶𝑠

𝑀𝑠
(�⃗⃗� × (�⃗⃗� × 𝜎 )) + 𝜃𝑆𝐻

𝐹𝐿𝐶𝑠(�⃗⃗� × 𝜎 ) 

where  

(1. 9) 𝐶𝑠 =
𝜇𝐵

𝑞𝑒

𝐽𝑐
𝑑0

1

𝑀𝑠
 

Here JC is the charge current density, 𝜃𝑆𝐻
𝐷𝐿 is the damping-like spin Hall angle, 𝜃𝑆𝐻

𝐹𝐿 is the field-like spin 

Hall angle and d0 is the thickness of the magnetic layer. As is quite obvious, the third term in the right 

hand side of equation (1.8) comes from τDL and the fourth term arises from τFL. The directions of the 

damping-like and field-like torques are depicted in Figure 1.6 (b). Depending on the spin orientation 

direction σ, the damping-like (field-like) torque can be either parallel or antiparallel to the damping 

(field) torque.  

The damping-like torque can cause the switching of the magnet if it opposes the damping torque and 

has a higher magnitude. There is some debate on the relative strengths of τDL and τFL, and on their 

respective roles in SOT switching in different material systems20, 27, 28. However, irrespective of the role 

their roles in switching, both these torques are still limited by the precessional dynamics of the 
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magnetization. From Figure 1.6, it can be visualized that the zero-crossing of the magnetization during 

a reversal process (M crossing the equatorial plane on the sphere defined by its vector) can happen at 

best in a quarter of a precession period. In conventional spintronic devices, the precession frequency 

is of the order of a few GHz. This means that the fastest switching speed in such a device will be 

limited to a few 100s of ps. Indeed, at the time of writing, the fastest conventional SOT device was 

reported by Garello et al.29 who were able to switch the magnetization in a Pt(3 nm)/Co(0.6 nm)/AlOX 

stack by current pulses with durations down to 180 ps. In the case of STT devices, one of the fastest 

switching experiments was performed by Lee et al.30 who demonstrated switching in Cu(6 nm)/ Py(5 

nm)/Cu(12 nm)/Py(20 nm) layers (where Py = Ni80Fe20) by 50 ps current pulses. With the exception 

of the Lee STT experiment, most conventional spintronic devices need 100s of ps (if not ns) wide 

current pulses for switching. 

1.6 Introduction to ultrafast magnetism 

The field of ultrafast magnetism (femtomagnetism) offers an avenue for speeding up the reversal 

process of a magnet. This field was discovered in 1996 by Beaurepaire et al.5 when they observed that 

the magnetization of a ferromagnetic Ni film was quenched by ~50% within a ps when it was 

irradiated with a short 60 fs pulse from a mode locked dye laser at 620 nm wavelength (Figure 1.7). 

This initial rapid (“ultrafast”) quenching of magnetism is orders of magnitude faster than the 

magnetization change by precessional dynamics, and cannot be explained within a conventional 

understanding of electromagnetism. In the several picoseconds after the initial quenching, the 

magnetization of Ni reverts back along its original direction as the system begins to cool down. The 

remarkable observation of the ultrafast demagnetization of Ni galvanized the magnetism community 

that has since studied ultrafast magnetic processes in a wide range of magnetic materials 31, 32, 33, 34, 35, 36, 

37 with different theories for the origin of these processes. Although the exact mechanism of ultrafast 

demagnetization is still debated, it has been understood that it is caused by the heating of magnetic 

materials in really short (femtosecond to sub-picosecond) timescales. 

When a magnetic material is heated in ultrafast timescales by a short optical pulse, the energy of that 

laser pulse is first absorbed by the electronic system of the material. In the femtoseconds and 

picoseconds that follow, the material is in a state of great non-equilibrium and can be best represented 

by dividing it into three baths – the electrons, the phonons (or lattice) and the spins, as shown in the 

schematic of Figure 1.8 (a). The laser energy initially absorbed by the electrons is then distributed 

between the three baths as described by the three temperature model, which describes the temperature 

evolution of the electrons, phonons and spins with time as equation (1.10). 

(1. 10) 𝐶𝑒

𝑑𝑇𝑒

𝑑𝑡
= 𝑔𝑒𝑝(𝑇𝑝 − 𝑇𝑒) + 𝑔𝑒𝑠(𝑇𝑠 − 𝑇𝑒) + 𝑃(𝑡) 

𝐶𝑝

𝑑𝑇𝑝

𝑑𝑡
= 𝑔𝑒𝑝(𝑇𝑒 − 𝑇𝑝) + 𝑔𝑝𝑠(𝑇𝑠 − 𝑇𝑝) 

𝐶𝑠

𝑑𝑇𝑠

𝑑𝑡
= 𝑔𝑒𝑠(𝑇𝑒 − 𝑇𝑠) + 𝑔𝑝𝑠(𝑇𝑝 − 𝑇𝑠) 

Here Ti and Ci are the temperature and heat capacity, respectively, of the bath i (i = e, p and s for 

electrons, phonons and spins respectively), and gij is the coupling constant between baths i and j. P(t) 
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is the absorbed power from the laser. The fact that the laser power is absorbed completely by the 

electron bath is reflected by the absence of the P(t) term in the equations for the phonon and spin 

systems. The estimated Te, Tp and Ts for the first ultrafast demagnetization experiment of Beaurepaire 

et al.5 is shown in Figure 1.8 (b). The time t = 0 on the x-axis of this graph corresponds to the time of 

arrival of the laser pulse on the sample surface. 

 

Figure 1.7 Ultrafast demagnetization of Ni by fs laser pulses. 
The normalized remanence (M/MS) of ferromagnetic Ni quenches by ~50% following irradiation by 

a 60 fs laser pulse, indicating the ultrafast loss of magnetic order (Figure from Ref 5). 

 

Figure 1.8 The three temperature model for ultrafast magnetism. 
(a) The electron, spin and phonon (or lattice) baths of the magnetic system and their corresponding 

temperatures Ti and coupling parameters gij. The optical energy of the laser pulse is initially absorbed 

by the electron bath. (b) The transient temperature response of the three baths (Figure from Ref 5).  

The series of events that takes place in the first femtoseconds and picoseconds after a magnet is heated 

by a short laser pulse is shown in Figure 1.9. First, the optical energy of the laser excites a few electrons 
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of the system by ~eV energies dictated by the laser wavelength. This leads to a highly non-equilibrium 

state wherein the excited electrons have a nonthermal distribution (Figure 1.9 (a)). This means that 

the concentration of electrons cannot be described by the Fermi-Dirac statistics f(E) = 1/(1+exp{(E-

EF)/kTe}), where E denotes electron energy, EF is the Fermi level and k is the Boltzmann constant. 

During these timescales, other non-equilibrium phenomena like superdiffusive spin currents may also 

be present33. In the next few hundred fs, the electrons thermalize and equilibrate with each other and 

their distribution can be well described by Fermi-Dirac statistics with a single electron temperature Te 

that can be as high as 1000-2000 K (Figure 1.9 (b)), much higher than the room temperature T0. At 

this point, while the electrons are in equilibrium with each other, the three baths are still in a highly 

non-equilibrium state with vastly differing Te, Tp and Ts. Then, over the next few ps the electrons, spins 

and phonons exchange energy governed by the exchange constants gij from the three temperature 

model of equation (1.10) (Figure 1.9 (c)). The exchange of energy between the electron and phonon 

baths through electron-phonon scattering processes like the Elliot-Yafet scattering31, wherein the spin 

of an electron flips upon scattering with a phonon, is believed to play a central role in the 

thermalization of the electron and phonon baths. Once the three baths are thermalized and are at 

equilibrium with each other (~few ps), the system can be described by a single equilibrium temperature 

T. The rate at which the system cools then governs the remagnetization of the magnet (Figure 1.9 (d)), 

as given by the popular Curie-Weiss law6 given by equation (1.11). 

(1. 11)𝑀𝑠(𝑇) = 𝑀𝑠(0)[1 − (𝑇 𝑇𝑐⁄ )𝜁 ] 

Here MS(T) is the magnetization at equilibrium temperature T (shared temperature of the three baths, 

and not necessarily the room temperature) and ζ is the critical exponent which depends on the material 

system. 

It must now be noted that the initial non-thermal distribution of electrons is not a necessary condition 

for triggering ultrafast magnetic phenomena (see discussion in Section 6.8). However, these 

phenomena do require that there be an initial highly non-equilibrium state between the electron and 

phonon baths. Conventional spintronic devices under normal operation conditions, even at elevated 

temperatures, are characterized by the equilibrium (same temperature) between their electrons and 

phonons, because of which their switching dynamics are still governed by the precessional motion 

given by the LLG equation. 

The microscopic origins of the ultrafast demagnetization process is still hotly debated31, 33, 38, 39. One 

of the important open questions in the field of ultrafast magnetism is the mechanism of loss of angular 

momentum of the magnetic system in such short timescales, while conserving the angular momentum 

of the system as a whole. The ultrafast loss of magnetic order has mainly been explained by two 

different mechanisms. First is the Elliot-Yafet type spin-flip scattering between electrons and 

phonons31, 38. Second is the non-local transfer of angular momentum from the excited regions by fast, 

superdiffusive spin currents33. While both these theories have had relative success in explaining 

ultrafast demagnetization in many magnetic systems, an overarching theory that explains every 

observed phenomenon is lacking. Indeed, even though two decades have elapsed since the discovery 

of the subfield, the biennial Ultrafast Magnetism Conferences are characterized by lively (and 

sometimes heated) discussions and debates about the underlying mechanisms of these exciting 

processes. 
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Figure 1.9 Mechanism of ultrafast demagnetization. 
(a) Initial (up to ~100 fs after excitation) non-thermal distribution of electrons (bottom) due to the 

excitation of a few electrons to eV energies (top) by optical absorption. (b) Thermalization of excited 

electrons (top) yielding a Fermi-Dirac distribution of electrons with large Te (bottom) in the next few 

hundred fs (~100 fs to ~1 ps). (Figures (a) and (b) adapted from Ref 40) (c) Spin-flip scattering of 

electrons with the lattice through the Elliot-Yafet scattering (up to ~10 ps) (Figure from Ref 31). (d) 

Equilibration of the three baths and remagnetization as the system cools back to room temperature. 

Despite this lack of complete understanding, ultrafast magnetism offers the potential to drastically 

increase the speed of precession-limited conventional spintronic devices. One of the most fascinating 

phenomena studied extensively by groups that focus on ultrafast magnetism is the helicity-

independent all optical switching (HI-AOS) exhibited by certain ferrimagnets37, 41. It was observed that 

when a ferrimagnetic GdFeCo thin film is irradiated with a short ~100 fs laser pulse, the magnetization 

of the film under the laser pulse switches. A second laser pulse switches back the magnetization to its 

original state. Successive laser pulses then cause the magnetization of the film to toggle between its 

two stable states. Interestingly, this process occurs even without the presence of an external magnetic 

field, and is independent of the angular momentum of the laser pulse (i.e., it is independent of the 

helicity – right-circular or left-circular polarization – of the pulse). Even linearly polarized pulses can 

trigger this toggle switching, and therefore HI-AOS is understood to be caused purely by the ultrafast 

heating of the GdFeCo by the optical pulse. Surprisingly, the magnetization of GdFeCo was seen to 

switch in an ultrafast manner – within a couple of ps of laser pulse excitation. The ultrafast reversal 
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of GdFeCo magnetization by the HI-AOS can potentially be exploited to demonstrate a spintronic 

device that switches in timescales much faster than the precession-limited devices. This thesis 

extensively focuses on HI-AOS experiments on various magnetic systems (refer Chapter 3 -Chapter 

5). 

1.7 Ultrafast spintronics: towards on-chip integration 

While ultrafast magnetic processes – especially the HI-AOS of GdFeCo in a couple ps – offer an 

exciting avenue for increasing the speed of magnetic devices, their integration on-chip poses several 

practical challenges. Femtosecond optical pulses are typically generated by bulky laser systems. For 

example, the Ti: Sapphire Coherent RegA 9050 regeneratively amplified laser at the Bokor lab at UC 

Berkeley used for a lot of the experiments in this dissertation is ~1.5 × 0.5 × 0.25 m3 in size. The 

complete laser system additionally consists of a Ti: Sapphire laser oscillator (Coherent Mantis) that 

seeds the RegA and a stretcher-compressor system that stretches and compresses the pulses before 

and after the RegA respectively. The oscillator and stretcher/compressor units are also similarly sized 

as the RegA. These considerations make it infeasible to have femtosecond optical pulses on-chip. It 

must now be noted that integrated on-chip mode-locked lasers do exist. However, a fully integrated 

mode-locked laser requires mirrors to form the cavity, an active amplifier waveguide, a saturable 

absorber, a passive waveguide, and a transition from the active waveguide to the passive waveguide, 

all of which must be available on-chip. As a result, integrated mode-locked laser systems are also bulky, 

with dimensions larger than 100s of μm42, 43. Such lasers emit pulses of a few ps duration, but their 

peak power is typically low43. Additionally, these mode-locked lasers operate at a fixed repetition rate, 

typically a few GHz42, 43, and will be unable to output single optical pulses as needed for switching, as 

is required for any practical magnetic device. Moreover, coupling the optical output of an integrated 

laser into a small (nm scale) magnetic bit may be extremely challenging. Spintronics, on the other hand, 

is not limited by these considerations because the use of charge and spin currents easily facilitates 

integration with other on-chip technologies, and application of controlled single pulses. 

However, as mentioned in the previous section, the HI-AOS is purely triggered by the ultrafast heating 

of GdFeCo. A potential source for heating GdFeCo in ps (not fs) timescales is the Joule heating by a 

ps current pulse. Intense fs current pulse sources are unavailable, but it is very much possible to 

generate intense ps current pulses on-chip. Indeed, picosecond-ready CMOS transistors exist in 

commercial technology since 200744, based on the demonstration of 5 ps gate delay transistors by 

researchers at Intel. If it were to be possible to reverse the magnetization of GdFeCo (or any magnetic 

system, for that matter) in ultrafast timescales by heating it with ps optical pulses, it would mean that 

ps electrical pulses could also potentially achieve the same ultrafast switching. The work done in this 

dissertation aims to build a toolbox that can be used to combine the advantages of spintronics and 

ultrafast magnetism to come up with a new subfield we want to call ultrafast spintronics, wherein the 

magnetization of devices is manipulated in fast ps timescales by the Joule heating from ps electrical 

pulses. 

The use of ps electrical pulses will help with the on-chip integration for the write process. For 

complete integration, it is also necessary to read the binary state of the magnetic bit of an ultrafast 

spintronic device electrically. This would need the integration of an MTJ with the magnetic bit to 

enable electrical readout through the TMR effect. 
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Finally, since the primary attraction of spintronic devices is their energy efficiency, the ultrafast 

spintronic device should ideally also exhibit switching energies comparable to, or lower than, existing 

conventional spintronic devices. To summarize, in the energy vs switching speed graph of Figure 1.10, 

which includes data for various conventional STT and SOT devices, our device should be located in 

the lower left quadrant. It must be noted that the data in this figure is taken from Ref 45, which surveyed 

the switching energy details reported in different cherry-picked journal publications and conferences. 

The devices presented in this figure have varying dimensions (mostly in the 10s of nm size), material 

stacks, and configurations of the magnetic stack (in-plane magnetization, out-of-plane magnetizations, 

a hybrid of in-plane and out-of-plane etc). This accounts for the reduction in switching energy density 

with the current pulse width. For a given magnetic device with a fixed size, the switching energy is 

expected to increase with decreasing pulsewidth τP for pulsewidths lower than ~0.5-10 ns, arising from 

an increase in the switching current density JC (JC is inversely proportional to τP at small τP), for both 

STT46 and SOT47 schemes. For magnetic devices larger than ~50 nm, it has been estimated that for τP 

> ~0.5 – 10 ns, the JC depends weakly on τP, and varies as log(1/τP). As a result, in these timescales, 

the energy dissipation E ~ JC
2τP is fairly linear with τP, and a reduction of τP leads to a reduction in the 

energy dissipation. The crossover of the dependence of JC on τP can occur at different pulse durations 

(ranging from 0.5 ns to 10 ns)46, 47 for different devices. This can additionally explain the reduction in 

switching energy with τP in Figure 1.10. 

 

Figure 1.10 Switching energy and switching current pulse durations for different STT and 
SOT devices. 
Data acquired from Ref 45. 

1.8 Thesis organization 

The chapters of this thesis can roughly be organized into two parts. The first part – comprising of 

Chapter 2 throughChapter 4 – will deal with understanding the underlying physics and some basic 

limitations of phenomena like current-induced spin accumulation in heavy metals and HI-AOS in Gd-

based rare-earth transition metal ferrimagnetic alloys. Armed with this knowledge, the second part – 

Chapter 5 through Chapter 7 – will focus on experiments that will have a direct impact on the working 

of an ultrafast spintronic device, and finally demonstrating a prototype for an ultrafast SOT device. 
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Chapter 2 will focus on directly observing the current-induced spin accumulation on the surface of 

wires of high spin-orbit coupling heavy metals like Pt and Ta – without a magnet grown on top – 

using an optical technique called the magnetization-induced second harmonic generation (MSHG). 

The technique is then used to study the speed of the spin accumulation following a 2 ns charge current 

pulse, which will act as a fundamental speed limit for an ultrafast spintronic device. 

Chapter 3 deals with experiments to study the HI-AOS phenomenon in GdFeCo. The ability of 

GdFeCo to undergo HI-AOS with ps heat sources is tested by varying the pulse duration of the optical 

pulses from 70 fs up to 15 ps. Existing theories for HI-AOS are questioned and an alternate 

mechanism is proposed. 

Chapter 4 details further experiments done to understand the underlying mechanism of HI-AOS by 

studying the HI-AOS in alloys of Gd22-xTbxCo. The effects of systematically varying the relative 

composition of the Gd and Tb rare earth atoms and of the annealing the film on the HI-AOS are 

studied by monitoring the switching speed and critical fluence required. Simulations based on the 

atomistic spin dynamics are used to identify the parameters that determine the ability of a ferrimagnetic 

film to exhibit HI-AOS. 

Chapter 5 works on extending the HI-AOS capabilities of ferrimagnetic GdFeCo on to multilayers of 

Co/Pt. Ferromagnetic Co/Pt are grown on top of GdFeCo and the magnitude and direction of the 

RKKY exchange interaction between these two layers is controlled by changing the thickness of a Pt 

spacer layer. The depth-resolved MOKE technique is utilized, so that the magnetizations of these two 

layers can be independently monitored. The tool is then used to verify whether the exchange 

interaction extends the ultrafast HI-AOS capabilities of GdFeCo on to the ferromagnet. 

Chapter 6 is a broad overview of experimental work conducted, both in the Bokor group and outside, 

to trigger ultrafast magnetic processes without direct optical excitations. This overview spans 

experiments on ultrafast demagnetization with free-space THz pulses, and demagnetization and 

reversal with short electronic heat currents (remote heating). This chapter also introduces Auston 

switch and transmission line devices used to demonstrate ultrafast reversal of GdFeCo with ps 

electrical pulses. 

Chapter 7 focuses on the demonstration of a prototype ultrafast SOT device, where a ferromagnetic 

Co/Pt film is switched by the SOT from 6 ps electrical current pulses, and the corresponding analysis 

of the different SOTs acting in the material system. 
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Chapter 2. Direct optical detection of current induced spin 

accumulation dynamics in heavy metals 

State-of-the-art spintronic devices use spin polarized currents to exert torques to switch the 

magnetization of magnetic bits in high-density memory and logic systems. Strong spin currents with 

the right orientation can switch magnetic bits with charge currents that are orders of magnitude lower 

than traditional Oersted field switching1. Most spintronic devices in large scale production in industry 

today operate on the principle of spin transfer torque (STT)2. In these devices, a spin current is 

generated when the charge current flowing across a magnetic tunnel junction (MTJ), which also acts 

as the magnetic bit, gets spin polarized by the magnetization of the fixed magnetic layer. The spin 

current then exerts a spin transfer torque on the magnetization of the free magnetic layer of the 

magnetic tunnel junction. The free layer can switch its magnetization direction at a high enough spin 

torque, given the right orientation of the spins, relative to the free layer magnetization. Spin transfer 

torque devices rely on large currents being passed through the thin MgO tunneling oxide barrier of 

the magnetic tunnel junctions, which can lead to junction degradation over time. 

2.1 Current induced spin accumulation in heavy metals 

Over the last decade, the spin-orbit torque has emerged as a potential alternative to the spin transfer 

torque in spintronic devices. The spin-orbit torque effect3, typically called the spin-Hall effect 4, 5, 6, 7, 

is the generation of a transverse spin current to an applied charge current in materials with strong spin 

orbit coupling. This leads to the accumulation of spins at the surfaces and interfaces of the charge 

current carrier, with the spins oriented such that they are transverse to the directions of both the spin 

current and the applied charge current (Figure 1.4). These accumulated spins can then exert a torque 

on the magnetization of a magnetic thin film grown on top of the charge current carrier, called the 

spin-orbit torque (SOT), and, like the STT, can switch the magnetic film. Since such a scheme does 

not involve passing large write currents across the MgO layer of the MTJ, degradation of the MTJ is 

mitigated. The origin of the spin-orbit torque effect is understood to be either the Rashba-splitting of 

spin states3 at interfaces or the spin-Hall effect6. The origin of the spin-Hall effect could either be 

intrinsic7 and linked to the band structure of a material, or extrinsic5 and dependent on impurities and 

defects through mechanisms like side-jump or skew scattering. Regardless of their physical origins, 

both the Rashba and the spin-Hall effects lead to current-induced spin accumulation at the surfaces 

of high spin-orbit coupling materials, which can then be used to switch an adjacent magnetic device 

through the spin-orbit torque. Therefore, within the context of this thesis, the terms “spin-Hall effect” 

and “spin-orbit torque effect” and “current-induced spin accumulation” will be used interchangeably. 

The spin-Hall effect has been extensively studied in heavy metals with high spin-orbit coupling like 

Pt, Ta and W which are promising candidates for use in mass-produced SOT devices. The discovery 

of the giant spin-Hall effect in the highly resistive β phases of Ta and W8, and the switching of the 

CoFeB free layer of an MTJ by the spin-orbit torque from β-Ta6, opened up the possibility of a 

commercial SOT based spintronic device. The write current in an SOT device need only flow through 

the heavy metal wire, and not across the MTJ tunnel barrier as in an STT device. This minimizes the 

damage to the MTJ in an SOT device, thereby making SOT devices more appealing than their STT 

counterparts. 
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The transverse spin accumulation that arises from a charge current is usually quantified by the spin-

Hall angle6 θsH = JS/JC where JC is the charge current density and JS is the transverse spin current density. 

Large spin-Hall angles, up to 30%, have been measured in heavy metals such as Pt9, β-Ta6 and β-W8. 

Although optical techniques have been used to detect and measure the current induced spin 

accumulation in semiconductors such as AlGaAs10, GaAs11, 12 and strained InGaAs12, until recently the 

effect in metals was studied exclusively by electronic methods13 or by the study of its interaction with 

a magnet6, 9, 14. These studies and measurements are indirect in that they study spin-orbit effects in the 

heavy metal by the response of an adjacent ferromagnet to the spin-orbit torque. A majority of these 

studies assume 100% transmission of the spin current across the heavy metal – magnet interface. In 

reality, not all the spins that accumulate at the heavy metal – magnet interface get transmitted into the 

magnet because of mismatch of bands at the interface, interface roughness and other non-idealities. 

Moreover, indirect measurements of the spin-Hall effect are limited by the response of the magnet 

and cannot access the inherent physics of the spin accumulation, including the speed of accumulation 

following an applied charge current pulse. A study of the dynamics of spin accumulation will help 

elucidate the speed limits of an ultrafast spintronic device operating on the principle of the spin-orbit 

torque. 

In this chapter, I will detail experimental work performed to detect the current-induced spin 

accumulation directly on the surfaces of heavy metals using an optical technique called the 

magnetization-induced second harmonic generation (MSHG)15. Several control experiments are 

performed on a high spin-Hall angle Pt sample to verify that the MSHG setup is sensitive to the 

accumulated spins, and the technique is then used to detect spin accumulation in Pt, Ta and Au thin 

films. Finally, a dynamic experiment is performed to study the speed of the spin accumulation 

following a short, 2 ns current pulse in Pt. 

2.2 Magnetization-induced second harmonic generation 

An optical technique called the magnetization-induced second harmonic generation (MSHG)15, 16, 17  is 

proposed as a technique to directly detect the accumulated spins on the surface of a current carrying 

heavy metal, without requiring a magnetic film grown on top. When light of frequency ω is shined on 

an amorphous metallic thin film, the reflected light will have the harmonics (2ω, 3ω, 4ω…) of the 

fundamental (Figure 2.1 (a)), in addition to the predominant fundamental, with each harmonic being 

less intense than the last. Second (or any even) order nonlinear optical effects are observable only in 

systems where both space-inversion and time reversal symmetries are broken, and therefore the 

second harmonic is generated only at the surfaces and interfaces of an amorphous metallic thin film. 

When the thin film is magnetic, the intensity of the reflected second harmonic becomes a function of 

the magnetization M at the surfaces and interfaces of the reflector (Figure 2.1 (b)), a phenomenon 

called magnetization-induced second harmonic generation (MSHG). In other words, second order 

susceptibility χ(2) has a crystallographic component χCrys, and a magnetization dependent component 

χMagn, and is a function of M as χ(2) = χCrys + χMagnM. 

The spin-Hall effect leads to the accumulation of spins in a thin layer at the surfaces and interfaces of 

a current carrying heavy metal wire. The accumulated spins have a net angular momentum, leading to 

a net (spin) magnetic moment σ. Since the MSHG signal is only sensitive to the magnetic moments at 
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surfaces and interfaces, it is an ideal technique for our detection and measurement of the current-

induced spin accumulation. 

 

Figure 2.1 Second harmonic generation (SHG) and magnetization-induced second 
harmonic generation (MSHG). 
(a) The light reflected from a surface has harmonics of the incident fundamental (2ω, 3ω, 4ω…). 

Filtering out frequencies except 2ω enables detection of the SHG intensity. (b) The magnetization M 

at the surfaces and interfaces of the reflector changes χ(2), and therefore the SHG, leading to MSHG. 

2.3 Sample preparation and fabrication 

Thin films of Pt and β-Ta heavy metals, and a Cu control sample, with varying thicknesses of 10 nm 

– 30 nm, are deposited onto a thermally oxidized silicon substrate with ~300 nm of SiO2 by radio 

frequency sputter deposition at a base pressure of 4.7 mT in an AJA sputter chamber. The β-Ta 

samples are capped with a thin protective 2 nm layer of Ti sputtered in the same chamber to prevent 

oxidation of the heavy metal surface, and the Cu film is similarly capped by 1 nm of Al. Similar Au 

thin films are grown by e-beam evaporation. This is done because the MSHG signal is extremely 

sensitive to surface smoothness and oxidation15. Au and Pt films do not need a capping layer as they 

are noble metals not prone to oxidation. 

The sputtered thin films are patterned into wires as follows. The samples are first primed and heated 

in an oven at 120 0C to drive off any moisture from the surface. A thin layer of HMDS 

(hexamethyldisilazane) is then coated onto the surface to ensure adhesion of the photoresist. The 

positive photoresist OiR 906-12 (Dow Chemical) is spin-coated at 4100 RPM for 30 s, followed by a 

soft bake at 90 0C for 1 min. The sample is patterned by exposing it to ultraviolet radiation in the I-

line with a dosage of 130mJ cm-2 with a Karl Suss MA6 Mask Aligner. Then, the sample is developed 

with OPD 4262 (Fujifilm) for 45-60s to expose the areas of the heavy metal to be removed, followed 

by a dip in a water bath for 45 s. These areas are removed by ion milling with Ar ions at base pressures 

< 10-4 Torr. The milling cycles are switched on/off for 20 s/40 s to prevent overheating of the 

substrate, and an end-point detector is used to confirm when the heavy metal layer is completely 

etched off, with a few cycles of overetch to ensure complete removal of the heavy metal. For a heavy 

metal layer with thickness of 20 nm, this will take ~15-20 etching cycles. The photoresist is stripped 

by dipping the sample in Remover PG (MicroChem) at least 2 hours. At the end of this fabrication 

step, the heavy metal wire is patterned as a 50 μm ×50 μm square, with the sides of the wire leading 

to large pads of the same heavy metal film, onto which the Au contacts will be grown. 
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The Au contacts are patterned by a standard lift-off process with a bilayer photoresist. The sample is 

first pre-baked at 150 0C for 5 min to drive off moisture from the surface. LOR-5A (MicroChem) is 

spin-coated at 4100 RPM for 30s, followed by a bake at 150 0C for 10 min. The sample is then spin 

coated with OiR 906-12 and baked at 90 0C for 1 min, as with the previous lithography step. The 

sample is exposed in the aligner and developed as before. Au contacts with thickness ~80 nm are 

deposited through e-beam evaporation, using ~10 nm thick evaporated Ti to improve adhesion of the 

Au to the sputtered heavy metal film. The Au/Ti contacts are then lifted off by stripping the bilayer 

photoresist in Remover PG for 3+ hrs or overnight. The LOR-5A upon development forms an 

undercut that ensures that no sidewalls are formed during this process. A microscope image of the 

patterned wire is shown in Figure 2.2. 

 

Figure 2.2 Microscope image of a patterned Pt wire for MSHG detection of spin 
accumulation. 
The dotted yellow square indicates the patterned 50 ×50 μm2 Pt wire with 10 nm thickness. JX and σY 

indicate the directions of the charge current and accumulated spin moments at the sample surface, 

respectively (Figure from ref 18). 

The sample is then attached to a chip carrier, and the leads of the carrier are electrically connected to 

the Au contact pads with wire bonds. 

2.4 MSHG experimental setup and detection of accumulated spins 

A schematic of the MSHG experimental setup used to directly detect the accumulated spins in the 

patterned heavy metal wires is shown in Figure 2.3. The laser used is an 800 nm wavelength, 

regeneratively amplified Ti:sapphire laser (Coherent RegA 9050) which outputs ~ 70 fs pulses, each 

of energy up to ~ 1 μJ, at 252 KHz repetition rate. The laser beam is attenuated in power by a half-

waveplate – polarizer pair and focused onto the wire to a ~ 30 μm spot with an intensity of 300 μJ/cm2 

using a 5x objective. The polarizer is used to render the incident beam p-polarized. A high-pass (blocks 

lower wavelengths) red optical filter is placed before the objective to block second harmonics of the 

fundamental arising from the optical elements before the sample. The reflected light is filtered with 

two low pass (blocks longer wavelengths) blue filters, such that only the 400 nm second harmonic is 

allowed through, and the dominant 800 nm fundamental is removed. The weak second harmonic 

intensity is then passed through another p-polarized analyzer and focused into a sensitive 

photomultiplier tube (Hamamatsu). The setup also includes a microscope, not shown in the schematic, 

comprising of a red LED, camera and lenses, to image the samples and ensure proper alignment of 
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the laser beam on the wire. The electrical signal output of the photomultiplier tube is then amplified 

and the reflected second harmonic intensity detected using a photon counter (Stanford Research 

Systems). Since the second harmonic signal is extremely weak, it is crucial to keep ambient light from 

entering into the photomultiplier tube. Therefore the whole setup is enclosed in a well-sealed black 

box, with a small opening for the laser beam and sealable doors for user access. 

 

Figure 2.3 Schematic of the MSHG setup. 
The charge current JC and accumulated spin moments σ at the sample surface are along the x- and y-

axes, respectively. The signal from the photomultiplier tube is amplified and detected by a photon 

counter. 

For the described configuration of the polarizer and analyzer being both p polarized, the measured 

MSHG signal is sensitive to the component of magnetization MY transverse to the plane of incidence15, 

17. Since spins accumulate such that their magnetic moment is perpendicular to the direction of the 

applied charge current, the charge current is applied along the x-axis which is in the plane of incidence, 

so that the accumulated spin moments are along the y-axis. A function generator (Agilent) is used to 

apply alternating positive and negative charge current pulses to the sample, with the current pulses 

being separated by the laser pulse repetition period, and each current pulse being 200 ns wide and 

~150 mA in amplitude. The accumulated spins at the sample surface then have a net magnet moment 

of ±σY. The low duty cycle of the current reduces DC heating of the sample by Joule heating. 

An output of an electronic delay generator, triggered at the laser repetition rate by a synchronous 

trigger signal from the RegA, is used to trigger the function generator with a certain delay such that 

the current pulses arrive at the sample when a laser pulse is incident on it. The photon counter has 

two channels that are be gated (enabled) independently such that each channel detects the electrical 

signal from the photomultiplier tube for alternating laser pulses. This, coupled with the alternation of 

the applied current pulses, enables the two channels of the photon counter to independently measure 

the second harmonic intensity for spin accumulations along +y and –y respectively. The channels of 

the photon counter are only gated at a 100 ns window around the photomultiplier signal from a single 

pulse, rather than the whole laser repetition period, in order to reduce the dark noise background. A 
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second independent output of the delay generator triggers the photon counter so that it is gating is 

aligned with the photomultiplier signal. 

The intensity of the reflected second harmonic is expected to depend quadratically on the intensity of 

the incident fundamental, as seen in equation (2.1), where E(ω) is the electric field of the incident 

fundamental, E(2ω) and P(2)(2ω) the field and polarization of the reflected second harmonic, and χ(2) is 

the second harmonic susceptibility. 

(2. 1) 𝐸(2ω) ∝ 𝑃(2)(2ω) = χ(2)𝐸(ω)𝐸(ω) 

 This quadratic relationship is confirmed for a 10 nm thick Pt wire, without any applied current, for 

incident intensities up to ~ 500 μJ/cm2 as shown in Figure 2.4. 

 

Figure 2.4 Dependence of second harmonic intensity on incident intensity. 
The SHG intensity scales linearly with the square of the incident laser intensity (up to a fluences of 

~500 μJ/cm2) for a 10 nm thick Pt film (Figure from Ref 18). 

The magnetic asymmetry A in MSHG experiments with the previously mentioned configuration can 

be defined by equation (2.2) 15 where I2ω(±MY) is the intensity of the reflected second harmonic when 

the surface magnetization is ±MY. The asymmetry term is proportional to, and is a measure of, the 

surface magnetism. In the case of current-induced spin accumulation, the surface magnetism arises 

from the magnetic moment of the accumulated spins at the surface ±σY. Therefore, I2ω(±σY) = I2ω(±JX)  

is the intensity of the reflected second harmonic for a net moment of spin accumulation of σY along 

the ±y axes, corresponding to a charge current JX applied along the ±x axes. 

(2. 2) 𝐴 =  
𝐼2𝜔(+𝑀𝑌) − 𝐼2𝜔(−𝑀𝑌)

𝐼2𝜔(+𝑀𝑌) + 𝐼2𝜔(−𝑀𝑌)
∝  𝑀𝑌 

𝐴 =  
𝐼2𝜔(+𝜎𝑌) − 𝐼2𝜔(−𝜎𝑌)

𝐼2𝜔(+𝜎𝑌) + 𝐼2𝜔(−𝜎𝑌)
=

𝐼2𝜔(+𝐽𝑋) − 𝐼2𝜔(−𝐽𝑋)

𝐼2𝜔(+𝐽𝑋) + 𝐼2𝜔(−𝐽𝑋)
 ∝  𝜎𝑌  ∝  𝐽𝑋 

The asymmetry signal A in our experiments is proportional to, and is a measure of the accumulated 

spin moments, which in turn is proportional to the applied current (±JX)19 for a given sample. 
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A ferromagnetic, unpatterned, in-plane magnetized 20 nm thick CoFeB film was used to verify that 

the setup can detect magnetic signals. Reflected second harmonic intensities were measured for 

opposite in-plane applied magnetic fields of ± 40 mT, with no current in the sample. An asymmetry 

signal of ~80% was detected, indicating that the setup is sensitive to magnetic signals. 

With a 20 nm thick Pt sample, an asymmetry A of 6.1% was observed for a current density of JC = 1.5 

× 107 A/cm2 with 10 Vp-p driving voltage, indicating that the MSHG setup is capable of detecting 

magnetic signals from the heavy metal thin film. The measurement is performed 20 times for 1 minute 

integration time each. Three control experiments were performed on this sample to verify that the 

magnetic signal arises from the current-induced spin accumulation. First, the sample stage is rotated 

and the asymmetry A is plotted as a function of θ, the angle between the current direction and the 

plane of incidence, as shown in Figure 2.5 (a). As can be seen from the fit, the asymmetry varies as 

the cosine of θ. The magnetic asymmetry A is zero when the current is perpendicular to the plane of 

incidence (the spins are along the x axis and zero magnetic moment component along the y-axis) and 

changes sign if the sample is rotated further. The setup being sensitive to MY (σY), this proves that the 

magnetic signal is measured is perpendicular to the current, and that its direction changes with that of 

the current, as is expected for the current-induced spin accumulation. Secondly, increasing the 

amplitude of the current pulses leads to a proportional increase in A, as shown in Figure 2.5 (b). This 

is also expected for the current-induced spin accumulation, as the spin-Hall angle θsH = Js/Jc  is constant 

for a given sample, leading to increased spin accumulation for larger currents. Thirdly, it is important 

to ensure that the measured signal does not originate from spin polarization due to the Oersted 

magnetic field generated at the sample surface by the charge current, since this field is also 

perpendicular to the charge current direction, and scales linearly with the charge current. The 

amplitude of the current pulse through the film being ~150 mA, the Oersted field at the surface of 

the film is calculated to be ~1.9mT. However, the asymmetry is unchanged when a larger transverse 

magnetic field of 40mT was applied along the y-axis using an external magnet, in conjunction with the 

current. If the asymmetry was arising from the polarization of the spins at the surface of the Pt wire 

by the Oersted field, the large external applied field would have drowned out any asymmetry signal 

from the smaller Oersted field. The possibility of the MSHG signal arising from the Oersted field of 

the current is therefore ruled out, and it is concluded that the asymmetry is a measure of the current-

induced spin accumulation in the sample. 

The error bars for the experiments mentioned above are obtained by counting over repeated 

experiments of 1 minute each. Photon counting is a statistical process which leads to a Poisson 

distribution. Therefore, the error in these measurements is related to the shot noise associated with 

the photon counting, which is the square root of the total counts. The  statistical distribution of second 

harmonic photon counts for a 10 nm Pt film measured with alternating positive and negative pulses 

over 250 min, with each measurement lasting 1 minute is shown in Figure 2.6. The two distributions 

corresponding to the second harmonic photon counts at positive and negative current pulses are 

Poisson, as is expected., The mean counts per minute for the distributions corresponding to positive 

and negative current pulses are 135.6 and 104.3 respectively. The standard deviations of the 

distributions are 11.2 and 10.4 respectively, and are approximately equal to the square root of the mean 

counts, indicating that the counting process is limited by shot noise. 
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Figure 2.5 Control experiments for MSHG detection of accumulated spins. 
(a) Magnetic asymmetry A as a function of the angle θ between the direction of current and the plane 

of incidence (yellow dotted line in inset). The MSHG signal is sensitive to the component of 

magnetization transverse to the plane of incidence. The cosine dependence of A on θ indicates that 

the magnetization is perpendicular to the direction of current. (b) Magnetic asymmetry A as a function 

of the amplitude of the current pulses. Both measurements are done with a 20 nm Pt wire (Figure 

from Ref 18) 

 

Figure 2.6 Distribution of second harmonic photon counts. 
A Poisson distribution of second harmonic photon counts is seen for 20 nm Pt, for positive and 

negative current pulses. Each of the 250 data points is of 1 minute duration. The standard deviation 

of the distributions are approximately equal to the square root of the mean counts per minute of the 

corresponding distribution (Figure from Ref 18). 

2.5 Detection of current-induced spin accumulation in Pt, Ta and Au 

The experiment described above to detect the asymmetry from current-induced spin accumulation is 

repeated for Pt, Ta and Au heavy metal wires of different thicknesses.  The asymmetry normalized 
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with the applied charge current density (A/JC) is utilized as a measure of the spin accumulation because 

the spin accumulation scales with JC for a given sample. Table 2.1 summarizes the normalized 

asymmetry values for the different heavy metal wires. For all the samples, the current is applied along 

the x-axis (as indicated in Figure 2.3), with a 10 Vp-p driving voltage. The asymmetry measured is then 

divided by the corresponding current density in order to obtain the normalized asymmetry reported 

in the table. The asymmetry for all the samples with zero current is found to be zero within the shot 

noise level. 

Sample Asymmetry/Current density    

[ %.cm-2/(107A)] 

Pt (10 nm) 5.12 (±0.51) 

Pt (20 nm) 4.05 (±0.68) 

β-Ta (30 nm)/ Ti (1 nm) -5.78 (±2.02) 

Au (10 nm) 1.10 (±0.04) 

Au (20 nm) 0.50 (±0.04) 

Cu (10 nm)/ Al (1 nm) 0.11 (±0.16) 

Table 2.1 MSHG signal for current-induced spin accumulation in different metallic wires. 
The magnetic asymmetry A is normalized with respect to the charge current density JC applied along 

the plane of incidence and 10 Vp-p driving voltage.  

Both the Pt platinum samples, with thicknesses of 10 nm and 20 nm, exhibit a high normalized 

asymmetry signal as is expected from the large spin-Hall angle of Pt9. The MSHG signal of the β-Ta 

sample is expected to arise from the Ta/Ti interface where the spins from the Ta accumulate. 

Moreover, the normalized asymmetry in the β-Ta sample is large and comparable to that of Pt, and its 

sign is the opposite to that of Pt, as is expected from the opposite spin-Hall angles in Pt and β-Ta6, 9. 

Although Au is a heavy metal that with high spin-orbit coupling, most previous experiments to 

measure the spin-Hall effect in Au through conventional techniques that relied on a ferromagnet 

grown on top of an Au film yielded negligible spin-Hall angles in Au. As can be seen from Table 2.1, 

the evaporated pure Au films of 10 nm and 20 nm thickness show a non-negligible normalized 

asymmetry with the same sign as Pt and with a magnitude ~ 20 % of that of Pt. This result is consistent 

with the previously reported non-negligible spin-Hall angle for Au20, and the ratio with that of Pt is 

close to the one reported by the Hoffman group21, 22.  

Cu has a completely filled 3d shell which leads to its low spin-orbit coupling, and therefore Cu is 

expected to have no current-induced spin accumulation. This is seen from Table 2.1 which shows that 

the asymmetry in the 10 nm Cu film capped with 1 nm Al is zero within the limits of the experimental 

noise. The magnitude of the asymmetry in Cu, compared to that of other metals, is consistent with 

the data of Zhang et al23. The photon count rates were of the order of ~ 100 per minute for the Pt 

and Ta films, and ~1000 per minute for the Au and Cu films. The measurements were integrated over 

a time period of 20 minutes to obtain adequate signal/noise ratio. The standard error bars in the table 

are calculated from the shot-noise of the photon counting as described in Section 2.4.  
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In order to interpret the increase in asymmetry for the Au and Pt samples when decreasing the film 

thickness, the elements of the non-linear second order susceptibility tensor, χ(2)
, are needed. The top 

and bottom interfaces are expected to have complex susceptibilities of different amplitude and phase. 

It is assumed that χ(2)[air/Pt]  and χ(2)[Pt/SiO2] will have similar order of magnitude and will be phase 

shifted by 180° due to opposite symmetries of the metal/insulator interfaces24, 25. Under this 

assumption, for a spin accumulation of opposite orientation on both interfaces, as expected for spin-

Hall effect, the SHG fields from the top and bottom interfaces should add constructively. The 

absorption length for light of a certain wavelength is constant for films of the same material. This then 

explains the observed increase in the absolute value of the asymmetry in thinner films, as we are more 

sensitive to the bottom interface as a result of decreased absorption through the film. It must also be 

noted that the competition between the spin-Hall and the Rashba effects in contributing to the surface 

spin accumulation26 may also play a role in determining the thickness dependence of the normalized 

magnetic asymmetry. The ability of the MSHG technique to directly measure the spin accumulation 

at the heavy metal surface independently of effective torques on a ferromagnetic layer in contact with 

the normal metal26 will be of great value in helping identify the relative roles of spin-Hall and Rashba 

effects in various material structures. 

This experiment, at the time of publication, was the first direct optical observation of current induced 

spin accumulation on metallic surfaces. Previously, work by van ‘t Evre et al.27 had claimed to have 

detected accumulated spins using the optical technique of magneto-optical Kerr effect (MOKE, which 

will be discussed in Chapter 3). However, this experiment had worse SNR values compared to the 

MSHG experiment described here. A possible reason for this can be that the MOKE signal arises 

from the bulk of the film, leading to a diminished signal that is a function of the convolution of the 

oppositely oriented spins along the film thickness with the penetration depth of the probe light, while 

the MSHG signal arises only from the surfaces and interfaces and the signal from the two opposite 

interfaces of the metal add constructively as described before. Further work by Riego et al.28 aimed at 

reproducing MOKE detection of current induced spin accumulation concluded that the detected 

signal in Ref 27 arose from asymmetric heating in the metallic stacks. Since the publication of the 

MSHG work detailed in this chapter, other groups have reported direct MOKE detection of 

accumulated spins29, 30. Such direct optical measures of accumulated spins will help elucidate the 

fundamental properties of various kinds of current induced spin accumulation. 

2.6 Dynamics of spin accumulation in Pt 

The experiments described in the above sections confirm that MSHG is an effective technique to 

detect current-induced spin accumulation in heavy metals directly without the need for a magnet 

grown on top. This then enables the study of inherent properties of the spin-accumulation, 

independent of its interaction with the magnetization of the grown magnet. Since this thesis explores 

the speed of magnetic processes in spintronic devices, the MSHG technique is used to study the 

dynamics and speed of the current-induced spin accumulation in Pt, a heavy metal commonly used in 

spin-orbit torque devices. 

The time dynamics of the spin accumulation was studied in the 10 nm Pt sample for an applied 2 ns 

wide current pulse. The ns current pulses are applied to the sample as unipolar, 5 V voltage pulses 

from a fast signal generator (Avtech). The voltage pulse waveform is measured across the sample 
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contacts with an RF active probe, and the current waveform is estimated based on the measured 

resistance of the sample. For unipolar pulses, the magnetic asymmetry of the SHG signal is calculated 

from equation (2.3). 

(2. 3) 𝐴 =  
𝐼2𝜔(+𝜎𝑌) − 𝐼2𝜔(0)

2𝐼2𝜔(0)
=

𝐼2𝜔(+𝐽𝑋) − 𝐼2𝜔(0)

2𝐼2𝜔(0)
 ∝  𝜎𝑌 

The relative time of arrival of the laser and current pulses at the sample is varied using the electronic 

delay generator that triggers the function generator at increasing delays relative to the amplified laser 

trigger signal, and at each delay time the magnetic asymmetry is measured from equation (2.3). The 

results are shown in Figure 2.7. Within the observed noise level, the spin accumulation pulse is seen 

to follow the current pulse on the time scale of ~50 ps. Similar results were observed in the 20 nm Pt 

film. The width of the spin accumulation signal is the same as the width of the current pulse, within 

the limits of the experiment. This indicates that the rise and fall times for the spin accumulation are 

well below those of the current pulse itself, ~100 ps. It can therefore be concluded that the MSHG is 

suitable for time-dependent studies of the current induced spin accumulation. However, to better 

quantify the speed of spin accumulation, we need to use pulse generators capable of supplying shorter, 

more stable current pulses, and delay generators that can apply finer time delays. 

 

Figure 2.7 Speed of current-induced spin accumulation in Pt. 
Spin accumulation at the surface of the 10 nm Pt sample as a function of the delay of the laser pulse 

relative to the 2 ns current pulse. The “zero” time delay is arbitrary. The current magnitude was 

estimated from the voltage signal across the sample contacts and separate measurement of the sample 

resistance. (Figure from Ref 18) 

2.7 Conclusion: Towards faster spintronic devices 

In this chapter, I have shown that the magnetization-induced second harmonic generation is a 

promising technique to detect and probe the current induced spin accumulation at the surface of heavy 

metal thin films. The spin accumulation is verified to be perpendicular to the direction of flow of 

charge current, and that the measured magnetic asymmetry signal due the spin accumulation is found 

to scale linearly with the applied charge current density. The surface magnetization due to spin 
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accumulation is detected in the metals Pt, β-Ta and Au. The sign of the asymmetry in β-Ta and Pt are 

opposite to each other, and the sign in Au is the same as in Pt. The magnitude of the asymmetry 

normalized to charge current density is negligible in Cu, and is small in Au, as is expected. The 

surface/interface sensitivity of MSHG, in addition to the simplicity and the ability to detect spins 

directly independent of spin transport into an adjacent magnetic layer, makes it a strong candidate to 

study spin accumulation at metallic surfaces and interfaces. 

The dynamics of the spin accumulation in Pt thin films following a short 2 ns current pulse are also 

reported. These experiments indicate that the spins accumulate within 50 ps of the applied charge 

current, and that the accumulation speed is outside of the limits of the electronics in the experimental 

setup. In building an ultrafast spintronic device that operates on the principle of ultrafast heating of 

the magnetic bit in conjunction with the spin-orbit torque from a heavy metal carrying short ps current 

pulses, one of the fundamental speed limitations to be considered will be the speed of spin 

accumulation in these ultrafast spin-orbit torque devices. Such a device will be discussed more in detail 

in Chapter 7. Previous works have reported conflicting values for spin accumulation length (0.5 nm – 

10 nm) and spin accumulation lifetime (0.1 ps  – 1 ps) in Pt31, 32, 33, 34, 35, and these values differ by more 

than an order of magnitude. Given short enough pulses and more robust electronics, MSHG can 

potentially be used to directly detect the speed of current-induced spin accumulation in heavy metals 

used for spin-orbit torque devices. 
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Chapter 3. Helicity-independent All-Optical Switching in GdFeCo by 

picosecond laser pulses 

From the study of the dynamics of current-induced spin accumulation of Chapter 2, the MSHG 

technique provided insight that spins accumulate within 50 ps timescales of a short charge current 

pulse. Irrespective of the speed of spin accumulation, the spin-orbit torque (SOT) switching in 

conventional spintronic devices is limited by the equilibrium precessional dynamics of magnetization, 

as discussed in Section 1.5. The fastest known SOT device needed, at best, a 200 ps current pulse to 

exhibit switching1. In order to increase the switching speed of spintronic device, we will turn to the 

field of ultrafast magnetism – wherein magnetization can be manipulated in picosecond and sub-

picosecond timescales by the ultrafast heating by short, intense laser pulses – in the upcoming 

chapters. 

3.1 Helicity-independent all-optical switching in GdFeCo 

The field of ultrafast magnetism, discovered in 19962 with the demonstration of ultrafast 

demagnetization of a ferromagnetic Ni thin film following irradiation with a short 100 fs laser pulse, 

offers the promise of controlling magnetism in unprecedented picosecond (ps) and sub-picosecond 

timescales. One of the most fascinating phenomena that has been intensely studied towards this end 

is the helicity-independent all-optical toggle switching (HI-AOS) of the magnetization of ferrimagnetic 

rare earth-transition metal (RE-TM) alloys by a single short laser pulse. HI-AOS was first 

demonstrated in thin films of ferrimagnetic GdFeCo3, 4. GdFeCo has two unequal and oppositely 

aligned magnetic sublattices – the Gd sublattice and the FeCo sublattice, as represented by the 

schematic in Figure 3.1 (a) and exhibits bulk perpendicular magnetic anisotropy. At thermal 

equilibrium, the magnetic moments of the two sublattices of the ferrimagnet are held opposite to each 

other by a large negative exchange coefficient JGd-FeCo. The compensation temperature TM of this 

ferrimagnet, at which the sublattices have equal magnitudes of magnetization and the net magnetic 

moment of the alloy goes to zero, is dependent on the relative composition of the Gd and FeCo 

sublattices; Gd rich alloys have a higher TM, and FeCo rich alloys have a lower TM. 

When a thin film of GdFeCo is irradiated with a short fs laser pulse with sufficient energy, its 

magnetization switches in the opposite direction owing to HI-AOS, irrespective of the polarization of 

the laser pulse and the presence or absence of an external applied magnetic field. The magneto-optical 

Kerr effect (MOKE) microscope images of Figure 3.1 (b) indicate this toggle switching of GdFeCo 

magnetization with each successive pulse (MOKE microscopy will be discussed further in Section 

3.2). In these figures, the light gray and dark gray contrasts represent the two opposite magnetizations 

of the GdFeCo, indicating that the area of the film under the laser beam toggles its magnetization. 

The toggle switching of GdFeCo has been demonstrated to occur in ultrafast ps and sub-ps timescales. 

Time-resolved X-ray magnetic circular dichroism (TR-XMCD)3 experiments of HI-AOS have enabled 

the study of the magnetization dynamics of the Gd and the FeCo sublattices independently of each 

other. As seen from Figure 3.1 (c) these experiments show that the magnetization of GdFeCo switches 

to the opposite direction within a couple of ps of being irradiated with a short ~100 fs laser pulse. 

The FeCo sublattice demagnetizes first and crosses the zero magnetization line in a few hundred fs. 
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Figure 3.1 Helicity-independent all optical switching in GdFeCo. 
(a) Schematic of GdFeCo ferrimagnet indicating the two oppositely aligned Gd (red) and FeCo (blue) 

sublattices. (b) MOKE microscope images depicting HI-AOS in GdFeCo with individual fs laser 

pulses. The light gray and dark gray contrasts indicate two opposite magnetization directions. Toggle 

switching is seen irrespective of the initial magnetization state (top and bottom). (c) Time resolved 

XMCD data showing the ultrafast reversal of the Gd and Fe sublattice, with a transient ferromagnetic 

state from ~200 fs to ~1 ps (Figures from Ref 3, 4). 

The faster demagnetization of FeCo compared to the Gd sublattice occurs because the 3d orbitals of 

Fe and Co, which contribute to the magnetization of the transition metal sublattice, lie at the Fermi 

level of GdFeCo (Figure 3.2). Therefore the laser pulse is first absorbed by the 3d electrons of 

sublattice, causing it to demagnetize first. The 4f electrons are the primary contributors for the 

magnetization of the rare earth sublattice Gd. Since the 4f orbitals of Gd lie farther away from the 

Fermi level, they are heated indirectly by the laser pulse through the interaction of the orbitals 3d(Fe)-

5d(Gd)-4f(Gd). This leads the Gd sublattice to demagnetize slower and switch to the opposite 

magnetization in a couple of picoseconds. It must be noted that the differing demagnetization rates 

of the two sublattices leads to a transient ferromagnetic state for a small window (~200 fs to ~1 ps in 

Figure 3.1 (c)) of time when the two sublattices are aligned parallel to each other. Since HI-AOS occurs 

in ultrafast timescales and is independent of the polarity (angular momentum) of the triggering laser 

pulse and the presence of an external applied field, it has been described as an ultrafast thermal effect3, 

4. As mentioned in Section 1.6, the high switching speed associated with HI-AOS offers the possibility 

of promising technological applications in high-speed, energy-efficient and non-volatile magnetic 

memory and logic, with two to three orders of magnitude of higher operating speeds compared to 

conventional spintronic devices that operate on mechanisms such as external field control5, spin-

transfer- torque6, 7, or spin-orbit torque1. 
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Figure 3.2 Schematic of GdFeCo band structure. 
The 3d orbitals of Fe (and Co, not shown) lie at the Fermi level and absorb the optical energy of the 

laser. The 4f orbitals of Gd lie further away from the Fermi level. 

Despite intense study, the mechanisms of HI-AOS remain unresolved due to the rich physics that are 

found after a sub-100 fs pulsed laser excitation. Ultrafast processes are described by the three 

temperature model2, comprising of the electron, phonon (lattice) and spin systems, introduced in 

Chapter 1. When a magnetic thin film is excited with a short intense laser pulse, the pulse energy is 

first absorbed by the electronic system of the magnet. In the first hundred femtoseconds, highly 

nonequilibrium phenomena such as nonthermal carrier excitation 8, 9 and superdiffusive spin currents10 

may occur. In the next few hundred femtoseconds, electrons become thermalized with each other, 

meaning their distribution can be described by Fermi-Dirac statistics f(E) = 1/(1+exp{(E-EF)/kTe}), 

resulting in a high electronic temperature Te, but remain out of thermal equilibrium with the lattice 

and spin degrees of freedom2. In addition to these non-equilibrium phenomena, the strong 

dependence of equilibrium magnetic properties on temperature could also play a central role in HI-

AOS11, 12, as it does in heat-assisted magnetic recording (HAMR) technology11. 

The energy absorbed by the metal film and the resulting transient temperature response are known to 

play a central role in ultrafast demagnetization of single-element ferromagnets2, 13, 14. However, due to 

the large number of mechanisms that may contribute to HI-AOS, it has been difficult to determine 

the primary role of energy and temperature during HI-AOS. Temperature rise can directly or indirectly 

facilitate magnetization switching in a number of ways. For example, in HAMR, the lattice temperature 

TP of the system is heated close to the critical Curie temperature TC to reduce the anisotropy before 

an applied field favors a particular direction for the magnetization upon cooling11. In contrast, HI-

AOS models for ferrimagnets3, 4, 15, 16, 17 do require the lattice temperature of the film to not approach 

the Curie temperature, as that will lead to randomly magnetized domains inside the excited area rather 

than toggle switching. Instead, these models rely on transient electron temperatures that are out of 

equilibrium with the lattice to induce the dynamics of the Gd and Fe magnetic sublattices3. 

Despite the centrality of temperature to prevailing theories for HI-AOS, the energy required for 

switching, and the resulting temperature response of the electrons and phonons remains unclear. This 
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is largely related to uncertainties in the minimum absorbed fluence required for switching (i.e., critical 

fluence FC) and unknown thermal parameters. Peak temperatures and subsequent cooling are 

determined by FC, the electron phonon coupling parameter gep, and the electronic heat capacity Ce. Ce 

and gep are generally set by assuming typical values for transition metals. However, reported values for 

gep for transition metals vary by an order of magnitude17, 18. Owing to these considerations19, there is 

considerable uncertainty in the peak electron and phonon temperatures reported in previous studies, 

and a systematic analysis of these temperatures is required to better elucidate the mechanisms behind 

HI-AOS. 

These aforementioned models of HI-AOS predict the transient electron and phonon temperature 

response to an applied laser pulse from either the three temperature or two temperature models. In 

atomistic calculations, Te is coupled with a random Langevin noise field term ηi  of the sublattice i as 

shown in equation ((3.1). 

(3. 1) 𝜂𝑖 ∝  𝛼𝑖𝑇𝑒 

Here, αi is an effective damping parameter, a channel to dissipate angular momentum. This Langevin 

noise field is entered into an atomistic calculation of the Landau-Lifshitz-Gilbert equation as follows. 

(3. 2) 𝐻𝑖 = 𝜂𝑖 +
𝛿𝐸𝑖

𝛿𝑆𝑖
 

(3. 3) 
𝛿𝑆𝑖

𝛿𝑡
=  −

𝛾𝑖

(1 + 𝛼𝑖
2)𝜇𝑖

(𝑆𝑖𝐻𝑖 + 𝛼𝑖𝑆𝑖[𝑆𝑖𝐻𝑖]) 

Here Hi is the effective magnetic field, Si the reduced atomic localized spin, and γi the gyromagnetic 

ratio of the sublattice i. Ei  is the total energy of the sublattice, including the Zeeman, anisotropy and 

exchange terms. 

These models can successfully reproduce the HI-AOS switching behavior through a three-step 

process. In the first step Te has to quickly overcome TC in order for the Langevin noise field 

(corresponding to thermal excitations of the electrons) to overcome the strong exchange field which 

at equilibrium holds the two sublattices antiparallel to each other. This induces the independent 

demagnetization of the sublattices. Due to their different damping (rate of dissipation of angular 

momentum) and magnetic moments, demagnetization for different lattices will occur at different rates, 

the Fe demagnetizing faster3. The second step involves the cooling of Te which allows the 

remagnetization of the completely demagnetized Fe sublattice. At this stage the exchange fields 

become dominant over the Langevin noise again, and as the Gd demagnetizes toward its equilibrium 

magnetization (at Te), conservation of angular momentum induces the switching of the Fe sublattice, 

leading to the transient ferromagnetic state. The third step consists of the antiparallel alignment of the 

Gd spins relative to the Fe spins due to the exchange interaction, which becomes dominant over the 

Langevin noise as the electrons start to cool. However, in these models it is often clearly claimed3, 4, 20 

that initially Te needs to quickly overcome TC in order to decouple the sublattices and allow a faster 

demagnetization of the Fe sublattice. 1000s of kelvin of Te is required for the Langevin noise term to 

be high enough to effectively overcome the exchange between the sublattices in the non-equilibrium 

timescales of a few hundred femtoseconds. 
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In this chapter, I will detail systematic experiments performed on the HI-AOS of GdFeCo thin films 

of different compositions to elucidate the roles of electron and phonon temperatures in the HI-AOS 

process. The > 1000 K Te required by the HI-AOS models described above imply that HI-AOS of 

GdFeCo can only be performed by ultrashort sub-100 fs laser pulses. This means that longer ps pulses 

would require much larger fluences than the damage threshold of the thin film to trigger peak Te > 

1000 K, which negates the possibility of HI-AOS by ultrafast heating in ps timescales. This would 

then pose an insurmountable barrier for ultrafast spintronic devices operating with short electrical 

pulses, since it is not possible to generate intense, sub-ps current pulses on chip using existing 

technologies. Towards that end, this chapter explores experiments performed on the HI-AOS of 

GdFeCo with laser pulse excitations of varying pulsewidth, ranging from ~55 fs up to 15 ps, and 

challenges hypotheses of the need for high Te to trigger HI-AOS. 

3.2 MOKE microscope experimental setup for HI-AOS 

The switching of the magnetization of GdFeCo thin films by HI-AOS after excitation with individual 

laser pulses is verified using a magneto-optical Kerr effect (MOKE) microscope, or image MOKE, 

setup. MOKE microscopy is a robust tool to characterize static magnetization properties, and several 

static magnetic hysteresis loops reported in this thesis were performed using this setup. In addition to 

the ease of setup and use, a MOKE microscope has the added advantage of providing spatial 

information of the magnetization of a film. As is evident by the name, a MOKE microscope operates 

on the principle of the magneto-optical Kerr effect21, 22, wherein the complex polarization Θ = θ + iε 

(where ε is the Kerr ellipticity and θ the Kerr rotation) of light incident on a magnetic thin film changes 

upon reflection. The change in ellipticity and rotation of the reflected light is proportional to, and is a 

measure of, the magnetization of the reflecting sample.  

The schematic of the MOKE microscope setup is shown in Figure 3.3 (a). Light from red LED source 

at 630 nm is rendered p-polarized (electric field in the plane of incidence) by a high extinction ratio 

(> 1000 : 1) polarizer. The light is then focused onto the back focal plane of the sample objective. The 

objective collimates the light and illuminates the sample surface evenly at normal incidence. The 

reflected light from the sample is deviated from the path of incidence using a beam splitter. This light 

is then passed through an analyzer that is close to the crossed position with respect to the polarizer, 

and is then focused onto a CCD camera detector to form an image. At the near-crossed position of 

the polarizer and analyzer, the intensity of light at the camera becomes proportional to the change in 

rotation of the reflected light, and therefore is a direct measure of the magnetization of the sample22. 

For normal incidence of polarized light, the MOKE is sensitive to the out-of-plane component MZ of 

the sample magnetization. This configuration, called polar MOKE, is ideal for the samples reported 

in this thesis, most of which exhibit out-of-plane magnetization. For an objective of 20×, an area of 

125 × 100 μm2 on the sample surface is imaged by the camera. To achieve large signal to noise ratios, 

the camera image is integrated for a relatively large time of 500 ms (or even larger, up to 2.5 s, for 

higher objectives and/or samples with low reflectivity). Care is taken to optimize the exposure time 

so as to not saturate the camera signal. Since the change in reflected intensity at the camera for 

opposite magnetizations is small, the contrast in the camera signal for the two magnetization states is 

at best ~5% of the camera signal. Differential images are made using the data acquisition software to 

enhance this contrast and to better visualize the magnetic domains and the two magnetic states. An 



43 
 

example of domain formation in a GdFeCo thin film is shown in Figure 3.3 (b) where the light gray 

and dark gray regions of the image correspond to domains with two opposite magnetization states. 

 

Figure 3.3 MOKE microscopy. 
(a) Schematic of a MOKE microscope. A 630 nm LED lamp is used as the source and CCD camera 

is used as the detector. (BS = Beam splitter) (b) Differential contrast MOKE microscope image of 

GdFeCo domains. The light and dark gray regions indicate domains with opposite magnetization 

states (Figure (b) from Dr Yang Yang). 

To perform single shot HI-AOS experiments, the exciting laser beam, called the pump, is incident on 

the sample at 40o
 to the sample normal. Toggling of the image intensity (image MOKE contrast) in 

the areas of the sample under the illuminated pump indicate the exhibition of HI-AOS by the sample. 

3.3 GdFeCo characterization and HI-AOS with ps pulses 

Two Gdx(FeCo)100-x films with concentrations x = 24.5 % and x = 27.5% are grown by co-sputtering 

the following stacks on Si/SiO2(300 nm) substrates: Ta(2.5)/GdFeCo(14)/Ta(3.6)/Ta2O5(2.8) 

(thicknesses in nm). Throughout this chapter, these samples will be referred to as Gd24FeCo and 

Gd27FeCo respectively. X-ray reflectivity measurements are performed to confirm the layer 

thicknesses. Polar magneto-optical Kerr effect (MOKE) measurements confirm that the films exhibit 

out-of-plane magnetic anisotropy, as seen by the square hysteresis loops in the inset of Figure 3.4. The 

normalized polar Kerr rotation (NPKR) is measured as a function of the sample temperature by 

heating the sample with an electric heater. A Curie temperature TC of ~540K is obtained by fitting the 

NPKR via the phenomenological formula23 NPKR = [(TC −T )/(TC − 300)]0.39 (see Figure 3.4), where 

T is the sample temperature. This Curie temperature is close to previously reported values24. It must 
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be noted that for the 630 nm LED light probe used in the MOKE microscope (and for the 800 nm 

laser probe used in later sections), the probe is sensitive only to the magnetization of the transition 

metal sublattice (FeCo) of RE-TM ferrimagnets as these wavelengths are absorbed by electrons in the 

Fermi level and, from Section 3.1 and Figure 3.2, the Fermi level is populated by the 3d electrons of 

the FeCo sublattice (the 4f electrons of Gd are far away from the Fermi level). The compensation 

temperature TM is measured by monitoring the coercivity and polarity of the magnetic hysteresis via 

MOKE as the sample is heated. The TM is the temperature at which the polarity of the hysteresis loop 

flips. A TM of ~430 K is observed for sample Gd27FeCo. Sample x = 24.5% presented a hysteresis 

with the opposite polarity to that of x = 27.5% at room temperature (see inset of Figure 3.4), meaning 

its compensation temperature is below room temperature.  

 

Figure 3.4 Temperature dependence of GdFeCo magnetization. 
Normalized Kerr rotation of Gdx(Fe90Co10)100−x with x = 27.5% as a function of temperature. Inset 

shows square magnetic hysteresis as a function of the out-of-plane external field H, at room 

temperature, for samples with x = 27.5% and x = 24.5%. The opposite polarities of the loops indicate 

that they have TM on either side of the room temperature. (Figure from Ref 19) 

A regeneratively amplified 252 kHz repetition rate Ti:sapphire laser (Coherent RegA 9050 system used 

in Section 2.4) with 810 nm center wavelength is used to generate the high energy laser pump pulses 

that trigger HI-AOS. The laser pulse duration FWHM is tunable from Δt = 55 fs to Δt = 25 ps by 

adjusting the final pulse compressor in the chirped pulse amplifier25. The RegA 2050 allows the output 

of single laser pulses. A MOKE microscope setup described in Section 3.2 is used for imaging the 

sample magnetization after each single laser pulse shot. 

In the single-shot experiments, the laser beam is incident with an angle of 40◦ with respect to the 

sample normal. The spatial beam profile is obtained by the knife-edge technique26 and the energy of 

each pulse is monitored with a fast photodiode connected to a 6 GHz oscilloscope. The photodiode 

output voltage is calibrated to the laser pulse intensity by obtaining a calibration curve of the 

photodiode output peak amplitude with respect to the laser power in the repetition mode. An effective 

index of refraction of n = 3.7 + 4.2i for Ta/GdFeCo/Ta is measured by ellipsometry. To accurately 

determine the fluence absorbed in the GdFeCo film, a multilayer absorption calculation is performed27 

by calculating the electric field in each layer through the matrix transfer method. The absorption is 
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then obtained by calculating the divergence of the Poynting vector in the stack. The refractive indices 

of the layers in the stack used for this calculation are shown in Table 3.1. An absorption of 29% was 

found in the Ta/GdFeCo/Ta stack. The absorption profile is shown in Figure 3.5. 

Layer Thickness 

(nm) 

Complex refractive 

index 

Absorption by layer 

(%) 

Air - 1 - 

Ta2O5 2.8 2.114 0 

Ta/GdFeCo/Ta 20 3.7 + 4.2i 29 

SiO2 300 1.4533 0 

Si - 3.696 + 0.0047i - 

Table 3.1 Multilayer absorption calculation parameters and results for the GdFeCo stack. 

 

Figure 3.5 Absorption profile in the GdFeCo stack. 
The optical absorption as a function of depth is calculated by the matrix transfer method. (Figure 

from Ref 19) 

The magnetization of the film is saturated with an external magnetic field H ≈ ±100 Oe. Following 

removal of the external field, the film is then exposed to a single linearly polarized laser pulse with Δt 

= 55 fs. As shown in Figure 3.6 for Gd27FeCo, after each laser pulse of the same energy, the 

magnetization in a small region reliably toggles repeatedly between white (up) and black (down). This 

observation of helicity-independent toggling of the GdFeCo magnetization is consistent with the 

helicity-independent AOS reported in Refs 3, 4.  In the absence of domain wall motion, the reversed 

domain size is determined by the area within the Gaussian laser profile with a fluence above FC
13. 

However, in these films, the domain wall motion reduces the size of the reversed domain in the 

seconds following laser irradiation. A critical domain size (≈10μm) is observed, below which optically 

switched domains shrink and collapse after several seconds. Instability of small magnetic domains is 

a well understood phenomenon that occurs whenever the domain wall energy is larger than the domain 

stabilizing pinning and dipolar energy terms28. In order to minimize the effect of such relaxation 

mechanisms on the measurement of the critical fluence, the pump diameter (FWHM) is chosen to be 

relatively large (≈0.16 mm). The absorbed critical fluences FC, such as those shown in Figure 3.7, are 
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then obtained by decreasing the pump fluence until no switching is observed. For T = 300 K and Δt 

= 55 fs, FC = 0.82 ± 0.16 mJ/cm2 is found for both GdFeCo samples. 

 

Figure 3.6 MOKE microscopy images of HI-AOS in GdFeCo. 
The images, shown here for the Gd27FeCo film initially magnetized along M–, confirm toggle 

switching with Δt = 55 fs linearly polarized laser pulses (Figure from Ref 19). 

To study the importance of the lattice (phonon) temperature in AOS, the sample is heated by 

mounting it on a resistive heater, and the critical fluence FC is recorded as a function of the initial 

sample temperature T0. A threshold FMD at which a multidomain pattern is observed is also recorded 

(see picture #3 in Figure 3.7 (a)). The measurement of this threshold has a large uncertainty due to 

the stochastic nature of domain nucleation and the instability of the small multidomain patterns. 

Within experimental accuracy the multidomain thresholds for both samples are equal (see Figure 3.7 

(b)). In the case where the whole system reaches TC, a multidomain magnetization pattern is expected 

to arise as the sample cools down from the paramagnetic state and is remagnetized randomly. Indeed, 

the transition from pure AOS to multidomain is observed (pictures #2 and #3 in Figure 3.7 (a)) at a 

particular threshold fluence FMD (blue crosses in Figure 3.7). Transient temperatures for electrons and 

the lattice are calculated with the three temperature model2, 14 (details in Section 3.6), and the threshold 

at which the transient equilibrium temperature, when the electrons and phonons are back in 

equilibrium (~few ps to few 10s of ps), exceeds TC is plotted as a blue dashed line in Figure 3.7. The 

model will be discussed later in this chapter. Both GdFeCo samples have very similar compositions, 

resulting in similar total heat capacities. Therefore, their Curie temperatures and transient equilibrium 

temperature, and thus the multidomain fluence threshold are expected to be similar. Therefore, the 

demagnetization or multidomain threshold FMD sets a limit above which no AOS can be observed. 

As observed from Figure 3.7 (a), the critical fluence for Gd24FeCo is independent of ambient 

temperature, while the critical fluence of Gd27FeCo decreases by a factor of 2 upon a change in 

ambient temperature from 300 to 450 K. The different temperature dependence is believed to be 

related to the difference in energy transfer rates between sublattices in both samples, as has been 

predicted16. A discussion on the energy transfer rates will follow later in this chapter. Importantly, it 

is to be noted that both samples display a weaker temperature dependence than one would expect if 

AOS was an equilibrium phenomenon dependent on transient equilibrium phonon temperatures 

analogous to HAMR. If changes to equilibrium magnetic properties were the primary driver of AOS 

in a manner analogous to HAMR, the peak lattice temperature reached following laser irradiation at 

FC would be a constant and insensitive to ambient temperature. The peak lattice temperature is 

calculated as TP = T0 + FC/(d∗C) where d is the film thickness and C (3 × 106 J/m3/K for GdFeCo29) 

is its specific heat capacity. At ambient temperatures of 300 and 470 K, the calculated transient 

temperature rise in the lattice at the corresponding FC following irradiation is∼150 and ∼70 K, 

respectively. Therefore, the peak lattice temperature during AOS varies from 450 to 540 K (∼TC) for 

ambient temperatures from 300 to 470 K, and is not a constant. Therefore, as expected, we confirm 
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that unlike in HAMR, heat-induced changes to equilibrium magnetic properties are not the primary 

drivers of AOS. 

 

Figure 3.7 Studies of the critical fluence for HI-AOS and multidomain formation in the 
GdFeCo films. 
Critical fluences FC (for AOS) and FMD (for multidomain state formation) for the Gd27FeCo and 

Gd24FeCo films as a function of the (a) initial temperature of the sample for Δt = 55 fs laser pulses 

and (b) the laser pulse duration Δt at room temperature. Solid lines are guides for the eyes. The blue 

dashed lines are a calculation of the fluence needed to make the lattice reach TC (see text). MOKE 

images in (a) show the typical result in each fluence range. From bottom to top: (#1) No switch 

(ultrafast demagnetization), (#2) AOS, and (#3) multidomain state. The vertical dashed lines in (b) 

show the limits for observation of AOS in each sample. The right hand image (#4) shows the fully 

demagnetized state obtained for a Δt = 16 ps pulse of ~1.85 mJ/cm2 on Gd27FeCo (Figure from Ref 
19). 

As discussed in Section 3.1, previous theories on HI-AOS necessitate high peak electron temperatures 

(Te > ~1000K) to effectively overcome the exchange between the sublattices and cause GdFeCo to 

switch. To test the importance of the peak electron temperature, single-shot AOS experiments as a 

function of the pulse duration (FWHM) Δt are performed (Figure 3.7 (b)). As Δt increases for a fixed 

laser fluence, the laser peak intensity drops as 1/Δt resulting in a lower peak Te. If the peak Te is a key 

parameter for AOS as postulated by previous models, as Δt is increased, the critical fluence should 

increase proportionally. However, only a relatively weak dependence of the critical fluence on the 

pulse duration is observed (see Figure 3.7 (b)). The energy needed for AOS increases by ∼50% as the 

pulse duration increases by over two orders of magnitude. Similar trends have been reported in the 

context of helicity-dependent AOS 30, 31 (this type of AOS will be discussed briefly in Chapter 4 and 

Chapter 5). However, the analysis in these works was made in terms of helicity-induced optomagnetic 

fields. Furthermore, high critical fluences were reported that would easily heat the lattice above TC. 

Such high lattice transient temperatures would result in a random multidomain state instead of a HI-

AOS in our GdFeCo samples, as shown earlier. Single-shot HI-AOS is observed in the Gd27FeCo 

sample for pulses as long as Δt = 15 ps, as shown in Figure 3.7 (b). For Δt > 15 ps, the extrapolated 

FC exceeds the multidomain critical fluence FMD indicated in the figure by blue cross points 
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(experimental data) and blue line (calculated FMD). Beyond Δt > 15 ps, the result is a fully demagnetized 

pattern (picture #4 in Figure 3.7 (b)) and no HI-AOS is ever observed for these pulse durations. This 

is in sharp contrast with the Δt = 55 fs multidomain state (picture #3 in Figure 3.7 (a)) where the 

outer part of the Gaussian laser beam, with a lower fluence, does induce HI-AOS. 

3.4 Time resolved MOKE experimental setup 

An experimental technique called the time-resolved magneto-optical Kerr effect (TR-MOKE)32 is 

used throughout this thesis to study the dynamics of the magnetization in timescales from a few 

hundred femtoseconds up to ~1 ns. The regeneratively amplified Ti: Sapphire laser (Coherent RegA 

9050) can output high energy (~6 μJ) pulses as short as 55 fs (can be increased up to 20 ps by increasing 

the chirp of the laser compressor), with an 810 nm central wavelength and a bandwidth of ~50 nm. 

The short laser pulses ensure that the laser probe can detect changes in magnetization with a high 

temporal resolution better than 100 fs. The repetition rate between the pulses can be varied between 

10 kHz and 300 kHz, with the standard repetition rate being 252 kHz. The average power of the RegA 

9050 at 252 kHz repetition rate is ~1.2 W. The schematic of the TR-MOKE setup used for most of 

the magnetization dynamics experiments in this thesis is shown in Figure 3.8. The output of the RegA 

is split into two beams – a low power probe beam and a high power pump beam – by a polarizing 

beam splitter. A half wave plate placed before the polarizing beamsplitter, when used in conjuction 

with the polarization of the beamsplitter, enables the adjustment of the relative power between the 

pump and the probe. The pump and probe beams go through different optical paths before they 

overlap spatially at the sample surface. 

 

Figure 3.8 Schematic of the time-resolved MOKE pump-probe setup. 
The relative time delay between the pump and the probe beams at the sample is varied by passing the 

pump through a variable linear delay line. The polarizer polarizes the probe at a 45° angle with respect 

to the PEM optical axis. (BS = beam splitter, PD = photodiode, WP = waveplate) 
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The probe beam is then passed through another half wave plate and polarizer pair to enable 

adjustment of the probe power independent of the pump. The polarizer is set such that the probe 

polarization is at 45° with respect to the plane of the optical table. The polarization of the probe beam 

is then modulated a photo-elastic modulator (PEM) whose axis is parallel to the horizontal, such that 

the incoming 45° polarized probe beam has equal s and p components of polarization. The PEM is 

composed of a birefringent crystal and works on the principle of the photoelastic effect. It can be 

considered to be a tunable waveplate, and nominally operates at a frequency f = 50 kHz. When a 

sinusoidal electric field at 50 kHz is applied across the crystal of the PEM, the birefringence of the 

crystal gets modulated. This causes a modulation in the retardation of the s and p components of the 

probe beam, which in turn leads to a modulation of the polarization of the beam as it exits the crystal. 

The probe is then focused onto the sample by an objective with normal incidence to detect the out-

of-plane component of the sample magnetization using polar-MOKE, as described for the LED light 

probe in Section 3.2. The reflected probe from the sample is separated from the normally incident 

beam using a beam splitter and focused onto a Si photodetector. The Si photodetector signal is 

measured by a lock-in amplifier that is referenced at f (the PEM modulation frequency) or 2f to 

measure respectively the Kerr ellipticity ε or Kerr rotation θ. The lock-in amplifier integration time is 

typically set to 300 ms to ensure quick, drift-free measurements and optimal signal-to-noise ratio. The 

integration time can be increased up to 1-3 s to increase the signal-to-noise ratio for more sensitive 

measurements. It must be noted that this setup, without the pump beam, is also used to perform static 

MOKE measurements with the laser probe. In order for the probe to not perturb the magnetization 

of the sample, the probe power is set low, typically at ~0.5 mW before the objective for 252 kHz 

repetition rate. A signal of ~1 mV, with SNR of up to 500:1 can be achieved for this configuration (at 

252 kHz repetition of the laser) as a best case scenario for the complete switching (+MS to –MS) of a 

20 nm thick GdFeCo film. 

The pump is the short, high powered beam that triggers the ultrafast magnetic response in the sample. 

It is first sent to a retroreflector fixed on to a 220 mm long linear delay stage (Thorlabs DS220). The 

incident pump beam is tuned to be parallel with the delay stage, and the retroreflector ensures that the 

reflected beam is parallel to the incident beam. This ensures that the pump propagation direction 

remains unchanged as the delay stage traverses its length. The delay stage can move the retroreflector 

along its length, thereby enabling one to change the optical path length that the pump travels before 

arriving at the sample relative to the pump. The delay stage has a resolution of 0.1 μm which 

corresponds to a temporal resolution of ~6.7 fs. If the delay stage is set that the pump beam travels 

the same length as the probe, both the beams overlap temporally at the sample, in addition to being 

spatially overlapped. The reflected pump is then passed into a half wave plate-polarizer pair to 

independently set the pump power. The polarizer renders the pump p-polarized. The pump is then 

focused onto the sample and spatially overlapped with the probe beam using a plano-convex lens 

fixed at a distance equal to its focal length from the sample surface, and is incident onto the sample at 

an angle of ~40° with respect to the sample normal. This pump beamline remains unchanged and is 

used in conjunction with the MOKE microscope in the single shot MOKE microscopy experiments 

described in Sections 3.2 and 3.3. 

As mentioned earlier in this section, laser MOKE experiments are performed by integrating the lock-

in amplifier signal for typically 300 ms. In TR-MOKE experiments, this corresponds to ~80,000 

pump-probe cycles. In order to reset the original state of the magnet between consequent pump pulses 
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in switching or large demagnetization experiments, a constant resetting external magnetic field is 

applied throughout such experiments. 

The size of the focused pump and probe beams at the sample surface is set by changing respectively 

the focal length of the plano-convex lens and the magnification of the probe objective. Another way 

to do this is to change the spot size of the collimated beam arriving at the pump focusing lens or the 

objective. The diffraction limited spot size wf of a focused beam is given by equation (3.4), where w 

is the beamwidth of the collimated beam before the focusing lens of focal length f and λ is the 

wavelength of the beam. 

(3. 4) 𝑤𝑓 =
𝑓𝜆

𝑤
 

Equation (3.3) indicates that larger the size of the collimated beam before the focusing lens or 

objective, smaller is the diffraction limited spot size at the focus, and vice-versa. The size of the 

collimated pump and probe beams, and therefore the size of the focused spot, can be changed by 

introducing telescopes on the pump or probe lines. A simple telescope is composed of two plano-

convex lenses separated by the sum of their focal lengths, and can be used change the width of a 

collimated beam before the focusing lens or objective. If wi and wo are the widths of the incoming and 

outgoing beams of a telescope, their relationship is given by equation (3.5) where f1 and f2 are the 

focal lengths of the first and second lenses of the telescope.  

(3. 5) 𝑤𝑜 =
𝑓2
𝑓1

𝑤𝑖 

The spot size of the focused probe beam at the sample is kept much smaller (typically 10x or more) 

than that of the pump, so that the profile of the pump intensity can be assumed to be constant across 

the probe spot when the probe is overlapped with the center of the pump spot. 

3.5 Time-resolved experiments on HI-AOS of GdFeCo: switching speed with ps 

laser pulses 

Time-resolved pump-probe MOKE measurements, as described in Section 3.4, are performed on 

both Gd27FeCo and Gd24FeCo samples. For these experiments, a constant, perpendicular external 

field of 55 Oe is applied to reset the magnetization between pump pulses. The pump beam, incident 

at 40° with respect to the sample normal, has a spot diameter (FWHM) of ~100 μm, whereas the 

probe, at normal incidence, is kept much smaller with a spot diameter of ~6 μm. As shown in Figure 

3.9, for a fluence of 0.86 mJ/cm2 the reversal occurs, against the external magnetic field, for both 

samples. The magnetization of both samples switch (cross the zero magnetization line) in the order 

of a few ps, as is expected from previously published results in this material. The opposite sign of the 

signal at negative time delay for samples with TM above and below room temperature is due to the 

sensitivity of the 810 nm probe to the FeCo sublattice magnetization. When T < TM the external field 

drives the dominant Gd sublattice, whereas at T >TM the field drives the dominant FeCo33. 

It is important to first verify that the switching behavior is not affected by the presence of the constant 

external applied field. For this purpose, pump-probe experiments are performed at low pump fluences 
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with no external field on both samples (blue lines in Figure 3.9). The low pump fluence ensures a 

small demagnetization of the GdFeCo and no switching. No difference in the Kerr signal is observed 

with respect to experiments performed with the 55 Oe external field. Moreover, experiments on the 

low TM sample Gd24FeCo (black downward triangles in Figure 3.9) at T >TM where no transition 

through TM was possible due to laser heating yielded similar results with and without the constant 

external field. This means that field induced switching scenarios due to crossing of TM can be 

discarded33. Both these experiments confirm that the presence of the field does not affect the 

magnetization dynamics, at least for the first few hundred ps. 

 

Figure 3.9 Effect of an external resetting field on the magnetization dynamics of GdFeCo. 
Evolution of the normalized polar Kerr rotation of Gd27FeCo (red upward triangles) and Gd27FeCo 

(black upward triangles) samples induced by a linearly polarized Δt = 55 fs pump, under a constant 

perpendicular external field of 55 Oe. At an absorbed laser fluence of 0.67 mJcm-2 (less than FC) the 

films only undergo demagnetization (filled triangles). The blue lines correspond to the evolutions 

under no external field for 0.67 mJcm-2. They show no difference with respect to the results with the 

external field during the first nanosecond. Increasing the fluence to 0.90 mJcm-2 with the external field 

yields the switching curves (open triangles). The opposite initial magnetization states of the two 

samples confirm that they have TM on either side of the room temperature (Figure from Ref 19). 

TR-MOKE experiments were performed at different pump fluences to confirm that the critical 

fluence FC extracted from dynamic and static measurements agree with each other. The fluence 

dependence of the magnetization evolution in Gd24FeCo at T = 300 K and for Δt = 55 fs is shown in 

Figure 3.10. The curve at 0.79 mJ/cm2 presents relatively higher noise at long time delays, which is 

interpreted as the consequence of the final magnetization state becoming extremely sensitive to small 

fluctuations in the pump intensity when the fluence approaches the critical fluence FC. It is concluded 

from this figure that FC ≈ 0.8mJ/cm2, which is consistent with the single-shot technique for measuring 

critical fluences (Figure 3.7). 

It was shown in Section 3.3 that longer laser pulses, with pulsewidth up to Δt = 15 ps, can trigger 

single-shot HI-AOS in Gd27FeCo. The surprising result that the critical pump fluence for switching 

increased by only by 50% even as the Δt increased by more than two orders of magnitude brings into 

question the validity of previous models for HI-AOS, which postulate that high peak electron 

temperatures are crucial for HI-AOS. Moreover, this result is of technological interest, as it indicates 

that Joule heating by intense electrical pulses with pulsewidth less than 15 ps can potentially also trigger 

HI-AOS in this sample, since the phenomenon is known to be triggered by ultrafast heating. It is 

therefore imperative to know whether the switching speed of Gd27FeCo is still in the ultrafast regime 

when it is triggered by the long ps optical pulses. 
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Figure 3.10 Magnetization dynamics of Gd24FeCo for different pump fluences. 
The solid lines represent the evolution of the magnetization of Gd24FeCo after a Δt = 55 fs linearly 

polarized pump pulse, at room temperature. The switching threshold is determined to be close to 

0.8mJ/cm2 (green curve) because of the large noise at longer timescales, agreeing with the single-shot 

experiments (see Figure 3.7 (a)) (Figure from Ref 19). 

Time-resolved pump-probe experiments are performed on Gd27FeCo at various pump pulse durations 

in order to see how the switching dynamics are affected by the heating rate of the electronic system. 

The results of these experiments are shown in Figure 3.11. As a consequence of stretching the 

pulsewidth at the output of the RegA compressor, the probe pulse duration is also equal to that of the 

pump, which results in a loss of time resolution and smoothing of the data for longer pulse durations. 

For longer pulse durations, the HI-AOS fluence window between the critical switching fluence FC and 

the multidomain formation threshold fluence FMD reduces, as shown in Figure 3.7 (b), leading to a 

smaller switched area at the sample. Therefore, the probe is tightly focused through a 50× objective 

onto a ~2 μm spot at the center of the pump spot for these experiments. A constant ~200 Oe 

magnetic field is applied to reset the magnetic state of the film between pulses. The pump-probe 

overlap time t0 = 0 is assumed to be the time at which the temporal peaks of the pump (shown as the 

gray Gaussean in Figure 3.11) and probe pulses are perfectly overlapped. This is calculated to be the 

time at which the demagnetization rate |dM/dt|in the switching curves is maximum. As the pump 

duration increases from Δt = 55 fs to Δt = 10 ps, the switching time (crossing of 0 on the y axis) 

increases from ~2 ps up to ~13 ps. The switching happens in all cases after all of the energy of the 

optical pulse is completely deposited in the film. These results show that even with a 10 ps optical 

pulse trigger, HI-AOS still occurs in a rather ultrafast manner. This releases the constraint on using 

femtosecond lasers for the study of AOS and for applications. 
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Figure 3.11 Magnetization dynamics of Gd27FeCo for different pump pulse durations. 
The solid represent the evolution of the magnetization of Gd27FeCo after a linearly polarized pump 

pulse, at room temperature, for durations Δt = 60 fs, 1 ps, 6.4 ps, 10 ps, at their critical fluences FC 

~0.8, 0.9, 1.0, and 1.6mJ/cm2, respectively. A 10 ps pump intensity profile is depicted in light grey. 

The probe duration was kept equal to the pump duration, which results in a loss of resolution and a 

smoothing of the long pulse duration curves. The switching time (crossing of 0) increases with the 

pump duration, and always happens after all the energy has been deposited on the film. Zero time 

delay was set by assuming that the maximum slope of the demagnetization corresponds to the peak 

of the pump pulse (Figure from Ref 19). 

3.6 Electron and phonon temperatures during HI-AOS with ps pulses 

Previous sections of this chapter have shown that ultrafast switching due to HI-AOS occurs in the 

Gd27FeCo sample with laser pulses as long as 15 ps. An estimate of the peak electron and phonon 

temperatures following excitation with these long laser pulses is needed to verify that peak Te of > 

1000 K is not essential to trigger HI-AOS in GdFeCo.  

The temperature response of the electron, phonon and spin baths of the GdFeCo is calculated using 
a version of the using the three temperature model2, 14 (first introduced in Section 1.6) modified to 
include heat diffusion between the GdFeCo and the substrate. Two layers are assumed: one effective 
layer of Ta/GdFeCo/Ta with weighted thermal parameters and one of SiO2. Both layers are assumed 

to be coupled through an electron conductance of ~200×106 Wm-2K-1, which is typical value for 
sputtered metals on dielectrics34. Within the simulation time (~1 ns) no heat reaches the bottom of 

the SiO2. Equation (3.6) encapsulates the three equations used in this model. 

(3. 6) 𝐶𝑒

𝑑𝑇𝑒

𝑑𝑡
= 𝑔𝑒𝑝(𝑇𝑝 − 𝑇𝑒) + 𝑔𝑒𝑠(𝑇𝑠 − 𝑇𝑒) + 𝛬𝑒

𝑑2𝑇𝑒

𝑑𝑡2
+ 𝑃(𝑡, 𝑧) 

𝐶𝑝

𝑑𝑇𝑝

𝑑𝑡
= 𝑔𝑒𝑝(𝑇𝑒 − 𝑇𝑝) + 𝑔𝑝𝑠(𝑇𝑠 − 𝑇𝑝) + 𝛬𝑝

𝑑2𝑇𝑝

𝑑𝑡2
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𝐶𝑠

𝑑𝑇𝑠

𝑑𝑡
= 𝑔𝑒𝑠(𝑇𝑒 − 𝑇𝑠) + 𝑔𝑝𝑠(𝑇𝑝 − 𝑇𝑠) + 𝛬𝑠

𝑑2𝑇𝑠

𝑑𝑡2
 

Here Ti, Ci and Λi are the temperature, heat capacity and heat diffusion coefficient, respectively, of the 

bath i (i = e, p and s for electrons, phonons and spins respectively), and gij is the coupling constant 

between baths i and j. P(t,z) is the absorbed power from the laser, accounting for the absorption profile 

calculated through a multilayer reflectivity calculation and the temporal Gaussian profile of FWHM 

Δt.  

The electron heat capacity is fixed as Ce = γTe, with γ = 167 ×106  Jm-3K-2 based on first-principles 

band structure calculations of amorphous GdFe2
35. The lattice heat capacity Cp is set to 2.3 ×106 Jm-

3K-1, a weighted average of the lattice heat capacity of Ta and GdFe2
29. The spin heat capacity Cs in 

this model as a function of temperature was fixed by subtracting the electronic and lattice heat 

capacities from the total heat capacity of GdFe2
35. The electron-spin coupling constant ges is fixed at 

1017 Wm-3K-1and the electron-phonon coupling constant gep is set to 6 × 1017 Wm-3K-1. These two 

values are set based on thermal transport measurements of Au/GdFeCo metallic bilayers36. 

The spin temperature in this three temperature model calculation is not considered to be a valid 

descriptor of the thermodynamic state of the spin system. The transient magnetic states that occur 

following laser irradiation, especially the transient ferromagnetic state where the Gd and FeCo 

sublattices are parallelly aligned, do not occur in the equilibrium phase diagram of GdFeCo and 

therefore cannot be described with an effective spin temperature. The sole purpose of the spin 

temperature in the model is to account for the impact of energy transfer between the electrons and 

magnetic sublattices on the transient temperature response of the electrons. This channel for energy 

exchange needs to be considered especially when the system is close to TC where the magnetic heat 

capacity Cs can be as large as ~40% of the total heat capacity. 

The small increase in FC as Δt increases implies that the peak electron temperature of the system is 

not particularly important for HI-AOS. The transient temperature response of the electrons and 

phonons during HI-AOS with Δt = 55 fs, Δt = 1 ps, and Δt = 12.5 ps pulses at fluences equal to their 

corresponding critical fluence FC calculated from the three temperature model are shown in Figure 

3.12. As shown in this figure, for Δt = 12.5 ps pulses, Te will only be heated to ~530 K. Given the 

~20% uncertainty of the measured critical fluence, it is not possible to exactly determine whether the 

peak Te reaches TC or not. Despite this open question, this result raises questions on the proposed 

scenario where very high electron temperatures (1000–2000 K) are necessary for HI-AOS3, 4, 16, 17. 

Given these surprising results, it can be hypothesized that helicity-independent switching is a three-

step process where there is no need for high electron temperatures. First, after optical absorption, the 

energy per Fe spin degree of freedom becomes slightly higher than the energy per Gd spin degree of 

freedom, as proposed by Wienholdt et al.37. This leads to Fe becoming hotter and demagnetizing faster. 

In the second step, the Fe and Gd spins exchange energy and angular momentum on a time scale 

faster than the time scale of angular momentum dissipation into the lattice. This corresponds to a 

semiadiabatic process and the dynamics of the system are thus governed by the principle of 

maximization of entropy as described by the following equation (3.7). 

(3. 7) (2𝐽𝐹𝐹𝑆𝐹 − 2𝐽𝐹𝐹𝑆𝐺 + 𝐽𝐹𝐺𝑆𝐹 − 𝐽𝐺𝐺𝑆𝐺)𝑑𝑆𝐹 > 0 
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The left side of the equation corresponds to the change in internal energy of the system. J is the 

exchange constant and S is the total spin angular momentum of sublattices FeCo (F) or Gd (G). In 

GdFeCo, JFF and JGG are negative, JFG is positive, so that SF and SG have initially opposite signs. 

Conservation of angular momentum (dSF = −dSG) is implied. 

 

Figure 3.12 Transient electron and lattice temperatures of GdFeCo for different for different 
pump pulse durations. 
Calculated electronic (solid lines) and lattice (dotted lines) temperatures of Gd27FeCo after a Δt = 55 

fs pulse at FC = 0.8 mJ/cm2 (red), a Δt = 1 ps pulse at FC = 0.9 mJ/cm2 (blue), and a Δt = 12.5 ps 

pulse at FC = 1.35 mJ/cm2 (black) according to the three-temperature model. The dashed line indicates 

TC. For Δt = 12.5 pulses, Te gets very close to TC. Whether Te needs to reach TC or not is unclear due 

to the uncertainties (∼20%) of the critical fluences FC (Figure from Ref 19). 

To fulfill equation (3.7), |SF | and |SG| must initially decrease, meaning demagnetization of the 

sublattices will occur. As the Fe sublattice is initially hotter, the Fe will reach full demagnetization first. 

With the Fe fully demagnetized (SF = 0) equation (3.7) implies the switch and growth of the Fe 

sublattice parallel to the Gd spins, leading to a transient equilibrium ferromagnetic state37. In other 

words, on time scales over which angular momentum is conserved, the temporary equilibrium state 

will be ferromagnetic because entropy is maximized with ferromagnetically aligned Gd and Fe spins. 

In the third and final step, as the system starts to cool down, the equilibrium exchange coupling forces 

the Gd to switch in order to be antiferromagnetically aligned with the now dominating Fe lattice3 and 

both sublattices remagnetize as they cool down. Remagnetization occurs on much longer time scales 

than demagnetization, so spin angular momentum is not conserved anymore.  

In the proposed three-step scenario, the magnetization can switch sign without the electron 

temperature Te ever needing to reach the Curie temperature TC. There are two requirements: (i) the Fe 

spin system must be preferentially heated with respect to the Gd spins37 and (ii) the exchange of energy 

between sublattices should happen faster than the time scales of dissipation of angular momentum 

into the lattice38. Moreover, the lattice temperature should remain below TC at all times, as it will 

otherwise obviously result in a multidomain final state. As shown in Figure 3.7 (b) the total energy 

necessary for HI-AOS is not strongly dependent on the pulse duration, indicating that it is crucial to 
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deposit a minimum amount of energy (the critical fluence), rather than a minimum peak Te, on the 

sample in order to drive sufficient energy and angular momentum transfer between sublattices. The 

difference in maximum pulse duration that can trigger HI-AOS between samples Gd24FeCo and 

Gd27FeCo shown in Figure 3.7 (b) resides most probably in the differences in energy transfer rates 

between the Fe and Gd spin sublattices, which depend on the composition16. 

3.7 Conclusions: towards ultrafast switching with electrical pulses 

The work presented in this chapter conclusively show that ultrafast HI-AOS can be triggered in 

GdFeCo even by relatively long ps pulses. The minimum energy required for switching increases only 

by ~50% as the pump pulse duration is increased over two orders of magnitude. Surprisingly, even 

for a long 10 ps pump pulse, the Gd27FeCo sample switches in a relatively ultrafast manner, within 13 

ps of the excitation. These surprising results bring into doubt previously proposed models for HI-

AOS, which require that the electron temperatures Te rapidly increase to ~1000-2000 K in the first 

few hundred femtoseconds irradiation in order for the Langevin noise to overcome the strong 

exchange coupling between the Gd and FeCo sublattices, thereby enabling them to have a transient 

ferromagnetic state. The requirement of these models on the excitation being ultrashort (sub-ps) is 

disproved by the ps pulse results discussed in this chapter. An alternate hypothesis for HI-AOS based 

on the conservation of angular momentum at short time scales, driven by the semi-adiabatic exchange 

of spins between the two sublattices in a manner that maximizes entropy, has been proposed. 

More interestingly, these results offer the tantalizing prospect of triggering similar HI-AOS processes 

in a GdFeCo ferrimagnet by electrical pulses rather than by optical pulses. The fact that GdFeCo 

switches in an ultrafast manner when heated by 15 ps optical pulses offers evidence that heating this 

material with any impulse in that timescale will lead to ultrafast HI-AOS. Joule heating by intense 

electrical pulses with durations less than 15 ps should therefore also trigger switching in GdFeCo. 

CMOS technology capable of supplying intense electrical pulses with ps pulsewidths exists since the 

late 2000’s and offers the potential of integrating an ultrafast magnetic bit on-chip without the need 

for large, bulky femtosecond laser systems. Experimental work done to develop an Auston-switch and 

transmission line based prototype to generate large amplitude ps electrical current pulses, and to 

demonstrate ultrafast magnetization switching in GdFeCo and other magnetic materials will be 

discussed in Chapter 6 and Chapter 7. 
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Chapter 4. Helicity-independent All-Optical Switching in GdTbCo 

alloys 

The last chapter elaborated on results on extending the helicity-independent all-optical switching (HI-

AOS) of ferrimagnetic GdFeCo alloys up to ~15 ps laser pulse widths. It was shown that the 

Gd27.5(Fe90Co10)62.5 sample exhibits HI-AOS of its magnetization in an ultrafast manner within 15 ps 

of excitation when irradiated with a 10 ps optical pulse. This brought into question previous models 

of HI-AOS which relied on the requirement of high electron temperatures of 1000-2000 K, which are 

attainable only with sub-ps excitations. A more thorough understanding of the HI-AOS mechanism 

is required so that the phenomenon and relevant materials can be better exploited for application in 

high-speed spintronic devices. 

4.1 All-optical switching experiments in Tb-based ferrimagnets 

Ever since the report of discovery of ultrafast toggle switching of magnetization in GdFeCo by single 

laser pulses1, 2, considerable scientific effort has been poured into triggering magnetization reversal in 

different magnetic materials using just optical excitations in the absence of a magnetic field. HI-AOS 

has thus far been observed primarily in the ferrimagnetic alloys GdFeCo1, 2, 3, GdFe4, and GdCo5. The 

HI-AOS capabilities of ferrimagnetic GdFeCo have also been extended to a ferromagnetic Co/Pt film 

grown on top of the ferrimagnet by the exchange coupling, a result that will be discussed in detail in 

Chapter 5. Lalieu et. al.6, 7 demonstrated HI-AOS on ferrimagnetic bilayers of Pt/Gd/Co, proving that 

the ultrafast toggle switching can occur in ferrimagnetic systems that are not alloys.  

A second form of all-optical switching of magnetization called the helicity-dependent all-optical 

switching (HD-AOS), wherein the final switched state of the magnet is set by the helicity (left- or 

right-circular polarization) of the exciting laser beams, was discovered in Nancy by Lambert et al8 and 

Mangin et al9 in 2014. In these HD-AOS experiments, the magnetic state of the excited thin film 

relaxes to a randomly demagnetized state if the optical excitations are linearly (or randomly) polarized. 

Right- and left-circularly polarized optical pulses tend to change the magnetization to opposite final 

states that are independent of the initial state of the magnet, unlike the toggle switching of HI-AOS 

where the final state is always the opposite of the initial state. Moreover, it is known that this 

phenomenon needs multiple (upto hundreds) laser pulses to completely switch the magnetization 

from one direction to another. Mangin et al9 demonstrated HD-AOS in a series of samples, including 

thin films of ferrimagnetic rare earth-transition metal (RE-TM) alloys, multilayers and 

heterostructures, as well as rare earth-free Co-Ir-based synthetic ferrimagnets. More surprisingly, HD-

AOS was exhibited even by ferromagnetic thin films, such as Co/Pt multilayers8, 10, 11, CoNi/Pd8 

multilayers and FePtAgC8 granular films. It has been argued that the HD-AOS could arise from two 

different mechanisms: the inverse Faraday effect12 or the magnetic circular dichroism13. The inverse 

Faraday effect corresponds to the generation of an effective magnetic field in a material induced by 

the helicity of light. This magnetic field can cumulatively switch the material along its direction. 

Reversing the helicity of light reverses the induced magnetic field and thus the switched magnetization 

direction. The magnetic circular dichroism (MCD) model of HD-AOS explains the magnetization 

reversal as effect of preferential absorption of light of a particular helicity by spins of a particular 

orientation (owing to MCD), leading to the cumulative flipping of these spins as more laser pulses are 
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applied. Nevertheless, the HD-AOS mechanism is known to be different from that of HI-AOS, which 

occurs because of heating in short ps and sub-ps timescales irrespective of the angular momentum of 

the excitation. HD-AOS on the other hand needs multiple laser pulses of a certain helicity which 

makes the overall process quite slow, with timescales of the order of microseconds or longer10. This 

thesis therefore deals primarily with the HI-AOS, and not HD-AOS. Unless otherwise mentioned, the 

term AOS in this thesis will refer to HI-AOS. 

Despite the technological and scientific significance of ultrafast switching of magnetization through 

the HI-AOS, the phenomenon thus far has predominantly only been reported in Gd-based 

ferrimagnetic RE-TM alloys and multilayers. Tb (Z = 65) is a rare earth element that differs from Gd 

(Z = 64) only by one additional electron in its 4f shell. However, Tb based ferrimagnetic RE-TM 

systems – at the time of the work outlined in this chapter – exhibited only the slower HD-AOS 

process. Indeed, HD-AOS was demonstrated in a variety of Tb-based systems such as TbCo alloys9, 

14, 15, TbFe alloys16 and Tb/Co multilayers and heterostructures9. Time-resolved pump-probe 

experiments by Allebrand et al17 showed that some TbCo alloys show transient reversal of 

magnetization, wherein their magnetism reverses for a short period of a few ps following a short laser 

pulse excitation, after which the magnetization reverts to its original direction. Single-shot AOS was 

demonstrated in TbFeCo alloys18, but it required patterning of nanoscale antennas to enhance the 

optical field, thereby confining the switched region to less than 100 nm in areas near and around the 

antennas. The switching was strongly influenced by inhomogeneities and control of the uniformity in 

the switched area under the laser pulse fluence profile could not be achieved. Moreover, the switching 

speed of TbFeCo was not reported in this work. More recently, HI-AOS was demonstrated in Tb/Co 

bilayers19 but switching was observed only for a narrow range of concentrations and laser fluences. 

Based on atomistic simulations, Moreno et al20 argued that ferrimagnetic TbxCo1-x alloys satisfy the 

necessary conditions for HI-AOS, including the presence of a transient ferromagnetic state. It was 

shown that for short laser pulse durations of ~50 fs, TbxCo1-x alloys theoretically exhibit HI-AOS for 

a range of laser fluences and Tb concentrations. The need for large laser fluences in the simulations, 

potentially greater than the burning threshold of the samples, is described as a potential reason why 

experimental evidence of HI-AOS in TbCo alloys is scarce. 

Unraveling the reasons for the relative ease of Gd-based RE-TM ferrimagnets in exhibiting HI-AOS 

as compared to Tb-based ones could help interpret the mechanism of HI-AOS. The major difference 

between Gd and Tb is the spin-orbit coupling of their 4f shells, whose electrons are the primary 

contributors to the net magnetization of rare earth atoms. Gd has a half-filled 4f shell (4f7) which leads 

to its low orbital angular momentum L = 0. The 4f shell of Tb (4f8) on the other hand has one 

completely filled orbital, which leads to a higher orbital angular momentum L = 3. Since the spin-

orbit coupling of an electron in the 4f shell is ~ξL.S, where S is the spin angular momentum and ξ the 

spin-orbit coupling constant21, Tb is known to have higher spin-orbit coupling than Gd17. This is 

observed physically as the higher anisotropy and damping of Tb compared to Gd22, 23, as these 

parameters are intrinsically governed by the spin-orbit coupling21. 

In this chapter, I will introduce work done to disentangle the role of Gd in enabling HI-AOS through 

static and dynamic experiments performed on thin films of ferrimagnetic Gd22-xTbxCo78. Starting with 

pure GdCo, Gd atoms are incrementally replaced by Tb atoms to get samples with progressively larger 

Tb atomic percentage. The switching characteristics, such as the threshold fluence for switching and 
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the switching speed, are then studied as a function of the Tb concentration. The effect of anisotropy 

on HI-AOS is studied by annealing a GdTbCo sample and by using different capping and buffer 

layers. Atomistic spin dynamics simulations coupled with the two-temperature model are then 

performed to explain the experimental results, and provide insights into the mechanism of HI-AOS. 

These simulations, detailed in Section 4.6, show that the differential element-specific damping between 

the RE and TM sites plays a significant role in the HI-AOS of a ferrimagnetic RE-TM alloy, and 

indicate that engineering the damping of the system is crucial in uncovering more materials that exhibit 

HI-AOS. 

4.2 Growth and characterization of Gd22-xTbxCo78 alloys 

Amorphous, ferrimagnetic thin-films of Ta(3)/Pt(3)/Gd22-xTbxCo78(10)/Pt(3) (thicknesses are in nm) 

heterostructures are sputter deposited using a magnetron sputtering system (AJA International) onto 

substrates of Si(525mm)/SiO2(50nm)/SiNx(300 nm), at an Ar pressure of 1 mtorr, and a background 

base pressure of 6 × 10-8 torr. The substrates were mounted on a plate rotating at 15 rpm to ensure 

thickness and compositional uniformity. The GdTbCo films are co-deposited from separate Tb, Gd 

and Co targets with Pt or Ta over and underlayers grown in situ in the same chamber to ensure the 

purity of the interfaces. Layer thicknesses are monitored with a quartz mass balance during growth 

and then confirmed via X-Ray reflectivity analysis. Rutherford backscattering spectrometry is used to 

confirm the sample composition. All the samples present square hysteresis loops, indicating that they 

all have perpendicular magnetic anisotropy (PMA). 

Energy dispersive spectroscopy images taken with a scanning transmission electron microscope found 

no evidence of inhomogeneities at the 10 nm scale as had been reported in previous work on 

GdFeCo24. Figure 4.1 shows the elemental mapping of a 15 nm thick Gd10Tb12Co78 sample capped 

with 7nm of Ta taken on an FEI TitanX, operated at 200 kV in STEM mode with an approximate 

probe size of 3 nm diameter. 

 

Figure 4.1 Scanning transmission electron microscopy images of GdTbCo. 
Scanning TEM images of Gd10Tb12Co78(15 nm)/Ta(7 nm) shows no evidence of large range 

inhomogeneities (Figure from Ref 25). 

The magnetization is then measured with a Quantum Design MPMS SQUID magnetometer as a 

function of field and temperature to measure the compensation temperature TM. Room temperature 

saturation Ms (~100 emu/cm3) and TM (~400 K) are fairly independent of x, due to the fixed 22 

atomic percentage (at.%) RE content. The fairly similar TM of different films is seen in the 



63 
 

magnetization vs temperature curves shown in Figure 4.2. At room temperature, the magnetization of 

all the films studied in the Gd22-xTbxCo78 series is RE dominant. A TM dominant Gd19Co81 sample 

with TM lower than room temperature was also grown, but its HI-AOS behavior was not studied in 

detail. A vibrating sample magnetometer (LakeShore) found the Curie temperature of all the films in 

the Gd22-xTbxCo78 series to lie above 600 K. This lower limit is given because as the temperature 

increases the PMA decreases and is eliminated in the 620 - 670 K range26 above which the films are 

irreversibly modified by the nucleation of crystallites. 

 

Figure 4.2 Magnetization vs temperature of the GdTbCo films. 
Remanent magnetization as a function of temperature after saturating with an out of plane 5 T 

magnetic field, measured with a SQUID magnetometer. All films in the Gd22-xTbxCo78 series (all graphs 

except top left) exhibited a compensation temperature TM ~ 400 K where their remanant 

magnetization drops to zero. A Gd19Co81 film (top left) with a below room temperature also exhibited 

HI-AOS but its magnetization dynamics were not studied. The M(T) for a-Gd22Co78 falls near zero at 

low temperatures because the perpendicular anisotropy energy is overcome by the shape anisotropy 

energy 2πMS
2 (Figure from Ref 25).  

The intrinsic perpendicular magnetic anisotropy constant Kui, (measured from the hard axis hysteresis 

loops as Kui = HKMS/2 + 2πMS
2 where is the HK anisotropy field and MS the saturation magnetization21), 

for different Gd(Tb)Co samples with different cap and buffer layers is shown in Figure 4.3. For the 

Ta(3)/Pt(3)/Gd22-xTbxCo78(10)/Pt(3) sample series, which is the focus of this chapter, Kui increases 

with increasing Tb at.% x, from 4 × 105 erg/cm3 for Gd22Co78 to 2 × 106 erg/cm3 for Tb22Co78. This is 

attributed to the larger single ion anisotropy of Tb compared to Gd, owing to its larger orbital angular 

momentum (L = 3 for Tb, and L = 0 for Gd) of its 4f orbitals as mentioned in Section 4.1. The effect 

of growing on Ta or SiN buffer layer, and of capping with Ta or Pt are also shown in Figure 4.3; these 

over and under layers, particularly Pt, increase the magnetic anisotropy of these thin films, due to 

interfacial anisotropy effects of the high SOC Pt. 

Since the origin of PMA in GdCo is an open question27, a series of GdCo samples with different cap 

and buffer layers and Gd/Co concentrations are grown and studied. The Kui of these samples are also 

included in Figure 4.3. With Pt buffer and cap layers, GdCo has PMA, while with Ta buffer and cap 
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layers, GdCo exhibits in-plane anisotropy. Moreover, GdCo grown under very clean conditions and 

without Pt over or underlayers are magnetized in-plane, while slightly worse background pressure or 

deliberate O introduction yields PMA. A TM rich Gd19Co81 film with TM lower than room temperature, 

sandwiched by Pt buffer and cap layers, also exhibited PMA. These observations indicate that the 

PMA in GdCo films studied here arises from an interfacial contribution from heavy metal Pt layers, 

and also potentially from a slight gettering of residual oxygen in the chamber. 

 

Figure 4.3 Effect of Tb at.% and capping and buffer layers on the perpendicular magnetic 
anisotropy of GdTbCo films. 
The perpendicular magnetic anisotropy constant Kui increases with the Tb at.% x for the Gd22-

xTbxCo78(10) samples for a given cap and buffer layer. The Gd22Co78 film with Ta cap and buffer layers 

did not exhibit PMA, indicated by its negative Kui. The green and red boxes indicate samples which 

exhibit HI-AOS (to be discussed in Section 4.3) (Figure from Ref 25). 

4.3 Static studies of HI-AOS in Gd22-xTbxCo78 alloys 

The ability of the samples to exhibit HI-AOS is first verified using the Magneto Optical Kerr Effect 

(MOKE) microscope setup described in Section 3.2. The magnetization of the samples is initialized 

at room temperature with an external out of plane magnetic field of ~ 0.7 T using a permanent magnet, 

fully saturating all samples. The field is then turned off, and the samples are irradiated with ~100 fs 

full-width half maximum (FWHM) 810 nm optical pulses from a regeneratively amplified Ti-Sapphire 

laser. The laser beam is p-polarized, and is focused to an elliptical spot with a FWHM of ~(110 × 80) 

μm2, incident at an angle of 50° with respect to the sample normal. 

MOKE microscope images used to verify single shot toggle switching in each of the films in 

Ta(3)/Pt(3)/Gd22-xTbxCo78(10)/Pt(3) sample series are depicted in Figure 4.4. The first row of this 

figure indicates that pure Gd22Co78, with no added Tb, exhibits HI-AOS, as is expected from previous 

results. Surprisingly, the other rows of the figure show that HI-AOS is exhibited in all the samples, 

except the Tb22Co78 film without any Gd.  Films with as much as 18 at.% Tb (and hence as little as 4 

at.% Gd) have deterministic magnetization reversal upon irradiation with a single laser pulse. 

Moreover, above the critical fluence for switching FC, the switched area of the film is comparable to 
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the laser beam spot-size, can be deterministically controlled by the spatial Gaussean profile of the laser 

pulse fluence, and is not random or small (~100 nm scale) as in the case with previous reports of AOS 

in TbFeCo18. Amorphous Tb22Co78 only shows demagnetization, evidenced by the nucleation of 

random magnetic domains, and this result is also consistent with the absence of HI-AOS reported in 

other experimental works mentioned in Section 4.1. It must also be noted that all the GdCo samples 

described in Section 4.2 that have PMA exhibit HI-AOS. The ability to exhibit HI-AOS is unaffected 

by the buffer layers being either Ta or SiN, and presents evidence that anisotropy Kui alone is not the 

relevant driving parameter for HI-AOS. Several GdCo films of other RE/TM ratio are also tested, 

with varying saturation magnetization values MS, including TM-dominant (low RE/TM ratio) 

Gd19Co81 with TM below room temperature. These also exhibit HI-AOS, demonstrating that at least 

over a limited range of MS, MS is not a determining factor for the ability to show HI-AOS. The polar 

MOKE configuration of the MOKE microscope is unable to verify HI-AOS in the GdCo samples 

with in-plane magnetization. The rest of this chapter will focus on results on the samples in the 

Ta(3)/Pt(3)/Gd22-xTbxCo78(10)/Pt(3) series, and the films in this series with x ≠ 0 and x ≠ 22 will be 

simply referred to as GdTbCo. 

 

Figure 4.4 MOKE microscopy images of HI-AOS in GdTbCo films. 
The toggling of magnetic contrast with each successive laser pulse indicates the ability to exhibit HI-

AOS in films with Tb at.% x up to 18% (with just 4% Gd). The films are initialized with an external 

out-of-plane field of ~0.7 T. The magnetization of the TbCo film breaks up into small domains when 

irradiated a laser pulse, indicating demagnetization and no HI-AOS (Figure from Ref 25). 

The incident critical fluence for switching the GdTbCo films is measured as described in the previous 

chapter in Section 3.3. Ellipsometry measurements yield a complex refractive index of ~3.5 + 4.2i for 

all the Ta/Pt/Gd(Tb)Co/Pt stacks used in this study at the laser wavelength of 810 nm. Multilayer 

absorption calculations based on the matrix transfer method is used, as in Section 3.3, to calculate the 

absorption in each of these films. The refractive indices used for this calculation are tabulated in Table 
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4.1. The calculations result in 41% absorption in all of the films in this series. The resulting absorbed 

critical fluence FC, as well as the incident critical fluence, are shown in Figure 4.5. The figure indicates 

that the FC increases linearly with the Tb at.% x, from 1.8 mJ/cm2 for Gd22Co78 to 2.5 mJ/cm2 for 

Gd4Tb18Co78, the last sample in the series that exhibits HI-AOS. The increasing critical fluence with 

increasing Tb at.% indicates that the addition of Tb makes it energetically less favorable for a sample 

to exhibit HI-AOS. 

Layer Thickness 

(nm) 

Complex refractive 

index 

Absorption by layer 

(%) 

Air - 1 - 

Ta/Pt/ Gd22-xTbxCo78/Pt 19 3.5 + 4.2i 41 

Si3N4 300 2.01 0 

Si - 3.696 + 0.0047i - 

Table 4.1 Multilayer absorption calculation parameters and results for the GdTbCo stacks. 
 

 

Figure 4.5 Dependence of critical switching fluence on Tb atomic percentage. 
The incident critical fluence (orange) and calculated absorbed critical fluence (blue) of the Gd22-

xTbxCo78 films increases as a function of the Tb atomic percentage x. Note the different scales for the 

blue and orange curves (Figure from Ref 25). 

4.4 Time dynamics of switching in Gd22-xTbxCo78 alloys 

The pump-probe based time-resolved MOKE (TR-MOKE) technique described in detail in Section 

3.4 is used to study the dynamics of magnetization of the GdTbCo films as they undergo HI-AOS or 

ultrafast demagnetization. A constant external out-of-plane field of ~0.7 T is applied to reset the 

magnetization of the film to its original direction between pump pulses. The characteristics of the 

pump beam are as described in Section 4.3. The probe beam is incident normal to the sample plane, 

focused through a 50× objective to focus to a spot (<15 μm) much smaller than the pump. 
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The magnetization dynamics for different laser fluences presented in Figure 4.6 show that at low 

absorbed pump fluences below FC, the magnetization of the Gd14Tb8Co78 film demagnetizes in ~2 ps, 

after which the external magnetic field ensures remagnetization along the original magnetization 

direction. At an absorbed fluence of 1.96 mJ/cm2, the magnetization response at longer timescales is 

quite noisy, indicating that the final magnetization state is extremely sensitive to small fluctuations in 

the pump pulse intensity. Following the arguments of Section 3.5, it is concluded from this time-

resolved measurement that the critical absorbed fluence FC ≈ 1.96 mJ/cm2 for this sample. This value 

is in close agreement with the critical fluence measured from static MOKE microscopy measurements 

on the same sample (Figure 4.5 and Section 4.3). As the pump fluence is increased beyond FC, the 

magnetization reverses to the opposite direction in ~2 ps, and recovers approximately 65% of its 

saturation magnetization in the reversed direction within 10 ps. It must be noted that the dynamics 

remain fairly similar for the fluences above FC  indicated in this figure. The low fluence 

(demagnetization) experiments are done with the normal laser repetition rate of 252 kHz. The 

switching experiments are performed at a lower repetition rate of 100 kHz, as the higher fluences can 

cause DC heating of the magnetic film at high repetition rates. This is evidenced by the pump-induced 

reduction of the magnetic signal at negative delays, since the magnetization of a sublattice decreases 

with temperature in accordance with Curie’s law. As with the experiments in Section 3.5, the time-

resolved experiments described here at 810 nm wavelength are sensitive only to the Co sublattice of 

the ferrimagnets. 

 

Figure 4.6 Effect of pump fluence on the magnetization dynamics of Gd14Tb8Co78. 
The different curves correspond to different absorbed pump fluences. Absorbed pump fluences less 

than 1.96 mJ/cm2 lead to demagnetization (followed by remagnetization). The noisy trace at the long 

time delays for absorbed fluence of 1.96 mJ/cm2 leads to the conclusion that the critical fluence for 

HI-AOS FC ≈ 1.96 mJ/cm2, in agreement with static measurements of FC. Increasing the fluence 

beyond FC does not have a significant effect on switching dynamics (Figure from Ref 25). 

Next, the time dynamics of reversal for the different Gd22-xTbxCo78 films is compared in Figure 4.7 (a). 

An incident fluence of 6.9 mJ/cm2 (absorbed fluence of ~2.8 mJ/cm2) is chosen for all the samples, 
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as it slightly exceeds the critical fluence of Gd4Tb18Co78, the sample with the highest critical fluence 

that showed HI-AOS. A constant fluence is used for all the samples because as observed from Figure 

4.6, the magnetization dynamics are not affected by increasing the fluence above FC. Figure 4.7 (a) 

shows that while the TbCo film only exhibits demagnetization as expected from the static 

measurements from Section 4.3, the GdCo film and all the GdTbCo films undergo ultrafast HI-AOS. 

The magnetization reversal process follows a two-step behavior. In the first step an ultrafast 

demagnetization occurs within the first picosecond post irradiation from the pump pulse. This initial 

rapid drop of magnetization is a feature that is shared for all the samples in the series. The second 

stage consists of remagnetization in the opposite direction as the system cools down, except for 

Tb22Co78. Gd22Co78 exhibits the fastest remagnetization time; with increasing Tb concentration, the 

remagnetization systematically slows. The remagnetization rate plateaus with the x = 15% and x = 

18% samples exhibiting similar dynamics. This could be due to the increased DC heating of these 

samples, which were grown during a different sputtering run. The slowing down of the switching 

dynamics with increased Tb concentration, in addition to the increased critical fluence, provides 

conclusive proof that the addition of Tb hinders the HI-AOS capabilities of RE-TM ferrimagnetic 

films. Finally, Tb22Co78 completely demagnetizes to 0 magnetization upon irradiation and then 

recovers its magnetization along its initial direction upon cooling. It is possible that Tb22Co78 exhibits 

a transient switching in the first few ps following irradiation, similar to the behavior reported by 

Alebrand et al.17 and modeled by Moreno et al.20, suggesting that HI-AOS could occur at a higher 

fluence. Higher fluences are also needed to better resolve the transient switched state, if it exists. 

However, utilizing higher fluences led to irreversible damage of the sample as the laser ablated or 

“burned” the sample surface. By 200 ps all samples had remagnetized to about 80% of the saturation 

value as shown in in the long timescale scan of Figure 4.7 (b). To mitigate DC heating in the films, 

experiments were performed at 100 kHz repetition rate for GdCo, GdTbCo samples with x < 15%, 

and TbCo. For the samples with x = 15% and x = 18% which were more prone to heating by the 

laser pump, the laser repetition rate was fixed at 10 kHz. 

 

Figure 4.7 Effect of Tb concentration on the magnetization dynamics of GdTbCo films. 
(a) Short time scale TR-MOKE measurements show that the HI-AOS reversal is a two-step process 

for all films (except TbCo). The first initial demagnetization (~1 ps) is similar for all films in the series, 

including TbCo. The second remagnetization step becomes increasingly slower with increasing Tb. 
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(b) Longer timescale TR-MOKE measurements indicate ~80% recovery of magnetization within 200 

ps of excitation (Figure from Ref 25). 

4.5 Effect of annealing on switching dynamics 

Since the anisotropy of a sample depends strongly on annealing, a GdTbCo film is annealed to study 

the influence of anisotropy on the HI-AOS dynamics. The Gd10Tb12Co78 film was annealed at 300 °C 

for one hour, resulting in a significant reduction of its coercivity Hc as shown in Figure 4.8. The 

anisotropy Kui is reduced from 4.6 × 105 erg/cm3 to 2.5 × 105 erg/cm3, while maintaining the 

composition and the saturation magnetization MS constant as seen in the Figure 4.8. Further annealing 

at 350 °C eliminated the PMA. The fact that MS is unchanged by annealing strongly indicates that 

inhomogeneities such as phase segregation or crystallization have not occurred. 

 

Figure 4.8 Effect of annealing on the anisotropy of Gd10Tb12Co78. 
Annealing Gd10Tb12Co78 at 300°C for 1 hour results in a reduction in coercivity from ~3500 Oe to 

~100 Oe, thereby reducing the perpendicular magnetic anisotropy constant Kui. The saturation 

magnetization MS remains unchanged (Figure from Ref 25). 

The magnetization dynamics of the film before and after annealing are shown in Figure 4.9 (a). While 

both the annealed and unannealed films have similar initial demagnetization characteristics, the 

annealed sample shows a significantly slower remagnetization time. The critical fluence required for 

switching did not change upon annealing. 

Atomistic simulations of the magnetization dynamics of this sample as a function of the damping on 

the Gd sites αGd are shown in Figure 4.9 (b). The salient features of these simulations will be detailed 

in Section 4.6. From Figure 4.9 (b) it can be seen that increased damping on the Gd site αGd leads to 

slower remagnetization times, suggesting that the experimentally annealed sample has increased 

damping, in addition to its reduced anisotropy. Indeed, work from Malinowski et al.28 showed that 

introducing local variations of the anisotropy in amorphous CoFeB leads to an increase in the damping 

parameter. Since the origin of anisotropy in GdTbCo RE-TM alloys is due to a combination of pair-

ordering and single ion anisotropy of Tb29, 30, annealing of a-RE-TM alloys leads to a structural 
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relaxation of pair-ordering that introduces local anisotropy variations. This in turn leads to higher 

damping and the slower remagnetization time observed. 

TR-MOKE experiments (Figure 4.9 (a)) show that the samples with higher anisotropy (larger Tb at.%) 

exhibit slower switching dynamics. Atomistic simulations (explained in Section 4.6) with varying 

anisotropy also support this result. But the annealing study in Figure 4.9 (a) shows that the film with 

lower anisotropy exhibits slower switching. Moreover, the critical fluence FC required for switching 

remains unchanged upon annealing. These observations lead to the conclusion that it is the damping 

of the system, and not the anisotropy, that is the significant contributor to the ability to exhibit HI-

AOS. This is consistent with the observation made in connection with the analysis of various cap and 

buffer layers (Figure 4.3) that the ability to undergo HI-AOS is not determined by the magnitude of 

Kui alone. Simulations performed with varying anisotropy also support this conclusion. 

 

Figure 4.9 Effect of annealing on the switching dynamics of Gd10Tb12Co78. 
(a) Experimentally measured TR-MOKE switching dynamics of Gd10Tb12Co78 in the as grown state 

(blue curve) and after annealing (red curve) at 300 °C for 1 hour. (b)  Atomistic spin dynamics 

simulation of the time-resolved magnetization dynamics of Gd10Tb12Co78 as a function of increasing 

damping αGd at the RE Gd site. Increasing αGd leads to a slower remagnetization time, indicating that 

annealing leads to a higher damping at the RE sites (Figure from Ref 25). 

4.6 Atomistic simulations of switching dynamics: element specific damping 

Atomistic spin dynamics simulations using the VAMPIRE software package31, 32 combined with a two-

temperature model (2TM)2 were performed to simulate the experimental magnetization dynamics. 

These simulations were done by our collaborators Sergiu Ruta, Richard Evans and Roy Chantrell at 

the University of York. The atom level simulation allows to model each atomic type (Gd,Tb,Co) 

independently and it has been previously used to accurately describe HI-AOS in ferrimagnets. These 

simulations are carried out as follows.  First, energy of the system is described by the spin Hamiltonian, 

which includes the exchange and anisotropy energies of Gd, Tb and Co, is calculated from equation 

(4.1). 
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(4. 1) ℋ =  −∑𝐽𝑖,𝑗𝑆𝑖𝑆𝑗

𝑖<𝑗

− ∑𝑘𝑢𝑖(𝑆𝑖
𝑧)2

𝑖

 

Here the spin Si is a vector describing the local spin direction. It is normalized to the local atomic spin 

magnetic moment (μS). μCo = 1.61 μB for the magnetic moment on Co sites, μGd = 7.63 μB for the Gd 

sites, and μTb = 9.34 μB for the Tb sites. 

The magnetic anisotropy of the sublattice i, kui, is taken from literature as: 8.07 × 10-24 J for Gd, 2.16 

× 10-22 J for Tb and 3.73 × 10-23 J for Co20. Ji,j is the exchange constant between atomic sites, and is 

limited to nearest neighbor interactions. The work of Hansen et al.33 shows that the RE-TM exchange 

does not depend on the RE concentration, whereas the TM-TM exchange interaction is strongly 

influenced by the presence of RE. To describe the effect as observed experimentally, the effective Co-

Co exchange is taken as described in equation (4.2). 

(4. 2) 𝐽𝐶𝑜−𝐶𝑜
𝑒𝑓𝑓

= 𝐽𝐶𝑜−𝐶𝑜
𝑏𝑢𝑙𝑘 + 𝐽𝐶𝑜−𝑇𝑏−𝐶𝑜

𝑥

100 − 𝑥 − 𝑦
+ 𝐽𝐶𝑜−𝐺𝑑−𝐶𝑜

𝑦

100 − 𝑥 − 𝑦
 

Here x and y = 22 – x are the atomic percentages of the Tb and Gd, respectively. 

For GdCo, the equation (4.2) simplifies to 

(4. 3) 𝐽𝐶𝑜−𝐶𝑜
𝑒𝑓𝑓

= 𝐽𝐶𝑜−𝐶𝑜
𝑏𝑢𝑙𝑘 + 𝐽𝐶𝑜−𝐺𝑑−𝐶𝑜

𝑦

100 − 𝑦
 

And for TbCo, the equation (4.2) simplifies to 

(4. 4) 𝐽𝐶𝑜−𝐶𝑜
𝑒𝑓𝑓

= 𝐽𝐶𝑜−𝐶𝑜
𝑏𝑢𝑙𝑘 + 𝐽𝐶𝑜−𝑇𝑏−𝐶𝑜

𝑥

100 − 𝑥
 

The exchange parameters JCo-Co, JCo-Tb-Co and JCo-Gd-Co used in the simulations are summarized in Table 4.2. 

Based on these exchange parameters, both the compensation temperature TM and Curie temperature  

TC do not vary with the Tb at.% x in the Gd22-xTbxCo78 system, with the TC around 800K and the TM 

around 400K. The TM agrees well with experimental measurements. The ~200 K discrepancy in TC 

could be due to the irreversible nucleation of crystallites at high temperatures (T > 600 K) as 

mentioned in Section 4.2. 

 𝐽𝐶𝑜−𝐶𝑜
𝑏𝑢𝑙𝑘  𝐽𝐶𝑜−𝑇𝑏−𝐶𝑜 𝐽𝐶𝑜−𝐺𝑑−𝐶𝑜 𝐽𝐶𝑜−𝑇𝑏 𝐽𝐶𝑜−𝐺𝑑 𝐽𝐺𝑑−𝐺𝑑 𝐽𝐺𝑑−𝑇𝑏 𝐽𝑇𝑏−𝑇𝑏 

Exchange 

energy (1021 J) 

5.9 -4.4 -5.36 -1.0 -1.25 1.26 1.0 0.82 

Table 4.2 Exchange energies in GdTbCo alloys. 
 

Once the Hamiltonian is computed, as with the simulations described in Section 3.1, the on-site 

effective field Beff
i at site i is computed as the summation of (i) the local field derived from the spin 
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Hamiltonian and (ii) a random Langevin noise field ηi to model the heat bath (equation (4.5)) using 

the VAMPIRE software package. 

(4. 5) 𝐵𝑒𝑓𝑓
𝑖 = −

𝜕ℋ

𝜕𝑆𝑖
+ 𝜂𝑖 

The effective field is then incorporated into the Landau-Lifshitz-Gilbert equation (equation (4.6)) to 

compute the system dynamics.  

(4. 6) 
𝜕𝑆𝑖

𝜕𝑡
= −

𝛾𝑖

(1 + 𝛼𝑖
2)

[𝑆𝑖 × 𝐵𝑒𝑓𝑓
𝑖 + 𝛼𝑖𝑆𝑖 × (𝑆𝑖 × 𝐵𝑒𝑓𝑓

𝑖 )] 

αi and γi are the damping and the gyromagnetic ratio at the site i respectively. 

The Langevin noise field ηi of equation is a stochastic thermal field due to the interaction of the 

conduction electrons with the local spins. The stochastic thermal field is assumed to have Gaussian 

statistics and satisfies the following equations (4.7). 

(4. 7) 〈𝜂𝑖,𝑎(𝑡)𝜂𝑖,𝑏(𝑡
′)〉 = 𝛿𝑖𝑗𝛿𝑎𝑏(𝑡 − 𝑡′)2𝛼𝑖𝑘𝐵𝑇𝑒

𝜇𝑖

𝛾𝑖
 

〈𝜂𝑖,𝑎(𝑡)〉 = 0 

Here kB is the Boltzmann constant, Te is the electron temperature and μi is the magnetic moment at 

site i. δij is the delta function. The rapid change in thermal energy of the system under the influence of 

a femtosecond pulse with absorbed power P(t) is modeled by calculating Te the from the two-

temperature model (2TM) as in equation (4.8). 

(4. 8) 𝐶𝑒

𝑑𝑇𝑒

𝑑𝑡
= 𝑔𝑒𝑝(𝑇𝑝 − 𝑇𝑒) + 𝑃(𝑡) 

𝐶𝑝

𝑑𝑇𝑝

𝑑𝑡
= 𝑔𝑒𝑝(𝑇𝑒 − 𝑇𝑝) 

Here, Tp is the lattice or phonon temperature, gep is the coupling constant between the electron and 

phonon baths, and Cp and Ce are the specific heat capacities of the phonons and electrons respectively. 

The values of Ce =700 Jm-3K-1, Cp=3.0 × 106 Jm-3K-1and Gep=17 × 1017 Wm-3K-1 are used in this work, 

based on previously reported values on GdFeCo2 and TbCo20. 

The simulated dynamics of HI-AOS of the Gd22-xTbxCo78 films is shown in Figure 4.10 (a). As can be 

seen from the Figure 4.10 (a), the simulations are in excellent agreement with the experiments, 

reproducing the characteristic behavior of a first fast demagnetization that is independent of Tb at.%, 

followed by increasingly slow remagnetization times with increasing Tb content. The bump in the 

magnetization following the initial demagnetization step is clearly seen in simulation, and exhibits a 

more linear character with increasing Tb as seen experimentally. The approximately factor of two 

discrepancy in the time scales between experiment and simulation is due to both the small size of the 
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simulated system, which does not allow for domain dynamics to be taken in consideration, and also 

due to heat dissipation effects which are not included in the simulation. 

 

Figure 4.10 Atomistic spin dynamics simulations of HI-AOS in GdTbCo. 
(a) Simulations of the dynamics of HI-AOS in Gd22-xTbxCo78 films qualitatively reproduce the 

experimentally observed initial quick demagnetization and the second slower remagnetization (that 

becomes slower with increasing Tb). The simulations agree with the experimental results only when 

the damping of the RE and TM sites are taken to be different. Here, αGd = 0.035, αTb = αCo = 0.05. (b) 

The simulations fail to reproduce the experimental observations when the whole system is assigned a 

single damping αGd = αTb = αCo = 0.05. The HI-AOS in the samples with higher Tb cannot be seen 

(Figure from Ref 25). 

Remarkably, the simulations were only able to reproduce the experimental data when the element 

specific damping of the Gd, Tb and Co sites were assigned separately, rather than when using a net 

damping of the system as is typically done when simulating such RE-TM ferrimagnetic systems20, 34, 35. 

In the simulations, the Gd/Tb ratio is varied as in the experiments, and the element-specific damping 

value is fixed at 0.05 for the Tb and Co sites as in Ref. 20. The magnetism of rare earth elements arise 

primarily from electrons in the 4f orbital, and the damping of these elements is tied strongly to the 

spin-orbit coupling of the 4f orbital. Since the 4f orbital of Tb (L = 3) has a larger spin-orbit coupling 

than the 4f orbital of Gd (L = 0), it can be expected that the damping of the Gd sites of the GdTbCo 

alloys is lower than that of the Tb sites. The damping of Gd is taken to be lower than Tb and was 

varied between 0.005 and 0.05 in order to study its effect on the dynamics. The simulations reported 

in this Figure 4.10 (a) are performed with element-specific damping values of αGd = 0.035 and αCo = αTb 

= 0.05. Simulations that are done by assigning the same damping parameter on all elemental sites (αGd 

= αCo = αTb = 0.05) were not successful in reproducing the experimentally observed dynamics (Figure 

4.10 (b)), especially for the samples with higher Tb at.%. This is consistent with previous experimental 

and theoretical work on the role of damping in systems doped with RE22, 36. The experimental work 

of Radu et al.22 on permalloy doped with RE showed increased damping for doping with Tb but no 

significant increase when doping with Gd. Ellis et al.36 showed that element-specific damping is 

required to reproduce the macroscopic damping in such systems.  

Figure 4.11 shows the simulation results of critical fluence FC as a function of Tb concentration and 

varying Gd damping. The critical fluence for switching in the simulation is determined as the fluence 
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at which the switching transitions from non-deterministic to deterministic thermally induced 

switching. The Figure 4.11 shows that increasing the Tb content increases the critical fluence as 

observed experimentally, for all values of Gd damping. It also shows, that for a given concentration, 

increasing the damping on the Gd site increases the critical fluence. 

 

Figure 4.11 Simulated critical fluence for different Tb concentrations. 
Simulated critical fluence FC of Gd22-xTbxCo78 films as a function of Tb at.% x for different damping 

values at the Gd site αGd  qualitatively reproduce the observed increase in FC with x (αTb = αCo = 0.05). 

FC also increases as αGd increases, indicating that lowering the damping at the RE site reduces the 

threshold switching condition of GdTbCo alloys below the laser ablation limit (Figure from Ref 25). 

The experimental results show increasing critical fluence and remagnetization times with increasing 

Tb content, implying a larger hindrance to HI-AOS with increased Tb, while post-growth annealing 

slowed the remagnetization rates. The simulations strongly indicate that the relative element specific 

damping of the rare earth site compared to the cobalt site – or rather, the differential damping between 

the RE and TM sites – is the key factor that influences the critical fluence required switching and the 

speed of remagnetization. As discussed in the model for the annealed sample, at a fixed composition 

the key parameter that leads to slower remagnetization is the increased elemental damping on the RE 

site, and not the reduced anisotropy of the film. In simulation the damping constant is a 

phenomenological parameter that combines a host of diverse effects which ultimately lead to the 

dissipation of angular momentum from the spin system into the lattice. Increasing the Tb composition 

leads to a greater spin-orbit interaction in the system, which is considered the intrinsic source of 

damping37 and is proportional to ξ2/W, where ξ is the spin orbital coupling energy and W is the d-

band width38. Thus, as the system becomes Tb-rich it experiences increased spin-orbit coupling which 

increases damping and thus leads to the slower dynamics observed in Figure 4.7. For the dynamics 

observed in the annealed sample, the local spin-orbit coupling is very unlikely to have changed, but an 

anisotropy change occurs due to the structural relaxation and consequent randomization of local 

anisotropy axes induced by annealing. This then increases the macroscopic damping. The simulation 

does not directly account for spin-orbit coupling, but it indirectly simulates the effects of stronger 

spin-orbit coupling via increases in the damping parameter. As mentioned before, the deterministic 

switching is independent of the anisotropy and therefore the main contribution of spin-orbit coupling 

for all optical switching is the damping. Therefore although the simulations reveal the critical role of 
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damping in modifying the ultrafast magnetization dynamics, it is likely that the underlying physical 

mechanism is rooted in the spin-orbit interaction. Ferromagnetic resonance (FMR) measurements and 

polar TR-MOKE experiments with an applied in-plane field to cant the magnetization and induce 

asymmetric oscillations in the out-of-plane direction were performed to extract the effective damping 

of the GdTbCo films as a function of the Tb at.%. Unfortunately, neither of these were successful in 

measuring the damping parameter. The FMR experiments failed owing to the small net magnetization 

of the films which led to subpar signal to noise ratios. The TR-MOKE experiments were limited by 

the available magnitude of the applied in-plane field, which was incapable of sufficiently canting the 

magnetization. 

The role of element-specific damping can be explained from the perspective of local angular 

momentum transfer. Following the results of Bergeard et al.39 and the hypothesis of Gorchon et al.3 

local transfer of angular momenta between the RE and TM sublattices plays a major role in the 

ultrafast reversal dynamics of RE-TM ferrimagnets. The 4f orbital of the RE atoms and the 3d orbital 

of the TM atoms, which mainly contribute to the magnetization of the ferrimagnet, are exchange 

coupled by the 4f (RE) – 5d (RE) – 3d (TM) exchange. This suggests that in Gd-TM ferrimagnets that 

easily exhibit HI-AOS, the 4f (RE) - 5d (RE) - 3d (TM) exchange is the dominant channel for spins 

to transfer angular momentum between sublattices and subsequently reverse their magnetization. 

Damping can be considered as an overarching factor for the loss of energy from the macroscopic 

variation of the local magnetization by transfer of energy to coupled phonons, spin waves etc37. Since 

Gd has 4f shell with L = 0, its 4f orbital is spherical and angular momentum transfer to the lattice 

from the spin bath is limited, resulting in both low damping of the RE sublattice and low anisotropy 

compared to Tb. Adding Tb on the other hand, relaxes this constraint due to the anisotropic 4f orbital 

from having L = 3, which introduces greater spin-lattice coupling via the spin-orbit interaction. This 

paves a channel for the system to dump angular momentum into the lattice in Tb-rich RE-TM systems. 

This is reflected in the greater damping of the RE sublattice as assumed by the simulations. Increasing 

the Tb concentration preferentially increases angular momentum transfer into the lattice with fewer 

spins participating in the 4f - 5d - 3d exchange, thereby inhibiting switching. Therefore the increased 

critical fluences and slower magnetization dynamics observed in GdTbCo alloys can be explained by 

the increased magnitude of the spin-orbit coupling that accompanies increasing Tb content. On the 

same note, the critical fluence can be linked with the spin wave spectrum, which in the simplest case 

for a ferrimagnet consists of a ferromagnetic (FM) and antiferromagnetic (AFM) branch. Theoretical 

work has shown that both modes need to be accessed by the energy from the laser pulse to excite a  

two-magnon bound state leading to an efficient angular momentum transfer between sublattices40. 

Increased damping on the RE sublattice by the addition of Tb effectively shuts down this exchange, 

thereby increasing the critical fluence. Thus, as Tb is increased, the increased magnitude of the spin-

orbit interaction leads to an increase in damping which can explain the increased critical fluences and 

the slower magnetization dynamics observed in GdTbCo alloys. 

4.7 Time-resolved XMCD measurements of GdTbCo 

To fully understand the underlying physics of HI-AOS, particularly in GdTbCo, it is necessary to 

isolate the individual behavior of each magnetic sublattice. The element specificity of X-rays is 

exploited in a time-resolved X-ray magnetic circular dichroism (XMCD) experiment to independently 

study the time dynamics of each element of Gd(Tb)Co films as they undergo HI-AOS. These 
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measurements are done at the UE56-1_ZPM beamline at BESSY II synchrotron. The facility allows 

for the excitation of magnetic samples with 100 fs pump laser pulses at 800 nm wavelength at 3 kHz 

repetition rate, and time-resolved detection of the evolution of magnetization using 100 fs X-ray pulses 

produced in the synchrotron in the transmission configuration and synchronized with the pump laser. 

A series of 10 nm thick Gd22-xTbxCo78 films are grown on thin (300 nm) membranes of SiN. The back 

of the membrane is deposited with 400 nm of Al for heat conduction. The large energy spectrum 

(750-1300 eV) of the X-rays available at the beamline conveniently cover the L3 edge of Co (778 eV) 

and the M5 edges of Gd (1190 eV) and Tb (1251 eV). 

 

Figure 4.12 Element resolved TR-XMCD measurements of Gd22-xTbxCo78. 
Time resolved dynamics of the Gd, Tb and Co elements in different Gd22-xTbxCo78 films measured at 

the UE56-1_ZPM beamline at BESSY II for (a) Gd22Co78 (b) Gd10Tb12Co78 and (c) Tb22Co78. The Gd, 

Tb and Co traces are depicted in red, green and blue respectively. The measurements are conclusive 

only for GdCo. 

Due to the time constraints of the beam time, only three samples are measured: Gd22Co78 (GdCo), 

Gd10Tb12Co78 (GdTbCo) and Tb22Co78 (TbCo). The RE concentrations of the GdTbCo sample are 

chosen such that both Gd and Tb contribute similar magnetic signals. Due to the low signal-to-noise 

ratio of the TR-XMCD measurements, the experiments are repeated several times, with a complete 

scan of each element taking up to 12 hrs after optimization of signals. The fs XMCD data measured 
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at the Gd and Co sites in GdCo, displayed in Figure 4.12 (a), show that Co demagnetizes fastest, 

followed Gd, similar to Ref 1. Subsequently, switching occurs on several picoseconds timescale (see 

e.g. Co), with a clear transient ferromagnetic state of a few ps. However, in GdTbCo (Figure 4.12 (b)) 

and TbCo (Figure 4.12 (c)) the achieved signal-to-noise ratio does not allow the proper evaluation of 

timescales and the magnitude of the switching process, especially for the Tb and Gd XMCD data. The 

GdTbCo data shows Co and Tb switching at the same time, while Gd reverses slower, leading to a 

transient ferromagnetic state with Co. TbCo shows a weak reversal of Co at long timescales (> 30 ps, 

not shown). However, these results are not reproducible, and different runs (not shown in figures) at 

different regions of the same GdTbCo and TbCo samples show different demagnetization timescales, 

especially for the Gd and Tb sites, leading to ambiguities in the analyses of the data from the beamtime. 

More comprehensive TR-XMCD experiments with robust samples are necessary in order to better 

understand the demagnetization and switching timescales of the different elements, and to elucidate 

the mechanisms behind HI-AOS in GdTbCo and other RE-TM ferrimagnets. 

4.8 Conclusions: Engineering of element-specific damping to optimize HI-AOS 

in materials 

In this chapter, I have shown that ferrimagnetic thin films of Gd22-xTbxCo78 exhibit ultrafast HI-AOS 

for Tb concentrations up to 18% (with as low as 4% Gd). Starting from Gd22Co78, by systematically 

replacing Gd atoms with Tb atoms such that the RE atomic concentration remains at 22%, the effect 

of anisotropy, damping, net magnetic moment and other factors on the ability to undergo HI-AOS 

has been studied. The GdCo and GdTbCo samples switch their magnetization within a few 

picoseconds of excitation, exhibiting a two-step switching process that includes a first quick 

demagnetization step (that is independent of Tb concentration), and a second slower remagnetization 

step. Increased Tb at.% results in an increase of the critical fluence FC required for switching, and a 

decrease in the remagnetization speed, proving that the replacement of Gd atoms with Tb results in 

an increased hindrance to HI-AOS. Annealing of a sample results in slower remagnetization times, 

which indicates that the damping, and not anisotropy, is the most crucial factor in deciding the ability 

of a material to switch. Atomistic simulations of the Landau-Lifshitz-Gilbert equation coupled with 

the two-temperature model are able to reproduce the experimentally observed switching dynamics 

and critical fluence characteristics, but only when the system is modelled with independent damping 

parameters on the rare-earth and transition metal sites. These simulations indicate that the differential 

element-specific damping between the RE and TM sites is the most important parameter that decides 

the ability of a ferrimagnetic film to show HI-AOS. The low element-specific damping of the Gd site, 

owing to the low spin-orbit coupling of its half-filled L = 0 4f shell, as compared to the high spin-

orbit coupling L = 3 4f shell of Tb, is potentially the reason for the relative ease of HI-AOS in Gd-

based RE-TM ferrimagnetic systems. X-ray based time-resolved measurements were inconclusive in 

disentangling the dynamics of the different elements of the GdTbCo alloys, and more robust samples 

and experiments are required to completely demystify the HI-AOS mechanism. 

Nonetheless, the results in this chapter strongly imply that engineering the differential element-specific 

damping of the different sublattices of a ferrimagnet will be crucial in uncovering more material 

systems that undergo HI-AOS. A library of such materials is highly desirable if ultrafast toggle 

switching, either by short optical or electrical excitations, is to be incorporated into mainstream 

devices. On another technological note, the increased anisotropy in GdTbCo alloys, due to the large 



78 
 

single ion anisotropy of Tb, can be advantageous for applications in magnetic bits with high PMA and 

high retention time. 
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Chapter 5. Helicity-independent All-Optical Switching in Co/Pt 

ferromagnets 

The chapters of this thesis so far focused on uncovering the underlying physics behind the phenomena 

of current-induced spin accumulation in heavy metals and the helicity-independent all-optical 

switching (HI-AOS) in films of Gd-based rare-earth transition metal (RE-TM) ferrimagnetic alloys. 

The upcoming Chapter 5 throughChapter 7 will form, loosely, the second part of this thesis and will 

deal with building up on the discussed results and demonstrating the applications of these phenomena 

in practical, on-chip spintronic devices. 

5.1 Ferrimagnets vs ferromagnets in spintronic devices 

Chapter 3 and Chapter 4 discussed in detail the phenomenon of HI-AOS, wherein a thin film of a 

ferrimagnet, when excited by a short intense laser pulse (with durations ranging from tens of fs up to 

a few ps, as described in Chapter 3) reverses its magnetization within a few ps of irradiation, 

irrespective of the polarization of the laser pulse. The magnetization state toggles in an ultrafast 

manner with each successive optical pulse. The discussion in Section 4.14.1 reports that this 

phenomenon has thus far only been observed only in RE-TM ferrimagnetic alloys and bilayers, and 

predominantly only in Gd-based ones. Ferrimagnets have two opposite two unequal and oppositely 

aligned magnetic sublattices coupled together by a strong exchange field, because of which their net 

saturation magnetization MS is quite low, of the order of ~100 emu/cc1, 2. On the other hand, 

ferromagnets – whose magnetic moments all tend to align parallel to each other at saturation – have 

comparatively larger MS values. For example, multilayers of Co/Pt, a ferromagnet with perpendicular 

magnetic anisotropy (PMA) that is commonly used in conventional spintronic devices, have MS > 

1000 emu/cc 3, 4. An integrated ultrafast spintronic device will ideally need to allow electrical readout 

of the magnetic state, instead of relying on an optical read. Electrical readouts in spintronic devices 

are typically done through a magnetic tunnel junction (MTJ – discussed in Section 1.4). In a potential 

ultrafast spintronic MTJ, the magnetic film that exhibits ultrafast switching would act as the free layer. 

As a result of its lower net magnetization, an electrical signal from a ferrimagnetic bit is considerably 

larger than that from ferrimagnetic bit. 

From Section 1.4, the two states (parallel and antiparallel magnetization of the free and fixed layers) 

of an MTJ can be distinguished by a magnetoresistive effect called the tunnel magnetoresistance 

(TMR). If RP and RAP are the resistance across the MTJ when the free and fixed layers are aligned 

parallel and antiparallel, respectively, the TMR is given by TMR = (RAP - RP)/RP. Larger the TMR, 

easier the ability to distinguish between the two states of the magnetic bit, and faster the overall 

circuitry. Standard ferromagnet based spintronic MTJs have high TMR ratios > 100%. 

CoFeB/MgO/CoFeB MTJs with in-plane magnetized CoFeB have TMR of ~700% at room 

temperature5.  

Chen et al.6 demonstrated HI-AOS with subpicosend laser pulses in the GdFeCo free layer of an MTJ 

structure with a repetition rate of 1 MHz, a speed that was limited only by the laser pulse repetition 

cycle. The MTJ stack used in this study was 

Ta(5)/Pd(10)/[Co(0.6)/Pd(1.5)]4/Co(0.8)/MgO(1.8)/GdFeCo(20)/Ta(4) (thicknesses in nm). The 

Co/Pd multilayer served as the fixed layer of this MTJ. The schematic of this MTJ stack is shown in 
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Figure 5.1 (a). The magnetoresistance response of this as the GdFeCo free layer is switched by an 

external applied field and by laser pulses is depicted in Figure 5.1 (b) and (c) respectively. Both these 

measurements yielded a TMR ratio of ~0.6%, which is almost three orders of magnitude lower than 

the TMR of ferromagnetic MTJs. Therefore, HI-AOS must be extended to ferromagnets with large 

net magnetic moments to successfully integrate ultrafast magnetic phenomena with on-chip 

spintronics with electrical readout. 

 

Figure 5.1 TMR of a GdFeCo MTJ. 
(a) Schematic of the MTJ stack, thicknesses in nm. Tunnel magnetoresistance (RTMR) and TMR ratio 

across the stack as the stack is swept by an out-of-plane magnetic field H (b) and as the GdFeCo 

undergoes HI-AOS, triggered by single 0.4 ps laser pulses at 0.5 Hz repetition (Figure from Ref 6).  

5.2 All-optical switching experiments on ferromagnets 

At the time of publication of this work detailed in this chapter, ultrafast all-optical switching via the 

HI-AOS mechanism was observed only in the aforementioned Gd-based RE-TM ferrimagnetic alloys 

of GdFeCo7, 8. Ultrafast HI-AOS has since also been observed in GdFe alloys9, GdCo alloys10, bilayers 

of Pt/Gd/Co11, 12, Tb/Co bilayers13 and the GdTbCo alloys1 discussed in detail in Chapter 4, all of 

which are also ferrimagnetic systems. 

The helicity-dependent all optical switching (HD-AOS) phenomenon, on the other hand is observed 

in a wider array of magnetic films, including ferromagnets like Co/Pt multilayers, CoNi/Pd multilayers 

and FePtAgC granular films14, 15, 16. A salient feature of HD-AOS is that the orientation of the final 

magnetic state of the film is independent of its initial magnetization state, and depends only on the 

helicity or angular momentum (right- or left-circularly polarized) of the applied optical pulses. The 
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degree of remagnetization along that direction depends on a number of factors, including the number 

of optical pulses applied15. Section 4.1 describes possible mechanisms for HD-AOS. Despite the 

potential to study and unravel interesting physics from the HD-AOS, the mechanism itself is 

impractical for application in devices. The repeated pulses needed for switching make the whole 

process slow (full switching occurs in timescales of μs or ms) and rather inefficient, compared to the 

ultrafast HI-AOS. Moreover, the dependence of switching on the helicity of light implies that pure 

Joule heating from short electrical pulses will be incapable of triggering a similar process, making the 

integration of HD-AOS on-chip infeasible. 

Helicity-independent all-optical magnetization reversal by single fs laser pulses was reported in a 

ferromagnetic PMA Pt/Co/Pt stack by Vomir et al17. The magnetic state toggled with each sequential 

laser pulse, similar to HI-AOS in RE-TM ferrimagnets. However, the magnetization dynamics 

occurred in quite slow μs rather than ps timescales, indicating that switching occurs through domain 

nucleation and propagation. Additionally, switching was observed only when the laser spot size was 

comparable to the intrinsic domain size of the ferromagnetic film (few μm) and the absorbed fluence 

was less than 4 mJ/cm2. For larger laser spot sizes and fluences, the magnetization of the irradiated 

region broke up into random multiple domains. The physics of this switching mechanism remains 

unclear. Nonetheless, the slow switching speed limits the use of this phenomenon in devices. 

In this chapter, I will detail work done in extending the ultrafast, sub-ps HI-AOS capabilities of RE-

TM ferrimagnetic alloys on to ferromagnets that can be easily used in a spintronic device for higher 

electrical readout signal. Co/Pt ferromagnetic multilayers are grown on top of a thin film of 

ferrimagnetic GdFeCo, in order to couple the switching behavior of the ferrimagnet on to the 

ferromagnet through the exchange interaction between these two films. 

5.3 Depth sensitive MOKE microscopy experimental setup 

The stacks studied in this work comprise of a ferromagnetic Co/Pt multilayer grown on top of a thin 

film of ferrimagnetic GdFeCo. Unlike the surface and interface sensitive MSHG of Chapter 2, the 

magnetic signal in MOKE microscopy experiments, such as those described in Chapter 3 and Chapter 

4, arise from the whole magnetic stack of the film owing to the penetration depth of light in these 

films being of the order of film thickness. Therefore, MOKE experiments on the 

ferrimagnet/ferromagnet stacks will yield a magnetic signal that is sensitive to, and is a mixture of, the 

magnetizations of both the layers. In order to study the magnetic response of the Co/Pt ferromagnet 

and the GdFeCo ferrimagnet independently of each other, the technique of depth-sensitive MOKE 

is used18, 19, 20, which enables one to access the magnetization of each individual film in a magnetic 

multilayer stack. 

The depth-sensitive MOKE microscope setup builds on the MOKE microscope detailed in Section 

3.2. As shown in the schematic in Figure 5.2, the depth-sensitive MOKE microscope differs from the 

regular MOKE microscope (Figure 3.3 (a)) in that it uses a quarter waveplate in front of the polarizer 

of the incident light. The light is focused by the microscope objective and is incident normal to the 

sample surface. After the reflection off the sample surface, the light goes through an analyzer, 

converting polarization changes into intensity changes. Without the quarter waveplate, the magnetic 

signal is a complex sum Θ = θ + iε of the Kerr rotation θ and the Kerr ellipticity ε, both of which arise 

from the net response of all the magnetic films in the stack. When the quarter waveplate angle α is 
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rotated, it introduces a phase difference between the left- and right-circularly polarized components 

of the incident beam, and the measured magnetic signal will become a linear combination of  θ and ε. 

At specific quarter waveplate angles α, the rotation and ellipticity responses of a particular film cancel 

each other, thereby making the net magnetic response of that film effectively zero. The measured 

magnetic response then will arise only from the other magnetic films of the stack. A mathematical 

explanation, based on the Jones matrix formalism of different optical and magnetic components, for 

how the quarter waveplate introduces depth sensitivity will be introduced while discussing depth 

sensitive TR-MOKE in Section 5.6. A pump laser pulse can be incorporated into this setup to study 

single shot HI-AOS events. 

 

Figure 5.2 Schematic of the depth sensitive MOKE microscope. 
The setup is the same as the MOKE microscopy setup (Figure 3.3 (a)) except for the quarterwave 

plate (QWP) added in front of the polarizer that enables depth sensitivity. The collimating lens for the 

LED is not shown here. (BS = beam splitter, WP = waveplate) 

5.4 Exchange coupled ferrimagnet/ferromagnet stacks 

A series of ferrimagnet/ferromagnet stacks is grown by magnetron sputter deposition (same 

configuration as the samples in Section 3.3) on Si/SiO2(100 nm) substrates. The stack (shown in the 

schematic of Figure) is Ta(3 nm)/Gd28Fe65Co7(20 nm)/Co(0.4 nm)/Pt(d)/Co(0.6 nm)/Pt(3 nm). A 

schematic of this stack is shown in Figure 5.3 (a). The magnetization directions of the Co/Pt 

ferromagnet and the Gd and FeCo sublattices are indicated by blue, orange and green arrows, 

respectively. The magnitude and direction of the exchange coupling between the GdFeCo ferrimagnet 

and Co/Pt ferrimagnet is varied by varying the Pt spacer thickness d. The layer thicknesses are 

determined from the deposition rate of each material. All of the samples present perpendicular 

magnetic anisotropy (PMA). Co/Pt is chosen as the ferromagnet for its strong perpendicular magnetic 

anisotropy even when grown on top of a non-textured film such as GdFeCo and for the possibility of 

increasing its thickness (number of repeats), all while keeping the perpendicular anisotropy. The 

transition temperature TM of the GdFeCo film was found to be below room temperature, indicating 

that its magnetization is dominated by the FeCo sublattice. 

The stacks are characterized by performing hysteresis loops with a regular magneto optical Kerr effect 

(MOKE) microscope with an applied out-of-plane magnetic field H⊥, as shown in Figure 5.3 (b). The 

source LED wavelength of 630 nm is sensitive mostly to the FeCo sublattice of the GdFeCo2. A 

strong magnetic signal arises mainly from the thick GdFeCo film, while the signal from the Co/Pt 
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multilayers is considerably weaker due to the thin layer of Co. The hysteresis loop of a bare 

Gd28Fe65Co7(20 nm)/Ta(3 nm) film, with a coercivity of ~100 Oe is presented at the top of Figure 5.3 

(b). The polarity of magnetization is opposite to that of the Gd dominant Gd27FeCo sample reported 

in Chapter 3, verifying that the GdFeCo used in these ferrimagnet/ferromagnet stacks is indeed FeCo 

dominant. Four remnant states are present in the ferrimagnet/ferromagnet samples with Pt spacer 

thickness d = 4 and 5 nm, and only two in the strongly coupled samples with d = 1.5–3 nm. 

 

Figure 5.3 Hysteresis loops of the GdFeCo/Co/Pt/Co stacks. 
(a) Schematic of the GdFeCo/Co/Pt(d nm)/Co stack series with Pt spacer of thickness d. (b) 

Magnetic hysteresis loops for bare GdFeCo(20nm)/Ta(3nm) (top) and the GdFeCo/Co/Pt/Co 

stacks with different Pt spacer. Orange, green, and blue arrows represent Gd, FeCo, and Co/Pt 

magnetizations, respectively. Minor loops (blue circles) switching only the Co/Pt magnetization, 

presenting a positive exchange bias Hb, on samples d = 4 and 5 nm. (c) Hysteresis loop (black) and 

minor loop (blue) for a Gd-rich Si/SiO2(100nm)/Ta(5nm)/(Gd36Fe57.6 Co6.4 )(20 

nm)/Pt(4.1nm)/Co(1.2nm)/Pt(5nm) sample. The opposite sign of the exchange bias Hb shift with 

respect to the one observed in FeCo rich samples indicates that the Co/Pt layer is coupled with the 

FeCo sublattice instead of the net moment, as expected for interlayer exchange coupling (Figure from 

Ref 21). 

The magnetic hysteresis loops in Figure 5.3 (b) are also used to characterize the type of the interlayer 

exchange coupling between the stacks. For the weakly coupled samples with spacer thicknesses d = 4 

nm and d = 5 nm, minor hysteresis loops, where only the low coercivity Co/Pt magnetization is 

switched (blue circles in Figure 5.3 (b)) are performed. The shift of the minor loop seen in these figures 

correspond to the interlayer bias field Hb. For both samples, this bias field is quite small, ~20 Oe. This 
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represents an antiferromagnetic (AFM) coupling between the net moments of the GdFeCo and Co/Pt 

at thick spacers, similar to the reports in Refs. 22, 23, 24. An RKKY-type of exchange22, 23, 24 or a dipolar 

orange peel coupling22 could explain such AFM coupling. However, in similar stacks with Gd 

dominant ferrimagnets (Gd36Fe57.6Co6.4), Hb has an opposite sign as shown in Figure 5.3 (c), 

demonstrating that the coupling does not follow the direction of the net moment of GdFeCo, but 

rather the orientation of the FeCo sublattices. This indicates that the coupling arises from an exchange 

energy between the sublattices, as a dipole coupling would depend on the net magnetization. 

 

Figure 5.4 Depth sensitive hysteresis loops for different quarter waveplate angles α. 
Hysteresis loops are taken using the depth-resolved MOKE microscope setup for the AFM coupled 

sample Gd28Fe65Co7(20 nm)/Co(0.4 nm)/Pt(4 nm)/Co(0.6 nm)/Pt(3 nm). The microscope is sensitive 

to the GdFeCo and Co/Pt magnetizations at α = 102° and α = 120° respectively (Figure from Ref 21). 

A quarter wave plate is in the optic path placed after the polarizer to enable the depth-sensitive MOKE 

microscopy described in Section 5.3. It can be tuned to maximize sensitivity to either the ferromagnet 

or ferrimagnet layer. The quarter waveplate angles α at which the MOKE response is sensitive to only 

one layer is determined for all the samples in the series using the weakly coupled d = 4 and 5 nm 

samples that exhibit two distinct coercivities corresponding to the two magnetic films as follows. For 

either of these samples, starting at α = 0 (where the magnetic response works just like a regular image 

MOKE), the quarter waveplate angle is slowly rotated to tune the amplitude of the Kerr signals of the 

two layers and to minimize the magnetic sensitivity to one of the layers. Hysteresis loops are obtained 

at different α until a loop with only one coercive field (corresponding to the second layer) is observed. 

α is further rotated to then reduce the sensitivity to the second layer, until a hysteresis loop with a 

single coercivity corresponding to the first layer is observed. The hysteresis loops at different α for the 

d = 4 nm sample is presented in Figure 5.4. From this figure, α = 102° and α = 120° are the two angles 

at which layer sensitivity to either of the magnetic films is achieved. At each of these two quarter 

waveplate angles, the polarity of the (single coercivity) hysteresis loops and the direction of the 
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coercive “jumps” are compared with the hysteresis loop of the bare GdFeCo in Figure 5.4 to identify 

whether the magnetic response is arising from the GdFeCo layer or from the Co/Pt layer. Moreover, 

for these weakly coupled samples, the coercivity of the GdFeCo loop is expected to be similar to that 

of the bare GdFeCo, ~100 Oe, and the signal of this loop is expected to be larger due to its larger 

thickness. The two quarter waveplate angles corresponding to the Co/Pt and the GdFeCo layers are 

found to be the same for the d = 4 nm and d = 5 nm samples, and are assumed to remain unchanged 

for the strongly coupled samples as well. This is because nm scale variations in the nonmagnetic Pt 

spacer thickness should not influence the complex Kerr rotation. The layer-resolved MOKE hysteresis 

loops for the GdFeCo (green) and Co/Pt (blue) are shown in Figure 5.5. It must be noted that these 

hysteresis loops have been corrected for the Faraday effect (slanted hysteresis loops of Figure 5.4) of 

the objective lens. 

As the Pt spacer thickness d of the main (FeCo dominant) series of samples is reduced, the magnetic 

responses of the GdFeCo and the Co/Pt show the same coercive field (Figure 5.3 (b) and Figure 5.5). 

This implies the existence of a strong ferromagnetic (FM) coupling between the magnetic moments 

of the two layers. It can be seen that as d is increased, the sign of coupling changes from FM to AFM 

coupling, and the coupling strength reduces. The net coupling is therefore attributed to an RKKY-

type of exchange as reported in Refs.22, 23, 24. 

 

 

Figure 5.5 Depth resolved hysteresis loops of the GdFeCo and Co/Pt layers. 
These are measured for samples in the main Gd28Fe65Co7(20 nm)/Co(0.4 nm)/Pt(d)/Co(0.6 nm)/Pt(3 

nm) series. The green and blue curves correspond to the quarter waveplate position for maximum 
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sensitivity to the FeCo sublattice of GdFeCo and the Co/Pt ferromagnet, respectively (Figure from 

Ref 21). 

5.5 HI-AOS of ferromagnetic Co/Pt with single optical pulses 

The HI-AOS capabilities of the Gd28Fe65Co7(20 nm)/Co(0.4 nm)/Pt(d)/Co(0.6 nm)/Pt(3 nm) stacks 

is tested with the MOKE microscope (see Section 3.2). The samples are irradiated with linearly 

polarized pulses from the regeneratively amplified Ti: Sapphire Rega 9050 (Coherent) laser, with a 

central wavelength of 810 nm and a pulse duration of 70 fs. The pulses are incident at the sample at 

40° to the sample normal. 

The MOKE micrographs of these single-shot events are presented in Figure 5.6 (a). The contrast in 

these images has been digitally recolored to better distinguish the four remnant states of the AFM 

samples. The magnetization of the Co/Pt ferromagnet and the dominant FeCo sublattice of the 

GdFeCo ferrimagnet are depicted by the blue and green arrows respectively. It must be noted that the 

magnetizations of these samples are perpendicular to the sample surface; the arrows are presented as 

pointing to the left or to the right just for clarity of analysis. In the digitally altered single shot images 

of Figure 5.6 (a), light brown and dark brown colors represent the two opposite configurations where 

the GdFeCo net magnetization (or the dominant FeCo sublattice) and the Co/Pt magnetization are 

ferromagnetically (parallel) aligned. Similarly, the white and purple colors represent the two opposite 

antiferromagnetically (antiparallel) aligned magnetic configurations. The magnetization directions on 

these regions is assigned and verified by comparing the intensity levels of the MOKE micrograph with 

the intensity levels of the MOKE microscope hysteresis loops (such as the ones presented in Figure 

5.3 (b)) of a given sample for the same microscope configuration. 

 

Figure 5.6 Single shot HI-AOS of ferromagnetic Co/Pt. 
(a) Digitally re-colored MOKE images of a sequence of HI-AOS events on the GdFeCo/Co/Pt(d 

nm)/Co stack series. Green and blue arrows represent GdFeCo and Co/Pt magnetizations, 
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respectively. (b) Laser intensity profile and resulting domain configuration on film d = 5 nm after the 

first laser shot (Figure from Ref 21). 

The samples are initialized by a positive external magnetic field into a state where the GdFeCo and 

Co/Pt magnetizations are parallel. This is possible even for the AFM samples with d = 4 nm and d = 

5 nm, because as seen from Figure 5.3 (b), the lowest coercivity of these samples (that of the Co/Pt, 

~ 70 Oe) is less than the interlayer exchange bias field Hb (~20 Oe). However, this parallel 

configuration is energetically unfavorable for these two samples as the small Hb tends to align them 

antiparallel. Once the magnetizations of the ferromagnet and ferrimagnet are initialized to be parallel, 

the external magnetic field is turned off. The following analysis will be done first for the d = 5 nm 

sample depicted in the first row of Figure 5.6 (a). After the first single laser shot on this sample, two 

new regions of different contrasts are observed: a central white circle and the surrounding purple ring. 

As mentioned previously, these two regions correspond to the two opposite AFM configurations of 

the sample. The spatial fluence distribution of the laser pulse is assumed to be a Gaussean, as shown 

in Figure 5.6 (b). In the central white area, the laser intensity is above the critical fluence FC required 

for HI-AOS of this stack, and is represented by the blue lines in the Gaussean laser pulse in Figure 

5.6 (b). This causes the magnetization of the GdFeCo to reverse, as depicted by the change in direction 

of the green arrow. The Co/Pt magnetization remains in its original direction, since the reversal of 

GdFeCo relaxes the sample to a stable AFM state in the central white area. In the surrounding purple 

ring, the laser intensity (bound by the red and blue lines in the spatial Gaussean of Figure 5.6 (b)) is 

not high enough to trigger AOS, and therefore the GdFeCo magnetization does not reverse. The 

Co/Pt layer, however, becomes hot and its coercive field likely reduces. This causes the Co/Pt layer 

to switch over to the opposite magnetization direction, relaxing the stack to a stable AFM state. This 

presents a second threshold fluence for the relaxation from an FM state to a more stable AFM state 

for the samples with d = 4 nm and d = 5 nm. For regions outside the red line in the Gaussean laser 

pulse of Figure 5.6 (b), the fluences are insufficient to cause any observable changes to the static 

magnetic state of the film. When the sample is irradiated with a second and subsequent laser pulses, 

the GdFeCo in the central region switches, and as does the Co/Pt, leading to this region toggling 

between the two AFM configurations (white and purple). The annular purple ring outside this region 

remains unchanged with pulses after the first one, since the fluence is insufficient to switch the 

GdFeCo and the film is already in a stable AFM configuration. Similar switching behavior is observed 

for the d = 4 nm sample. This experiment is repeated by initializing the sample to an AFM state before 

irradiation. The ring outside the central switching region is no longer observed with the first (or any 

subsequent) laser pulse, indicating that this ring arises from the FM initialized sample relaxing to a 

stable AFM state. 

The MOKE micrographs depicting HI-AOS for the FM coupled d = 1.5 nm, 2 nm and 3 nm samples 

are shown in the bottom three rows of Figure 5.6 (a). The samples are already initialized in their stable 

FM state, and therefore no annular AFM region is observed upon excitation with a laser pulse as is 

expected. The first laser pulse switches the magnetization of the GdFeCo in the central region of the 

pulse. The dark brown region indicates that the magnetization of the Co/Pt is reversed as well, 

preserving the FM state in this switched region. MOKE images show that successive laser pulses 

toggle the magnetization between the two opposite FM states. All the samples in the series are 

irradiated with more than 100 pulses and repeated and reproducible toggle switching is observed. 

These results present the first observation of single shot all optical toggle switching of magnetization 
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of a ferromagnetic film. It must be emphasized again that the laser pulses used for these experiments 

are linearly polarized and therefore the switching is helicity independent. 

Multilayer absorption calculations (like the ones used in Chapter 3 and Chapter 4) based on the matric 

transfer method are performed to calculate the absorbed fluences in the various samples. The 

absorption per layer is calculated for a beam incident at 40 degrees to normal, with s-polarization, as 

these are the characteristics of the incident pump. The complex refractive indices used for this 

calculation and the corresponding absorption percentage of the various layers are tabulated in Table 

5.1 for the AFM coupled sample with Pt spacer thickness d = 5 nm. The absorption profile of this 

sample is shown in Figure 5.7, and the total absorption of this stack is calculated to be 33%. 

Layer Thickness 

(nm) 

Complex refractive 

index 

Absorption by layer 

(%) 

air - 1 - 

Pt 3 2.85 + 4.96i 6.4 

Co 0.6 2.50 + 4.84i 1.0 

Pt 5 2.85 + 4.96i 8.6 

Co 0.4 2.50 + 4.84i 0.5 

GdFeCo 20 2.66 + 3.56i 16 

Ta 3 1.09 + 3.06i 0.8 

SiO2 100 1.45 0 

Si - 3.70 + 0.005i - 

air - 1 - 

Table 5.1 Multilayer absorption calculation parameters and results for the GdFeCo(20 
nm)/Co(0.4 nm)/Pt(5 nm)/Co(0.6 nm)/Pt(3 nm) stack. 

 

Figure 5.7 Absorption profile of the GdFeCo/Co/Pt/Co stack. 
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Depicted here is the absorption profile for the AFM coupled GdFeCo/Co/Pt(5nm)/Co/Pt stack 

obtained from multilayer reflectivity calculations based on the matrix transfer method (Figure from 

Ref 21). 

Knowing the net absorption of each sample and the threshold incident laser fluence for switching the 

sample, the absorbed critical fluence FC can be calculated. The Gaussian profile of the laser intensity 

then allows the calculation of the threshold absorbed fluence required for the relaxation of an AFM 

sample from an initialized FM state to a stable AFM state in the purple annular region of Figure 5.6 

(a). This threshold fluence and the critical absorbed fluence as a function of the Pt spacer thickness 

are shown in Figure 5.8. It is observed that FC remains fairly independent of the Pt spacer thickness, 

and therefore also of the strength and type of the exchange coupling between the two films. 

This Figure 5.8 also shows the transient equilibrium lattice temperature rise ΔT (when the electrons 

and phonons equilibriate with each other) for each of these samples when they are irradiated with a 

laser pulse with fluence FC. ΔT is calculated from ΔT = FC/Ct  where, C ≈ 2.9 MJK-1m-3 is the 

weighted specific heat capacity of the entire stack (calculated using the specific heat capacity of 

GdFeCo of 3 MJK-1m-3 from Ref 2) and t is the thickness of the stack. 

 

Figure 5.8 Critical fluences for switching and AFM relaxation as a function of Pt spacer 
thickness. 
Absorbed critical fluence FC for AOS (blue filled circles), fluence for relaxation of parallel states to a 

stable AFM state (red empty circles), and estimated peak lattice temperature rises ΔT (black squares) 

as a function of the Pt spacer thickness d (Figure from Ref 21). 

Per laser pulse, equilibrium temperature rises of ΔT = 150 ± 30 K is obtained for all films, irrespective 

of the type of coupling, since FC is also observed to be independent of exchange coupling. Given a 

room temperature of ~300K, the Co/Pt is thus heated to 450 ± 30 K, very close to its expected Curie 

temperature TC ~ 470 K25. This indicates that for HI-AOS to be possible in the films, the Co/Pt film 

needs to be almost completely demagnetized. In addition to exchange coupling mediated HI-AOS of 

these stacks, another possible mechanism that needs to be considered is the switching of Co/Pt by 

the hot electron spin currents between the layers during demagnetization26, 27, 28. If present, spin 

currents would have opposite signs for parallel and antiparallel alignments, resulting in different critical 

fluences for switching for the AFM and FM samples. However, as seen in Figure 5.8, the FC for HI-

AOS is the same for AFM and FM coupled films. This implies that spin currents are probably not 

important to the switching mechanism in these stacks. 
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5.6 Depth-sensitive time resolved MOKE experimental setup 

To study the magnetic properties and the magnetization dynamics of the different layers of a multilayer 

magnetic stack, depth sensitivity is required. Section 5.3 details how adding a quarter waveplate after 

the polarizer of the incident LED beam of a MOKE microscope enables depth sensitivity for static 

measurements. Similarly, adding a quarter waveplate (QWP) to the laser probe path of the pump-

probe time-resolved MOKE (TR-MOKE) setup of Section 3.4 enables depth sensitivity19, 20, and the 

independent study of the magnetization dynamics of each of the magnetic layers of the stack. 

A schematic of the depth-sensitive TR-MOKE setup is shown in Figure 5.9. As can be seen from this 

figure, the setup is almost exactly the same as a normal TR-MOKE setup (Figure 3.8), except for the 

quarter waveplate added in front of the 45° probe polarizer, and right before the photo-elastic 

modulator (PEM). As in the setup in Section 3.4, the PEM modulates the complex polarization Θ = 

θ + iε of the probe beam at a frequency of f = 50 kHz. 

The quarter waveplate “mixes” the Kerr ellipticity ε and Kerr rotation θ of a film of the stack into a 

linear combination, which then allows the cancellation of magnetic signal from a particular film at a 

particular quarter waveplate angle. This is understood by using the Jones matrix formalism for the 

different optical components as follows. 

 

Figure 5.9 Schematic of the depth-sensitive time-resolved MOKE setup. 
The main difference of this setup with respect to a regular TR-MOKE setup is the introduction of a 

quarter waveplate (QWP) before the PEM to enable depth sensitivity. (BS = beam splitter, PD = 

photodiode, QWP = quarter waveplate) 

The polarizer renders the probe 45° polarized before it enters the quarter waveplate. This polarization 

can therefore be written as (
1
1
) in the Jones matrix formalism. If α is the angle of the fast axis of the 

QWP with respect to the plane of incidence, and β is the amplitude of phase modulation of the PEM 



93 
 

(the retardation), the Jones matrices for the QWP and the PEM are then given by equations (5.1) and 

(5.2). 

(5. 1) 𝑊𝑃 = (
cos𝛼 sin 𝛼
−sin 𝛼 cos 𝛼

) ∙ (
1 0
0 𝑖

) ∙ (
cos 𝛼 −sin 𝛼
sin 𝛼 cos 𝛼

)  

(5. 2) 𝑃𝐸𝑀 = (
1 0
0 𝑒−𝑖∗𝛽∗sin(𝜔𝑡)) 

Here ω = 2πf. The Jones matrices for the Kerr ellipticity ε and Kerr rotation θ of the sample 
can be written as: 

(5. 3) 𝐾𝑒𝑟𝑟𝑟𝑜𝑡 = (
cos 𝜃 −sin 𝜃
sin 𝜃 cos 𝜃

) 

(5. 4) 𝐾𝑒𝑟𝑟𝑒𝑙 = (
1 −𝑖 ∗ 휀

𝑖 ∗ 휀 1
) 

An analyzer with Jones matrix 𝐴 = (
0 0
0 1

) is placed right before the detector. 

By multiplying the Jones matrices in order – the 45° polarized beam, the QWP, the PEM, sample Kerr 

rotation and ellipticity, and the analyzer A – and by separating out the components of ω and 2ω, the 

final lock-in signals, Vω and V2ω, at the PEM reference and its second harmonic respectively, can be 

found. Vω and V2ω are of the form 

(5. 5) (
𝑉𝜔

𝑉2𝜔
) ∝ (

−(sin 2𝛼)2 −cos 2𝛼

−cos 2𝛼 (sin 2𝛼)2) (
𝜃
휀
) 

It can be seen from equation (5.5) that for a QWP angle α = 0, the signal locked-in at ω is sensitive 

to the Kerr ellipticity ε, and the signal locked-in at 2ω measures the Kerr rotation θ, as was mentioned 

in the MOKE setup of Section 3.5. From equation (5.5), it can be seen that Vω ∝ θ.(sin2α)2 + ε.cos2α 

and V2ω ∝ ε.(sin2α)2 – θ.cos2α. This means that the presence of the quarter waveplate “mixes” the 

Kerr rotation and Kerr ellipticity signals from the samples for any arbitrary QWP angle α that satisfies 

sin2α ≠ 0 and cos2α ≠ 0. 

For a film with net magnetization M, the total Kerr ellipticity ε and the total Kerr rotation θ are 

proportional to M. Therefore 휀 =  𝜖𝑀 and 𝜃 = 𝜗𝑀 where 𝜖 and 𝜗 are proportionality constants. 

Focusing only on the first harmonic locked-in signal of equation (5.5), the form of Vω becomes 

(5. 6) 𝑉𝜔 ∝ 𝑀[𝜗(sin 2𝛼)2 + 𝜖 cos 2𝛼] 

Equation (5.6) implies that choosing the right angle α of the quarter waveplate, any linear 

combination (“mixing”) of the Kerr rotation and ellipticity can be obtained. Specifically, there always 

exist an angle α such that the 2𝜔 signal remains zero, and the magnetic response is annihilated. 

For a stack with two magnetic films, like the ferrimagnet/ferromagnet stacks studied in this chapter, 

the magnetization, Kerr ellipticity and Kerr rotation of the two films can be denoted by M1 and M2, ε1 

and ε2, and θ1 and θ2 respectively. Since the Kerr rotation and Kerr ellipticity are proportional to the 

magnetization, it can be written: 
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(5. 7) 휀𝑖 = 𝜖𝑖𝑀𝑖 

(5. 8) 𝜃𝑖 = 𝜗𝑖𝑀𝑖 

𝜖𝑖 and 𝜗𝑖 are proportionality constants for each layer i. The total Kerr ellipticity and the Kerr rotation 

of the stack are given by ε = ε1 + ε2  and θ = θ 1 + θ 2 . From the first harmonic locked-in signal of 

equation (5.6), it can then be seen that 

(5. 9) 𝑉𝜔 ∝ 𝑀1[𝜗1(sin 2𝛼)2 + 𝜖1 cos 2𝛼] + 𝑀2[𝜗2(sin 2𝛼)2 + 𝜖2 cos 2𝛼] 

The right hand side of equation (5.9) can then be solved to find the QWP angles α at which the 

proportionality constant of the M1 (or the M2) term becomes zero. The setup then becomes sensitive 

only to the magnetization M2 (or only to M1), enabling the depth-sensitive, independent detection of 

the magnetization of a single layer. A similar analysis for the second-harmonic locked-in signal V2ω 

yields similar results, but the QWP angles α for layer sensitivity might be different. 

The setup discussed so far can work as a depth-sensitive laser MOKE system with the laser beam 

acting as the probe beam. A pump beam, time delayed with respect to the probe beam by passing it 

through a retroreflector on a linear delay stage as discussed in detail in Chapter 3, can then be 

introduced and focused onto the sample overlapping spatially with the probe beam. This then allows 

the setup to perform layer-resolved (depth-sensitive) time-resolved magnetization experiments.  

5.7 Dynamics of magnetization reversal of exchange coupled Co/Pt films 

The MOKE micrographs in Figure 5.6 (a) provide clear evidence of the HI-AOS of Co/Pt films with 

individual laser pulses. However, they cannot provide information on the switching speed of the 

ferromagnet, and whether ultrafast control over the exchange interaction is achieved. In order to 

access the fast magnetization dynamics, depth-sensitive time-resolved MOKE measurements 

(discussed in Section 5.6) are performed. 

 

Figure 5.10 GdFeCo/ferromagnet stack used for depth-sensitive TR-MOKE measurements. 
(a) Schematic of the GdFeCo/Co/Pt(d nm)/[Co/Pt]2 stack series with Pt spacer of thickness d. The 

additional Co/Pt repeat is added to increase the magnetic signal from the ferromagnet. (b) Depth-

sensitive MOKE magnetic hysteresis loops on AFM coupled sample with d = 4 nm (Figure from Ref 
21). 
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For this purpose, a second series of ferrimagnet/ferromagnet film stacks are grown with the same 

values of Pt spacer thickness d as the series studied before in the static MOKE microscopy 

experiments (Sections 5.4 and 5.5). The schematic of films in this series is depicted in Figure 5.10 (a). 

This series of stacks differs from the previous one by one additional Co/Pt repeat in the ferromagnetic 

layer, which is included to increase the magnetic signal from the ferromagnet, which is required for 

time-resolved experiments. The samples presented the same type of exchange coupling as the previous 

series, with d = 4 nm and 5 nm samples showing AFM coupling, and d = 1.5 nm, 2 nm and 3 nm 

samples presenting a strong FM coupling. The depth-resolved static MOKE hysteresis loop for the d 

= 4 nm sample is presented in Figure 5.10 (b). It can be seen that the GdFeCo coercive field (green 

hysteresis loop) remains unchanged at ~100 Oe. However, the addition of a single Co/Pt repeat 

increased the coercivity of the ferromagnetic layer from ~70 Oe to ~500 Oe. MOKE microscopy 

experiments confirmed complete HI-AOS of the ferromagnetic layers in these samples also. 

Time-resolved demagnetization measurements were performed on the AFM coupled sample with Pt 

spacer thickness d = 4 nm (with four remnant states) at a low pump fluence. The experiments were 

performed and compared for the sample being initialized in the unfavorable parallel (P) magnetization 

configuration and the energetically favorable antiparallel (AP) configuration. The demagnetization at 

low fluences is small, and can be recovered by just the magnetic anisotropy field of the layers, allowing 

both the P and AP configurations to revert back to their original initialized states between pump 

pulses. The high coercivity of the ferromagnetic film also acts favorably in recovering the original 

magnetization direction after a small demagnetization. Therefore a resetting magnetic field in between 

pump pulses is not required for this experiment. The quarter waveplate angles α at which the MOKE 

is sensitive to either layer are selected from the sample hysteresis loops at different α (see discussion 

around Figure 5.4).  

 

Figure 5.11 Investigation of spin currents in the dynamics of an AFM coupled 
ferrimagnet/ferromagnet stack. 
Depth-sensitive time-resolved demagnetization curves for antiparallel (AP) or parallel (P) initial states 

of the AFM coupled stack with d = 4 nm. Green and blue arrows represent GdFeCo and Co/Pt 

magnetizations, respectively. The maximum demagnetization of both layers is the same irrespective 
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of initial state, suggesting that spin currents do not play a role in the HI-AOS of Co/Pt (Figure from 

Ref 21). 

The demagnetization dynamics of the Co/Pt ferromagnet (blue) and the dominant FeCo sublattice 

(green) of the GdFeCo ferrimagnet are shown in Figure 5.11 for both the P and AP starting 

configurations. The demagnetization of both GdFeCo and the Co/Pt peaks at around ~1–2 ps of 

delay time, in agreement with the reports where 60–70 fs laser pumps at high intensities were used2, 29. 

The Co/Pt and GdFeCo peak demagnetizations are similar in amplitude for both parallel (P) and 

antiparallel (AP) cases. The long timescale (2–20 ps) dynamics of the GdFeCo also seems unaffected 

by the initial state. However, the long timescale dynamics of the Co/Pt magnetization are very 

different. This result is rather surprising, since the same energy is deposited in the Co/Pt film in both 

P and AP cases, which should result in a similar spin temperature and magnetization at long time 

delays26. The slower recovery of the magnetization in the parallel case can therefore be attributed to 

the intrinsic AFM coupling field of the stack that pulls the Co/Pt against the anisotropy field, trying 

to align it antiparallel with GdFeCo. If spin currents were relevant during demagnetization, they should 

be maximized during the fast demagnetization (as generated spin current densities are proportional to 

|dM/dt|26) and have opposite signs for P and AP cases. As can be seen from Fig, both the P and AP 

cases of initialization lead to a similar peak demagnetization of Co/Pt. This indicates that spin currents 

do not play a major role in the switching of the Co/Pt ferromagnet, thereby adding credence to the 

claim that the ferromagnet is switched by its exchange coupling with the GdFeCo. 

To perform time-resolved switching experiments, the magnetizations of both ferromagnet and 

ferrimagnet layers needs to be reset to their initial directions after each laser pulse, due to the 

stroboscopic nature of pump-probe experiments. In previous Chapter 3 and Chapter 4, this was done 

by applying a constant external magnetic field as it was shown that the presence of this field is 

irrelevant for the switching behavior in the first tens of ps following laser irradiation. However, in the 

case of the ferrimagnet/ferromagnet stacks presented in this chapter, there is a possibility that an 

external field might influence the magnetization dynamics, as it cannot be readily assumed that such a 

field will not compete with the exchange coupling that is believed to be the driving mechanism of 

switching the ferromagnet. For this purpose, 300 nm thick Au is grown on top of the film by electron 

beam evaporation, and by photolithography and lift-off (the details of the lithography and evaporation 

steps are the same as the pattering of Au contacts to the heavy metal wires in Section 2.3), small coils 

of this film are patterned around the areas where the magnetization dynamics are studied (Figure 5.12 

(a)). An amplified waveform generator is used to deliver 1 A, 2 μs wide pulses to these coils, thereby 

generating an Oersted field in the area of the film enclosed by the coil which resets the magnetization 

direction. The 70 fs pulse duration pump pulses, at a repetition rate of 54 kHz, are incident at the 

sample at 40° to the sample normal as in the single-shot MOKE microscopy experiments of Section 

5.5. The current pulses applied to the Au coils are synchronized at 54 kHz with the laser repetition, 

such that their Oersted field resets the film magnetization between successive pump pulses. The low 

repetition rate of 54 kHz is chosen, just as in Chapter 4, to minimize the DC heating of the sample by 

the optical and current pulses. 

Unfortunately, these time-resolved switching experiments could not be carried on the AFM samples 

with d = 4 nm and 5 nm, because the coercivity of the Co/Pt layer is larger than the amplitude of the 

reset magnetic field that could be generated with the patterned coils, and it proved impossible to reset 
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the film to a stable initial AFM state between pulses. The HI-AOS experiments are thus performed 

on the sample with thinner d = 1.5 nm Pt spacer, where both layers are strongly FM coupled and 

present a single and smaller coercivity (H ~ 100 Oe). This sample could be successfully reset to a 

stable FM state between pump pulses by the field delivered from the patterned Au coils. The incident 

average power is varied from 40 to 59 mW, and the resulting magnetization dynamics are shown in 

Figure 5.12 (b). 

 

Figure 5.12 Switching dynamics of Co/Pt ferromagnet undergoing HI-AOS. 
(a) Microscope image of patterned Au coils around areas of the sample surface where switching 

dynamics are studied. (b) Depth-sensitive demagnetization and HI-AOS experiments at various pump 

powers on the FM coupled sample d = 1.5 nm. The Co/Pt ferromagnet reverses its magnetization in 

~7 ps after irradiation for an incident laser power of 59 mW (Figure from Ref 21). 

It can be seen that the dynamics of the GdFeCo and Co/Pt layers are quite different. At the lowest 

incident pump power, 40 mW, only a demagnetization of both GdFeCo and Co/Pt magnetizations is 

observed, after which they recover along their original initialized direction. Increasing the pump power 

to 53 mW results in the switching of GdFeCo within ~3 ps, as is expected for this ferrimagnetic alloy. 

During this time, the Co/Pt demagnetizes nearly completely. The magnetization of Co/Pt then 

recovers along its original direction over the next 4 ps as the system cools down. As the system cools 

down, the exchange field induced by the GdFeCo on the Co/Pt also starts to increase. Eventually, the 

Co/Pt magnetization switches after ~30 ps because of this exchange interaction with GdFeCo. At 

even higher laser power, 59 mW, the Co/Pt demagnetizes first in similar timescales and remains 

demagnetized for a few ps, and then grows in the opposite direction, switching in only ~ 7 ps post 

excitation. The two-steps of the 7 ps switching event of Co/Pt shown in Figure 5.12 (b) – an initial 

full demagnetization and a subsequent switching – strongly support the idea that the exchange 

interaction with the GdFeCo is responsible for the reversal of the softened (hot) Co/Pt magnetization. 

The curves at 53 and 59 mW indicate that the fastest switching occurs when the fluence is such that 

the temperature of the Co/Pt reaches exactly (or very close to) the Curie temperature TC. This means 

that the Co/Pt needs to be almost completely demagnetized for the exchange interaction to switch it. 

The switching of the magnetization of the Co/Pt multilayers in 7 ps following pump pulse irradiation 

is the fastest reported switching of a ferromagnet. 
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5.8 Conclusions: Towards electrical readout of an ultrafast spintronic device 

The results presented in this chapter prove conclusively that the exchange coupling arising from a film 

of ferrimagnetic GdFeCo can extend the HI-AOS capabilities of GdFeCo to a Co/Pt multilayer 

ferromagnet. By increasing the thickness of the Pt spacer, the sign and magnitude of the exchange 

coupling between the ferrimagnet and the ferromagnet changes in a manner that is consistent with the 

RKKY exchange interaction. HI-AOS is observed for all the samples of the series with Pt spacer 

thickness d ranging from 1.5 nm to 5 nm. The critical fluence FC required for HI-AOS is independent 

of the spacer thickness and the type of exchange, indicating that spin currents are not crucial in the 

switching of the Pt. Time resolved pump-probe experiments on the AFM coupled d = 4 nm sample 

showed similar peak demagnetization of the Co/Pt ferromagnet for both the parallel and antiparallel 

initial configuration of the magnetizations, proving that the spin currents do not play a role in the HI-

AOS of the ferromagnet. Work by Iihama et al.28 performed on uncoupled [Co/Pt]/Cu/GdFeCo 

samples, on the other hand, showed that the Co/Pt ferromagnet switches due to the spin currents 

generated by the GdFeCo upon laser pulse excitation. A comparative study of the difference between 

switching the ferromagnet with the exchange field and with spin currents is needed to elucidate the 

difference between these two HI-AOS mechanisms. Modeling of the HI-AOS of Co/Pt ferromagnets 

with the exchange field is ongoing. 

Time resolved HI-AOS experiments on the strongly ferromagnetically coupled d = 1.5 nm sample 

showed that the Co/Pt ferromagnet demagnetizes in the same timescale as the GdFeCo ferromagnet, 

and reverses its magnetization in ~ 7 ps. This is the fastest switching speed reported for a ferromagnet, 

and is ~10× faster than the fastest reported spin transfer torque (STT) device30 which was shown to 

switch with 50 ps current pulses, and ~30× faster than the fastest reported spin orbit torque (SOT) 

device31 which needed 210 ps current pulses for switching. 

These results indicate that the ultrafast HI-AOS capabilities of GdFeCo can be easily extended to a 

wider range of ferromagnetic materials by exploiting the exchange interaction with GdFeCo. These 

magnetic stacks can then be integrated in an ultrafast spintronic device, with the 

ferromagnet/GdFeCo stack acting as the magnetic bit (typically the free layer of a magnetic tunnel 

junction). The large magnetization of the ferromagnet, as compared to that of the GdFeCo 

ferrimagnet, will enable the electrical readout of the MTJ with a large TMR ratio. These large TMR 

ratios are crucial for easier differentiation of the two magnetic states and for faster electrical readouts. 

It must be noted that switching a magnetic stack with short optical pulses is not feasible for on-chip 

integration. Future work will need to focus on (i) ultrafast switching of a coupled 

ferromagnet/ferrimagnet stack with short electrical pulses for electrical write and (ii) integration of 

the stack with an MgO barrier and a fixed magnetic layer to form an MTJ for electrical readout.  
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Chapter 6. Ultrafast spintronics: Switching GdFeCo with ps current 

pulses 

The Chapter 3, Chapter 4 andChapter 5 of this thesis have dealt with the ultrafast response of the 

magnetization of various magnetic materials to short optical excitations. As mentioned in discussions 

of these chapters, laser excitations of the sub-ps (and ps) pulse durations are capable of reversing the 

magnetization of Gd-based rare-earth transition-metal (RE-TM) ferrimagnets, and coupled Co/Pt 

ferromagnetic films, within a few ps of irradiation, through the helicity-independent all optical 

switching (HI-AOS). These results provide a positive outlook for the application of this phenomena 

in ultrafast magnetic devices with switching speeds that are comparable to conventional 

semiconductor based devices. 

However, typical femtosecond or picosecond pulse duration laser systems are bulky. For example, the 

regeneratively amplified Ti: Sapphire laser RegA 9050 used for most of the studies in this work is ~1.5 

× 0.5 × 0.25 m3 in size, and the entire laser system additionally consists of a Ti: Sapphire laser oscillator 

(Coherent Mantis) that seeds the RegA and a stretcher-compressor system that stretches and 

compresses the pulses before and after the RegA respectively. Both of these units are also around the 

same size as the RegA. The integration of a femtosecond (or picosecond) optical laser with on-chip 

integration is therefore not feasible. Integrated mode-locked lasers on chip are also infeasible as 

discussed in Section 1.7. Ideally, the ultrafast magnetic reversal must be triggered by short, high 

amplitude current pulses that are generated on-chip without the need for an external optical source. 

This chapter will survey and summarize work performed in our Nanostructures and Nanoelectronics 

group (Jeff Bokor group at UC Berkeley) and others in demonstrating the control of ultrafast magnetic 

phenomena without direct optical excitations, with a focus on the ultrafast toggle switching of 

GdFeCo by short, ps current pulses generated by a photoconductive Auston switch1. 

6.1 Ultrafast demagnetization without direct heating by optical pulses 

Prior to the work reported in this chapter, there have been significant studies in triggering ultrafast 

magnetic phenomena without direct laser irradiation. Eschenlohr et al.2 demonstrated in 2013 that 

exciting a 20 nm thin film of Ni capped by 30 nm of Au resulted in ultrafast demagnetization of the 

in-plane magnetized Ni. The demagnetization was similar to that of a similar reference Ni film without 

a thick Au capping layer, differing only by a delay in the demagnetization time (Figure 6.1). In this 

paper, it was estimated that 90% of the optical energy is absorbed by the Au layer, and Ni only absorbs 

7% of the light. In comparison, the reference Ni film absorbs 70% of the reference light. Both samples 

showed a magnetization quenching (demagnetization) of 20% at the same laser fluence. The large 

demagnetization and delayed response of the Ni/Au sample is attributed to a current from the 

superdiffusive transport of hot, non-spin-polarized and non-equilibrium electrons generated in the 

optically excited Au film. This work concludes that direct optical excitation is not a requisite for 

ultrafast demagnetization. The scenario of interaction of the spins with the laser field3, 4, which was 

once proposed as a possible cause of ultrafast demagnetization is therefore discarded. In subsequent 

years, the calculation of 90% absorption by the Au layer in the Eschenlohr work has been challenged5. 

However, as will be seen from more recent experiments6, 7, 8 (mentioned in Section 6.2), similar results 

were observed in the ultrafast magnetization reversal of GdFeCo capped with Au layers as thick as 
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200 nm, where the optical absorption by the GdFeCo is truly negligible. In this chapter, the ultrafast 

heating of a magnet by hot, unpolarized, superdiffusive electronic current will be referred to as 

“remote heating” because the laser pulse does not directly heat the magnetic film studied. 

 

Figure 6.1 Ultrafast demagnetization of Ni by electronic heat currents. 
(a) Schematic of the Ni(20 nm)/Au(30 nm) stack used in the work of Eschenlohr et al.2 The laser 

pulse excites the top Au layer, generating a superdiffusive electronic current that demagnetizes Ni. (b) 

The demagnetization dynamics of the Ni in the Ni/Au film (red), compared with that of a reference 

Ni film (blue). The degree of demagnetization is the same, but the Ni/Au film exhibits a delayed 

demagnetization (Figure adapted from Ref 2). 

Experiments have also demonstrated high-intensity, free-space THz radiation can also cause ultrafast 

demagnetization in magnetic thin films. Bonetti et al.9 excited an amorphous magnetic film of CoFeB 

with THz pulses generated at 1 kHz repetition rate from a LiNbO3 crystal. The THz pulses had a 

single cycle transient, and a peak electric field of 15 MV/m, and a spectral density in the range of 0.5-

1.5 THz. The CoFeB film demagnetized within ~2 ps of excitation, and the demagnetization 

percentage increased with the intensity of the THz radiation. Similar work by Shalaby et al.10 showed 

ultrafast demagnetization of a 15 nm sputtered Ni film by a ~1 ps wide free space-THz pulse with a 

peak electric field of 33 MV/m, and spectral range of 1 – 4 THz. Radu et al.11 in 2017 demonstrated 

the ultrafast toggle switching of the magnetization of GdFeCo by single free space THz pulses. These 

experiments on the ultrafast control of magnetic order raise interesting questions on the mechanisms 

of non-equilibrium energy transfer during ultrafast magnetic processes. Some of these considerations 

will be discussed briefly in Section 6.8. Nonetheless, these free-space THz experiments indicate that 

heating magnetic films in the ps timescales will be sufficient to trigger ultrafast demagnetization or 

even magnetization reversal, echoing the conclusions drawn from the observation of HI-AOS of 

GdFeCo with ps optical pulses, as discussed in Chapter 3. 

6.2 Indirect switching of GdFeCo by electronic heat currents 

As mentioned in Section 6.1, the experiment performed by Eschenlohr et al.2 to demonstrate ultrafast 

demagnetization of Ni by remote heating from the superdiffusive electronic heat currents generated 

by a 30 nm thick Au film grown on top underestimated the optical absorption of the Ni film. However, 

subsequent experiments were able to demonstrate similar results, wherein the magnetic film studied 

had negligible optical absorption. Vodungbo6 et al observed that multilayers of ferromagnetic Co/Pd 

([Co(0.4 nm)/Pd(0.2 nm)]30) capped by 40 nm of Al showed ultrafast demagnetization. The 40 nm 
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cap Al cap is opaque to the infra-red excitation wavelength and is expected to transmit very low optical 

intensities to the underlying magnet. The dynamics of demagnetization of the capped sample were 

slower and occurred with a delayed onset compared to an uncapped Co/Pd reference film. The 

observations were qualitatively in line with theoretical predictions of energy transport from the Al film 

to the underlying magnetic film by the excited hot electrons of Al. Similarly, Bergeard et al.12 reported 

ultrafast demagnetization of ferromagnetic Co/Pt multilayers buried under Cu films with up to 200 

nm thickness. The thicker Cu films successfully prevent significant optical absorption by the Co/Pt 

magnet. As the Cu thickness is increased, the electronic currents take longer to arrive at the magnet, 

and the demagnetization onset gets delayed as seen in the previously mentioned works. In this 

experiment, the relaxation length of the excited hot electrons is calculated to be smaller than the Cu 

cap thickness. Therefore the hot electrons are expected to propagate through the Cu layer without 

experiencing significant scattering, i.e., the electrons undergo ballistic transport. Moreover, simulations 

based on the microscopic three-temperature model13, 14 and modified to incorporate hot electron 

ballistic transport were able to reproduce the experimental results. 

In the Bokor group, remote heating experiments were performed on Gd34(Fe90Co10)66 (10 

nm)/Au(d)/Pt(6 nm) samples7, where the ferrimagnetic GdFeCo is buried under Au films of varying 

thickness d and capped with Pt. d is varied between 0 to 200 nm. For films with Au thickness greater 

than 50 nm, most of the optical energy is absorbed in the Pt and Au layers, leaving the GdFeCo to be 

excited only by the excited hot electrons. The electronic heat currents were calculated to have a 

duration of several picoseconds. Fast switching, in ps timescales, by the current of hot electron was 

observed in all the samples. The presence of the Au overlayer delayed the switching compared to the 

d = 0 sample, as observed in the other works discussed in this chapter so far. To verify the need of 

electronic heat currents to cause switching, a similar film Gd34(Fe90Co10)66 (10 nm)/Au(5 nm)/MgO(3 

nm)/Au(75 nm)/Pt(6 nm), where the Au layer is interrupted by a film of MgO, was studied. The 

insulating MgO prevents electronic heat currents from reaching the GdFeCo. This sample did not 

show switching, proving that the electronic heat currents indeed cause switching in the GdFeCo/Au 

films. According to thermal modeling and calculations used in this work, following the optical 

excitation of the top Pt layer, the Au electron temperature exceeds 1000 K. The high diffusivity of Au 

electrons allows rapid heat diffusion15, resulting in picosecond heat currents with intensities as high as 

a few TWm-2 flowing into the GdFeCo, thereby causing it to switch. Analyses of experimental 

observations of demagnetization delays as a function of the Au thickness led to the conclusion that 

the electronic heat currents that cause the switching of GdFeCo are diffusive (and not ballistic) in 

nature, contrasting with the analyses of Bergeard et al.12. 

Similar remote heating experiments on GdFeCo were performed by Xu et al.8. Ultrafast magnetization 

reversal of GdFeCo by a current of excited hot electrons was observed in films of Ta(3 nm)/Pt(5 

nm)/Cu(d)/GdFeCo(5 nm)/Ta(5 nm), when a laser pulse excited the Cu side of the sample. The Cu 

thickness d was varied from 0 to 200 nm. The magnetization dynamics slowed with increasing Cu 

thickness (Figure 6.2), and the experimental observations were explained as a consequence of the 

ballistic transport of hot electrons, in agreement with Bergeard et al.12, but contradicting the analyses 

of Wilson et al7. It is likely that the different thick capping layer materials used (Au vs Cu) could explain 

the difference in transport properties of the hot electrons. 
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The studies summarized in Sections 6.1 and 6.2 provide conclusive evidence that direct heating by a 

laser pulse is not necessary to induce ultrafast demagnetization of a magnetic film, or the ultrafast 

toggle switching of a GdFeCo ferrimagnet. The free-space THz demagnetization and switching 

experiments add credence to the results from Chapter 3, in that ps heating stimuli are capable of 

triggering ultrafast magnetic processes. This is further backed by results on the toggle switching of 

GdFeCo by remote heating from hot electron currents, which are expected to be a few ps in duration. 

The remote heating experiments also prove that heating by a short pulse of hot electrons is capable 

of triggering the toggle switching of GdFeCo. All these results indicate that the ultrafast Joule heating 

of a magnet from an intense ps wide charge current pulse can potentially induce ultrafast 

demagnetization, and also toggle switching in Gd-based RE-TM ferrimagnets. Therefore next step 

towards demonstrating a prototype ultrafast spintronic device will need the excitation of a magnetic 

film with short charge current pulses, without any optical excitation applied directly on top of the film. 

 

Figure 6.2 Ultrafast toggle switching of GdFeCo by remote heating. 
(a) Schematic of the Ta(3 nm)/Pt(5 nm)/Cu(d)/GdFeCo(5 nm)/Ta(5 nm) stack used in the work of 

Xu et al. The GdFeCo is indirectly excited by a pump pulse on the Cu side. The external field Hext 

resets the magnetization between pulses during TR-MOKE experiments. (b) Magnetization dynamics 

of the GdFeCo with different Cu thicknesses. The dynamics exhibit decreased speed and slower onset 

with increasing Cu thickness (Figure adapted from Ref 8). 

6.3 Generation and propagation of ps electrical current pulses with 

photoconductive LT-GaAs Auston switches 

Low temperature grown GaAs (LT-GaAs) based photoconductive Auston switches16, 17 are used in 

the Bokor lab to generate intense, ps wide electrical current pulses. LT-GaAs is extensively used in 

ultrafast opto-electronics due to its several unique properties, like low carrier lifetime and high 

mobility. 

The LT-GaAs substrates (PAM-Xiamen) used to fabricate the Auston switches comprise of a 1 μm 

thick layer of LT-GaAs grown on a GaAs substrate by molecular beam epitaxy (MBE) at the relatively 

low temperature of 200-400°C18, 19. The low temperature growth leads to the formation of excess As 

clusters, which then lead to the mid-gap defect levels in the GaAs (Figure 6.3 (a)). When LT-GaAs is 

excited by optical pulses, electron-hole pairs are generated. The mid-band defects of LT-GaAs lead to 

the fast recombination of these excited electron-hole pairs, in the order of 1 ps. This is seen from 
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time-resolved transient reflectivity (also referred to as time domain thermal reflectance –TDTR for 

short) experiments performed on LT-GaAs, shown in Figure 6.3 (b). This pump-probe experimental 

setup is similar to the TR-MOKE experiment described in detail in Section 3.4, except that the 

reflected probe intensity is sensitive to changes in reflectivity of the sample rather than its 

magnetization. The pump beam is modulated by either a mechanical chopper (typically at 400 Hz) 

that provides on-off modulation of the pump intensity. In some cases (say, when using the 80 MHz 

high repetition rate oscillator laser), the pump intensity can instead be modulated by an electro-optical 

modulator (EOM) at ~1 MHz. The probe beam is spatially overlapped with the pump on the LT-

GaAs, and the reflected probe intensity is detected by a photodector connected to a lock-in amplifier 

locked in at the reference frequency of the chopper (or EOM) modulation. The signal is therefore 

sensitive to pump-induced changes to the reflectivity of the sample. The probe does not need any 

modulation. 

These transient reflectivity measurements provide information on the carrier lifetime of LT-GaAs as 

follows. As seen from Figure 6.3 (b), the transient reflectivity of LT-GaAs quickly changes as it is 

excited by the pump pulse. The excitation of electrons of LT-GaAs from the valence band to the 

conduction band by the pump pulse leads to a change in the conductivity, and therefore the refractive 

index of LT-GaAs. This is observed as a change in its reflectivity. In the next few ps, the electrons 

and holes start recombining in timescales given by the carrier lifetime of LT-GaAs. As the excited 

electrons relax back to the valence band, the reflectivity also reverts back to its original value. 

Therefore, studying the transient tail of such a reflectivity measurement will enable the extraction of 

the carrier lifetime of LT-GaAs20, 21. The LT-GaAs sample measured in Figure 6.3 (b) has a carrier 

lifetime of ~2 ps. 

 

Figure 6.3 Free carrier lifetime in LT-GaAs. 
(a) E-k band diagram of LT-GaAs depicting a direct bandgap electron-hole pair generation with the 

absorption of a photon of frequency υ, leading to a fast non-radiative recombination (Fig from Ref 
22). (b) Typical transient thermal reflectivity response of a LT-GaAs film, measured after excitation 

with a pump laser pulse, indicating short ~2 ps free carrier lifetime. 

In addition to its low carrier lifetime, LT-GaAs has a high carrier mobility, and a high resistivity (> 

108 Ω-cm) when not excited by optical pulses. These qualities make LT-GaAs perfect material for 

generating short, intense, ps electrical pulses when used as photoconductive Auston switches. An 

image of a typical photoconductive switch used for ultrafast electrical experiments in this thesis is 
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shown in Figure 6.4 (a). The Auston switch shown in this Figure 6.4 (a) comprises of two Au electodes 

with interdigitated fingers making intimate contact with a small rectangular window of LT-GaAs. The 

LT-GaAs outside the window is covered by a layer of insulating MgO (see Section 6.5 for fabrication 

details) so that there is no current flow between the electrodes through the semiconducting LT-GaAs 

in areas outside of the Auston switch. A DC bias voltage (10s of volts) is applied across Auston switch 

through the two electrodes using a source-meter (Keithley 2400), and the digits of the electrodes 

amplify the electric field in the LT-GaAs window. The high DC voltage leads to a small leakage 

current, called the dark current, through the semiconducting LT-GaAs in the Auston switch when 

there is no optical excitation. When a short laser pulse irradiates the LT-GaAs of the Auston switch, 

carriers with short (2 ps) lifetime are excited. These carriers then experience the large electric field 

across the Auston switch, and therefore form a short, ps electrical drift current, which is launched into 

any electrical circuitry attached with the electrodes of the Auston switch. This train of electrical pulses 

leads to an average photocurrent (~few μA) that can be measured by the Keithley 2400. The focus of 

the laser beam and its position on the Auston switch can be optimized by a lens and a steering mirror, 

respectively, to maximize the photocurrent. 

 

Figure 6.4 Auston switch-transmission line devices for ps electrical pulse generation. 
(a) Microscope image of a patterned photoconductive Auston switch in a CPW transmission line. The 

Au electrodes have interdigitated fingers to enhance the E field across LT-GaAs (blue window, figure 

adapted from Ref 24). Schematics of the CPW (b) and CPW (c) transmission lines integrated with 

Auston switches. S and G represent signal and ground for the DC biasing of the transmission lines. 

The inset of (c) depicts the different layers in (b) and (c). 

For the prototype studies demonstrating ultrafast magnetism effects with these short ps electrical 

currents, laser-pump probe experiments are required, wherein the pump beam triggers the 

photoconducting Auston switch and generates the electrical pulse, and the probe beam detects the 
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magnetization dynamics of a magnet triggered by the electrical pulse. In order to spatially separate the 

sample magnet from the pump beam, the magnetic load is fabricated ~2 mm away from the Auston 

switch. Short ps electrical pulses are prone to broadening by dispersion while traveling these distances. 

Therefore low loss transmission lines, both in the ground-signal-ground (GSG) coplanar waveguide 

(CPW) configuration and the ground-signal (GS) coplanar stripline (CPS) configuration, are designed 

and integrated with the Auston switch to deliver the ps electrical pulses on to islands of the magnetic 

film to be studied. Schematics (not to scale) of Auston switch devices with CPS and CPW transmission 

lines and integrated magnetic loads are shown in Figure 6.4 (b) and (c). The fabrication of these devices 

will be detailed in Section 6.5. Each chip of these Auston switch/transmission line devices is fabricated 

to contain 6 – 8 such magnetic devices, with a mix of CPS and CPW configurations. 

CPS and CPW transmission lines of varying dimensions were designed. The following will detail only 

one ideal design for each of these configurations. Near the Auston switch, a typical CPS transmission 

line used in this study has a ground and signal lines of width 50 μm with a gap of 30 μm. The 

transmission lines are then tapered over a length of 0.5 mm to a width of 5 μm (the magnetic sample 

width), with a 6 μm gap, in order to increase the current density delivered to the magnetic sample. The 

ratio of the widths of the lines and the gap are kept constant throughout the taper in order to preserve 

the characteristic impedance Z0 = 60 Ω of the lines. A typical CPW also has a characteristic impedance 

Z0 = 60 Ω. The central signal line of the CPW has a width of 30 μm, with 30 μm gaps on either side. 

This central line is tapered to a width of 5 μm (equal to the magnetic sample width), with 5 μm gaps 

on either side. The taper of the CPW lines is 0.6 mm long. Again, the ratio of the central line width 

and gap width is maintained constant throughout the taper to preserve the characteristic impedance. 

The capacitance, inductance, resistance and conductance per unit length of the transmission line are 

denoted by C, L, R and G respectively. L and C values are calculated from Ref 23. The R and G values 

for the thick and thin regions of the CPS and CPW transmission lines, are tabulated in Table 6.1. 

Transmission  

line segment 

R 

(Ω/m) 

G 

(S/m) 

CPW 5 μm 

wide 

4×104 0.14 

CPW 30 μm 

wide 

3×103 0.014 

CPS 5 μm 

wide 

104 0.14 

CPS 50 μm 

wide 

103 0.014 

Table 6.1 Resistance and conductance per unit length for different transmission line 
segments. 
 

6.4 Detection of ps electrical pulses by a THz probe tip 

Section 6.3 detailed how the intense, short ps electrical pulses are generated using an LT-GaAs based 

photoconductive switch, and how they are launched through transmission lines into a magnetic load. 

These pulses must be detected and characterized, in order to quantify its properties like pulse width 



109 
 

and peak amplitude, and to keep track of spurious effects such as the dispersion from the transmission 

lines and reflections from various points of the transmission line. 

 

Figure 6.5 Detection of ps electrical pulses. 
(a) Schematic of the Protemics Auston-switch based detector tip. A 2μm gap of LT-GaAs acts as the 

detector. The Au lines transmit the detected signal (From protemics.com). (b) Schematic of ps 

electrical pulse measurement on a CPW device. The pump laser beam excites the Auston switch of 

the device, launching electrical pulses. The probe beam is time delayed with respect to the pump and 

is aligned on the detector tip. (c) Typical measured current profiles for a CPW device at different DC 

bias voltages, with the detector ~1 mm away from the Auston switch (Figure adapted from Ref 24). 

An LT-GaAs based detector tip (Protemics) is used to characterize the ps current pulses. A schematic 

of this detector tip is shown in Figure 6.5 (a). This detector also acts as a photoconductive Auston 

switch (refer to Section 6.3 for the working of Auston switches), and is in a small 2 μm activation 

region at the tip of the detector. A coplanar stripline (CPS) transmission line is integrated with this 

detector tip in order to carry electrical signals without dispersion to an externally connected lock-in 

amplifier (or any other sensitive ammeter). Both the detector tip and the CPS are patterned on a 

flexible polyethylene terephthalate (PET) cantilever that can be placed in contact with any region of 

the transmission line where the pulses need to be characterized. A typical configuration for the 

measurement of ps electrical pulses in an Auston switch-transmission line sample is depicted in Figure 

6.5 (b). The pump beam, intensity modulated by either a mechanical chopper or an EOM, irradiates 

the on-chip Auston switch of the sample and launches electrical pulses towards the magnetic load 

through the transmission line (CPW in the Figure 6.5 (b)). The detector tip is placed in contact with 

the CPW, on the gap near where the electrical pulse needs to be characterized. The weak probe beam 

is focused onto the detector tip. The probe beam excites (or “shorts”) the photoconductive switch of 

the detector tip at certain time delays with respect to the time of arrival of the electrical pulse at the 

tip, and these delays can be varied by varying the pump-probe delay using the linear delay stage as in 

any usual time-resolved experiment. The electrical pulse generates an electric field across the 
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photodetector tip, which then acts similar to the DC voltage bias described for the fabricated on-chip 

Auston switch in Section 6.3. At a certain time delay, this electrical pulse arrives at the detector tip 

right when the tip is excited by the probe pulse, thereby launching an electrical signal that is picked up 

by the transmission line of the detector and measured by the ammeter or lock-in amplifier, locked in 

at a reference frequency equal to the modulation frequency of the pump. By fine tuning this delay, the 

probe pulse can “sample” the electric field intensity at different points of time in the electrical pulse. 

It must be noted that the obtained trace is actually a convolution of the electric field of the current 

pulse and the detector tip response. 

The biasing DC voltage to the on-chip Auston switch is supplied by a Keithley 2400 voltmeter, which 

can also measure the average photocurrent generated by the Auston switch. Dividing this 

photocurrent by the pump repetition rate yields the total charge carried by each current pulse. Using 

the temporal profile of the current pulse measured by the detector tip, and assuming that all the charge 

of the pulse is contained within this profile, the current of each pulse can be calibrated. Example 

current profiles measured by the detector tip for different DC bias voltages across the Auston switch 

for a CPW structure is shown in Figure 6.5 (c). 

6.5 Fabrication of Auston switch-transmission line devices 

The fabrication of the Auston switch and transmission line devices for triggering ultrafast magnetic 

processes with electrical pulses involves three (or sometimes four) lithography steps. All of these steps 

are based on a bilayer photoresist lift-off process, which was first described in Section 2.3. An LT-

GaAs chip (~9 × 9 mm2) is first pre-baked at 150 °C for 5 minutes to remove any moisture that can 

hinder photoresist adhesion. LOR-5A (MicroChem) is then spin coated at 4100 rpm for 30 seconds 

using a Headway spinner. This is followed by a bake at 150 °C for 10 minutes. Next, the sample is 

spin-coated with OiR 906-12 (Dow Chemicals), the I-line photoresist, at 4100 rpm for 30 seconds, 

and baked at 90 0C for 1 minute. The post-bake steps drive off moisture from the photoresist and 

prevent it from sticking to the mask during contact lithography. The pattern for the required layer is 

patterned by exposing it to ultraviolet radiation in the I-line with a Karl Suss MA6 Mask Aligner, using 

a 5” chrome mask for the corresponding layer in the high-vacuum contact lithography mode. The 

exposure time is calculated from the aligner lamp intensity for a total dosage of 130mJ cm-2. However, 

since the feature sizes that need to be patterned for these samples are quite small, down to 4 μm, most 

of the layers (except the MgO) must be underexposed by ~2-4% in order to discriminate these small 

features. Overexposure could result in important features that are in close proximity with each other 

to merge and cause device failure. For example, the ground and signal lines of the CPS transmission 

lines near the magnetic load are separated by 6 μm, and the interdigitated fingers of the Auston switch 

electrodes are separated by 4 μm. Slight overexposure could cause the shorting of these features, 

rendering the whole device worthless. It is therefore recommended to underexpose the photoresist 

for these critical layers. After exposure, the bilayer photoresist is developed in an OPD 4262 (Fujifilm) 

developer for 45 s to 60 s to remove the photoresist in the exposed regions, followed by a dip in a 

water bath for 45 s. The development of critical features is then inspected under an optical microscope. 

This is then followed by an O2 plasma descum at 200 W RF power for 60 s in a YES G500 plasma 

cleaning system, which removes any remaining organic impurities in the patterned areas where the 

photoresist has been developed. Next, the required layer is deposited onto the patterned photoresist. 

The bottom LOR-5A layer forms an undercut during development which ensures that no sidewalls 
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are formed during thin film deposition. The film deposited on top of the remaining photoresist is 

lifted off by dipping the sample into a bath of Remover PG (MicroChem) or N-methylpyrrolidone 

(NMP, MicroChem) for 3+ hrs or overnight. Heating this bath at 60 °C can speed up this process. It 

must be noted that sonication is not recommended to aid liftoff, as it can easily remove patterned 

features too, especially the Au electrodes with low adhesion. Lift-off is usually achieved by subjecting 

the sample to a steady stream of isopropyl alcohol or DI water from a squirt bottle or a water gun 

over the photoresist stripper bath. 

The process of the deposition and patterning of the different layers for the Auston switch-

transmission line devices is depicted in the schematic of Figure 6.6 for the CPW transmission line 

device. It must be noted that the dimensions of this schematic are not to scale, and that the CPS 

transmission line fabrication follows exactly the same process flow. The three (or four) layers that are 

deposited during the fabrication of the devices are as follows. First, a 100 nm thick layer of MgO (or 

any other insulator like AlOx) is stutter deposited on to the patterned GaAs/LT-GaAs(1 μm) chip by 

RF-sputtering (AJA sputter system) with an Ar/O2 ratio of 16:1 at a pressure of 4.7 mT. After lift-off, 

the whole chip is covered with MgO, except for ~150 × 80 μm2 windows that serve as openings for 

the Au electrodes to contact the LT-GaAs and form Auston switches. This MgO layer ensures 

electrical insulation between the Au electrodes of the transmission lines, except at the Auston switch. 

The absence of this layer would lead to large leakage dark currents arising from current flow through 

the semiconducting LT-GaAs. 

The second optional step is the deposition of back contact to the devices. A back contact is needed 

for samples like Pt/Co, where it is essential to ensure direct electrical contact of the transmission lines 

with bottom Pt film so that current can flow preferentially through the nonmagnetic film and lead to 

current-induced spin accumulation (this device will be discussed in Chapter 7). ~25 nm of Au is 

deposited onto the patterned sample (with the MgO layer) by electron beam evaporation (in a CHA 

solution e-beam evaporator) at base pressures of ~10-6 Torr. A thin ~5 nm film of Ti is evaporated 

before the Au to ensure the adhesion of the Au film. The layer thicknesses are monitored by a 6 MHz 

gold crystal monitor inside the evaporator. After lift-off, the back contact transmission lines with 

dimensions of 5 × 95 μm2 coinciding exactly with the thin section of the top transmission lines (which 

will be deposited last) are left behind on the MgO layer. This step is not required for just Joule heating 

magnetic samples like the GdFeCo loads mentioned later in this chapter (Section 6.6) where the top 

transmission line ensures current flow through all the layers of the magnetic stack. 

The third step is the deposition of the magnetic islands that will serve as the transmission line loads. 

The desired magnetic stack is grown by sputter deposition using the same process as the MgO layer. 

The magnetic stack is then patterned into loads of size 5 × 20 μm2 overlapping with the bottom 

transmission line contacts, if exists, with their widths being perfectly aligned. 

The fourth and final lithography step is the deposition and lift-off of the top Au transmission lines 

and Auston switches. A 20 nm thick Ti layer is deposited first to ensure adhesion of Au, followed by 

a 250 nm thick layer of Au. These layers are evaporated in the e-beam evaporator as with the bottom 

contacts. The thin 5 μm wide sections of these transmission lines are aligned perfectly with their 

corresponding bottom contacts. Each of these sections overlaps with a 5 × 7.5 μm2 region of the 

magnetic load, thereby exposing an area of 5 × 5 μm2 of the magnetic load in the final device. 
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Figure 6.6 Auston switch-transmission line device fabrication flow. 
Shown here for only CPW devices, the fabrication process is exactly the same for CPS devices also. 

The legend indicates the different layers in the final fabricated device. 

The fabricated chip is then bonded onto a chip carrier using either silver paste or double sided Kapton 

tape. The Au pads of the top Au transmission line are then electrically connected to the leads of the 

chip carrier by wire bonding. 

6.6 Toggle switching of GdFeCo with ps electrical pulses 

To demonstrate ultrafast toggle switching of GdFeCo, magnetic loads of Ta(5 nm)/Gd63Fe63Co7(20 

nm)/Pt(5 nm) are sputter deposited and integrated with the CPS transmission line devices on LT-

GaAs substrates1 through the fabrication process detailed in Section 6.5. The aim of these devices is 

to heat up the entire stack with Joule heating by having the short ps electrical pulses flow through the 

films, and therefore these devices do not need a bottom contact. The samples presented perpendicular 

magnetic anisotropy with a coercive field of 80 Oe at room temperature, and a compensation 

temperature TM of ~270 K.  

The photoconductive Auston switch is then biased with a DC voltage of 40 V and irradiated with 60 

fs, 810 nm central wavelength pump pulses from the regeneratively amplified Ti: Sapphire RegA 9050 

laser. A schematic of the device, with pump laser excitation, is depicted in Figure 6.7 (a). The electrical 

pulses generated are then launched towards the magnetic load through the CPS transmission line and 

are detected and characterized by the Protemics THz detector tip, as described in Section 6.4. 

Electrical pulses with pulse durations of 9 ps FWHM, with peak amplitude of current density as high 

as 1 × 109 Acm-2 are detected. The inset of Figure 6.7 (a) shows a current pulse with a peak current 

density of 7 × 108 Acm-2. 
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Blank, unpatterned films of the Ta(5 nm)/Gd63Fe63Co7(20 nm)/Pt(5 nm) stack are irradiated with laser 

pump pulses with pulse durations FWHM (full width at half maximum) ranging from 60 fs up to 10 

ps to confirm that they exhibit HI-AOS with optical pulses. The MOKE microscopy images (see 

Section 3.2 for details of the setup) on the top of Figure 6.7 (b) confirm the helicity-independent all-

optical switching (HI-AOS) of the magnetization of the film, as is expected for this material. The 

corresponding MOKE microscopy images for the patterned GdFeCo loads in the CPS transmission 

line are shown at the bottom of Figure 6.7 (b). The magnetic contrast of the patterned magnetic load 

at the center of the transmission lines in these images also toggles between light and dark gray with 

each successive pulse applied, proving that single ps electrical pulses can also trigger toggle switching 

of GdFeCo similar to an optical pulse excitation. This result, although quite remarkable for 

demonstrating the reversal of GdFeCo by ultrafast Joule heating, is expected from the discussions of 

Sections 6.1 and 6.2. 

 

Figure 6.7 Toggle switching of GdFeCo with ps electrical pulses. 
(a) Schematic of the Auston switch devices with CPS transmission lines used in Ref 1. The enlarged 

pictures are microscope images of the Auston switch (left) and the magnetic load (right). The inset 

shows the detected current pulse at switching conditions with a peak current density of 7 × 108 Acm-

2. (b) MOKE microscope images depicting toggle switching of the magnetization of the Ta(5 

nm)/Gd63Fe63Co7(20 nm)/Pt(5 nm) stack by fs optical pulses (top) and by ps electrical pulses 

(bottom). The magnetic loads in the CPS lines are indicated by the blue squares in the leftmost image. 

The scale bars represent 5 μm (Figure adapted from Ref 1). 
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6.7 Time dynamics of GdFeCo magnetization reversal by ps electrical pulses 

It was shown in Section 6.6 that a single, intense ps electrical pulse can reverse the magnetization of 

GdFeCo by Joule heating1. Whether this switching occurs in an ultrafast manner needs to be 

confirmed. The magnetization of the GdFeCo load is monitored by a weak 60 fs probe pulse focused 

on to the magnet by a 50× objective. Similar to the TR-MOKE setup of Section 3.4, the time delay 

between the electrical pulse and the probe pulse at the sample is varied by passing the optical pump 

beam (that excites the Auston switch) through a linear delay stage. An external out-of-plane magnetic 

field of ~200 Oe is applied during the measurement to reset the magnetization between pulses. 

Starting with a low bias voltage, weak electrical pulses that only cause demagnetization of the GdFeCo 

are obtained. This is shown by the curves with purple circles in Figure 6.8, where the GdFeCo 

demagnetizes in ~20 ps, followed by a recovery of magnetization in its original direction. As the bias 

voltage is increased, the electrical pulse amplitude increases and so does the Joule heating and the 

energy absorbed in the GdFeCo stack. This increases the degree of demagnetization of GdFeCo, as 

shown in Figure 6.8. At a high enough absorbed energy, the magnetization of GdFeCo reverses (dark 

blue squares in Figure 6.8). The magnetization reverses (crosses the M = 0 axis) within 10 ps of 

excitation, indicating that the magnetization reversal of GdFeCo with ps electrical pulses occurs in an 

ultrafast manner, similar to the HI-AOS of GdFeCo by ps laser pulses (Section 3.5). 

 

Figure 6.8 Switching speed of GdFeCo for different ps current pulse amplitudes. 
Current pulses of different amplitude lead to different absorbed energies at the magnetic load, 

indicated in the legend (Figure adapted from Ref 1). 

The absorbed energy densities depicted in the legend of Figure 6.8 are with respect to the surface area 

of the magnetic load, and are calculated in two steps. First, the attenuation of the electrical pulse as it 

travels along the transmission line to the GdFeCo load is calculated as follows. The Fourier transform 

of the electrical pulse voltage V(t) is calculated to get the spectrum �̃�(𝜔). The energy spectral density 

is then proportional to |�̃�(𝜔)|
2
. The voltage for an individual frequency ω at a distance x0 away from 

the Auston switch is given by equation (6.1) 

(6. 1) �̃�(𝜔, 𝑥0) = exp (−∫ 𝛾
𝑥0

0

𝑑𝑥) �̃�(𝜔, 0) 
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Here γ is the propagation constant defined by 

(6. 2) 𝛾 = √(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶) 

R, G, L, and C are the resistance, conductance, inductance and capacitance per unit length of the 

transmission line. Their values for different wide and thin sections of the transmission line are 

described in Section 6.3. γ was assumed to vary linearly along the tapered section of the CPS. The 

energy attenuation for a single frequency ω is given by equation (6.3). 

(6. 3) 𝛼1(𝜔) = exp (−2Re(∫ 𝛾
𝑥0

0

𝑑𝑥)) ×
𝑍1(𝜔)

𝑍2(𝜔)
 

Z1 and Z2 are the frequency dependent impedances of the 50 μm and 5 μm wide sections of the CPS 

respectively. These are calculated as 

(6. 4) 𝑍𝑖 = √(𝑅𝑖 + 𝑗𝜔𝐿𝑖)/(𝐺𝑖 + 𝑗𝜔𝐶𝑖) 

The second step is the calculation of the absorption of the electrical pulse in the GdFeCo load. 

Multilayer absorption calculations based on the matrix transfer method (introduced in Chapter 3) are 

used for this. The electromagnetic waves are assumed to travel from the Au CPS into a 5 μm thick 

layer (equal to the magnetic load length) of the GdFeCo, and reflected back to the Au CPS. The 

effective complex refractive index of the Au and GdFeCo sections of the CPS are calculated by 

equation (6.5) 

(6. 5) 𝑛(𝜔) = Conjugate (
𝛾𝑐

𝑗𝜔
) 

Here c is the speed of light. The difference in the complex refractive indices of the Au and GdFeCo 

sections of the CPS transmission lines arise from the difference in their R. The GdFeCo section of 

the CPS is calculated to have R = 2.48 × 107 Ω/m as opposed to 104 Ω/m of the Au CPS section. The 

absorption α2(ω) across the GdFeCo load can be then be calculated from the multilayer absorption 

calculation. The total absorption in the GdFeCo load is then calculated as equation (6.6). 

(6. 6) 𝛼 =
∫  |�̃�(𝜔)|

2
𝛼2(𝜔)𝛼2(𝜔) 𝑑𝜔

∫  |�̃�(𝜔)|
2
𝑑𝜔

 

The total pulse of the electrical pulse energy by the Ta/GdFeCo/Pt stack is estimated to be α = 13%. 

The energy of the current pulse is calculated as 𝐸 =  ∫ 𝐼(𝑡)2𝑍0𝑑𝑡. Z0 is the characteristic impedance 

of the transmission line. The current pulse profile I(t) is measured and calibrated as described in 

Section 6.4. Knowing E and α, the energy absorbed by the GdFeCo load can be calculated. 

From Figure 6.8, it can be seen that absorbed energy density of 1.3 mJ/cm2 is required to observe 

switching of the GdFeCo magnetization in the time dynamics plot, while at 1.24 mJ/cm2 only exhibits 

demagnetization. This indicates that the critical fluence for switching is in between these two values, 

and the numbers are in agreement with the critical fluence for switching with optical pulses (Chapter 

3).  
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Figure 6.9 shows the comparison of the time dynamics of the magnetization reversal with ps electrical 

pulses and laser pulses of various pulse durations. It must be noted that for a current pulse I(t) with a 

duration of 9 ps FWHM, the Joule heating pulse I(t)2 has a FWHM of 6.4 ps. Therefore the dynamics 

with the 9 ps current pulse (purple squares in Figure 6.9) are compared with an optical pulse of 

duration 6.4 ps (orange triangles). The energy density for switching with the current pulse, 1.3 mJ/cm2, 

appears to be smaller than that for the 6.4 ps optical pulse (1.65 mJ/cm2) and even the 1 ps optical 

pulse (1.40 mJ/cm2). The energy absorption calculation for the ps current pulses has a large margin of 

error, and therefore it is likely that the energy differences reported are insignificant. However, the 

switching with the electrical pulse led to a 70% recovery of GdFeCo magnetization in the opposite 

direction within just 30 ps of irradiation, while for the optical pulse, the magnetization recovery in this 

timescale is < 10%. These observations seem to imply that the electrical switching of GdFeCo is more 

efficient than optical switching. There is a possibility that the additive current-induced spin 

accumulation arising from the opposite spin-Hall angles of the Pt and Ta layers that flank GdFeCo 

on either side could exert spin-orbit torques that aid the switching of GdFeCo. But such 

considerations were shown to be irrelevant for this particular sample, and the maximum possible 

change in the out-of-plane component of magnetization due to spin orbit torques was calculated to 

be < 10%1. The potential of using the spin orbit torques arising from ps pulses, in addition to ultrafast 

Joule heating, will be explored in the next chapter. 

 

Figure 6.9 Comparison of GdFeCo switching dynamics for excitation with optical and 
electrical pulses. 
The switching with ps electrical pulses (purple squares) recovers 70% of its magnetization within 30 

ps of excitation, and appears to be more efficient than switching with comparable ps optical pulses 

(Figure adapted from Ref 1). 

The switching of GdFeCo with ps electrical pulses showed the potential for high endurance. The 

sample showed no degradation despite being irradiated for more than 10 hours at the laser repetition 

rate of 252 kHz. This corresponds to an endurance of > 1010 cycles, without any signs of 

electromigration or other forms of sample damage. This implies that device durability will not be an 

issue in any potential technology based on ultrafast magnetization reversal with ps electrical pulses. 

The expected endurance of 1010 cycles is several orders of magnitude higher than other competing 

technologies like resistive RAM, phase change memory, conductive bridge RAM etc.25 
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The energy density required to switch GdFeCo is calculated to be 13 aJ/nm3. Assuming that this 

energy density remains constant for magnetic bits of all sizes, a magnetic bit with a cell size of (20 

nm)3, which is typical for magnetic memory, would require a current pulse with a peak current of 3 

mA that delivers ~4 fJ of energy for switching. The energy required for switching remains low despite 

the high current density required because the electrical pulse duration is short. The picosecond 

electrical switching of GdFeCo can therefore be as energy efficient as the conventional spintronic STT 

and SOT schemes26, 27, 28, 29, and yet more than one order of magnitude faster. 

6.8 Comparison of excitation with ps electrical pulses vs fs optical pulses: 

Thermal vs non-thermal distributions 

When a magnetic film is irradiated with a laser pulse, the optical energy is first absorbed by a small 

number of electrons of the film. These few electrons are excited to higher energy levels by a few eV, 

governed by the optical pulse wavelength. As described in the discussion in Section 3.1 of HI-AOS 

and other ultrafast magnetic processes, for a short time (~80 – 400 fs) following optical irradiation, 

the distributions of these eV excited electrons are non-thermal24, 30, which means that Fermi-Dirac 

statistics cannot provide a description of the excited electron energies. It is still debated whether this 

initial non-thermal distribution of electrons plays an important role in the ultrafast demagnetization 

by laser pulses2, 14, 31, 32. Several studies have predicted the initially non-thermal distribution impacts 

ultrafast demagnetization because electronic scattering rates, which dictate spin flip through 

mechanisms like the Elliot-Yafet type scattering, depend on both the average energy and total number 

of electronic excitations14. The average energy and total number of excitations can also impact 

transport phenomena, which is considered by some as an alternative mechanism for the ultrafast 

demagnetization in metal multilayers32. After the first tens or hundreds of fs, the excited non-thermal 

electrons thermalize with the other electrons in the system, leading to a thermal distribution of 

electrons that can be described by Fermi-Dirac statistics.  

Heating by a ps electrical pulse, on the other hand, leads to a large population of excited electrons 

with average energies less than 10 meV. This leads to an initial distribution of electrons that is already 

at thermal equilibrium with itself, and the distribution is said to be “thermal”. The average energies of 

the initial thermal and non-thermal distributions are similar because the thermal distribution has a 

significantly large number of electrons excited to low energies. Both the thermal (electrical pulse 

excitation) and non-thermal (optical pulse excitation) initial distributions finally lead to the 

equilibration of the electron and phonon systems by electron-phonon scattering, in timescales of a 

few ps after excitation24. This is governed by the electron-phonon coupling constant gep, and the time 

scale of the thermalization between electrons and phonons14 can strongly affect magnetization 

dynamics. gep depends both on the total number of excited electrons and their average energy.  

Wilson et al.24 showed that the differences in the ultrafast demagnetization of a Co/Pt ferromagnet by 

an electrical pulse and a laser pulse can be explained by assigning a larger gef to the case of electrical 

pulse demagnetization. The larger number of excited electrons in the initial thermal distribution caused 

by the electrical pulse is attributed as the reason for the increased gep. It is possible that the difference 

in initial electron distributions can contribute to the seemingly more efficient switching by the electrical 

pulse observed in Figure 6.9. More detailed studies are required to understand all the ways the initial 

electron distribution can affect ultrafast demagnetization and switching. Nonetheless, the ability 
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induce magnetization reversal in GdFeCo and ultrafast demagnetization in Co/Pt by picosecond 

electrical heating demonstrates that exciting a nonthermal electron distribution is not necessary for 

magnetization reversal, consistent with previous studies7, 30, 33. However, it is crucial that there be an 

initial non-equilibrium between the electrons and phonons for the observation of ultrafast magnetic 

phenomena. This cannot be triggered by heating pulses that are considerably longer than the time it 

takes for the electrons and phonons to equilibriate, which can vary from a few to few tens of ps. 

Therefore, one cannot expect ultrafast processes with optical or electrical pulses longer than, say, ~20 

ps. 

6.9 Conclusions 

The different works summarized in this chapter prove that direct interaction with an optical pulse is 

not necessary to induce ultrafast magnetic processes. Building on the results from Chapter 3 of the 

HI-AOS of GdFeCo by 15 ps optical pulses, the work presented in this chapter shows that ultrafast 

toggle switching of GdFeCo can also be achieved from the Joule heating by ps electrical pulses. The 

electrical pulses were generated using LT-GaAs based photoconducting Auston switches, and 

delivered to patterned magnetic loads by CPS or CPW transmission lines. The magnetization of 

GdFeCo reverses within 10 ps when excited with a 9 ps electrical pulse. This result, as well as the 

evidence of switching of GdFeCo by electronic heat currents in the remote switching experiments, 

adds weight to the claim from Chapter 3 that peak electron temperatures Te > 1000 K are not necessary 

for the ultrafast toggle switching of GdFeCo. Moreover, they also show that an initial non-thermal 

distribution of electrons, which can only be caused by short optical pulses, is not necessary to trigger 

ultrafast magnetic phenomena. 

Switching the GdFeCo magnetization by the 9 ps electrical pulse, in addition to being ultrafast and 

potentially more efficient than optical switching, proved to be highly reproducible with an endurance 

> 1010 cycles. The energy density required for calculated for switching, 13 aJ/nm3 is similar to that in 

conventional spintronic devices that operate on the STT or SOT schemes, while also being up to two 

orders of magnitude faster than conventional spintronics. It must be noted that the photoconductive 

switch that relied on laser pulses was used to generate the ps current pulses for experimental 

convenience. It is currently possible to generate and deliver sub–10-ps current pulses on-chip in 

conventional complementary metal-oxide semiconductor (CMOS) electronics. For example, a 5-ps 

gate delay has been demonstrated with 45-nm CMOS technology34. Therefore, it should be possible 

to implement GdFeCo-based ultrafast on-chip memory and logic devices. A memory or logic device 

would also require an electrical readout. The addition of an oxide tunnel junction to the GdFeCo stack 

would enable an electrical readout of the magnetic state through the tunnel magnetic resistance (TMR). 

Coupling the magnetization of the GdFeCo with that of a ferromagnet through the exchange 

interaction can extend the ultrafast switching characteristics of GdFeCo to the ferromagnet (as 

described by the experiments in Chapter 5), which can then be used to enhance the TMR ratio of the 

readout. Such a device will then have an all-electrical read and write mechanism, as is needed for most 

on-chip electronics. Future work will focus on triggering ultrafast magnetization reversal with electrical 

pulses generated on-chip, and on the switching of coupled ferromagnet/ferrimagnet stacks by ps 

electrical pulses. 
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Chapter 7. Ultrafast spin-orbit torque switching 

Chapters 3 through 6 of this dissertation so far have focused heavily on the ultrafast reversal of 

magnetization of Gd-based rare-earth transition metal (RE-TM) ferrimagnets (Chapters 3, 4, 6), and 

of Co/Pt ferromagnetic layers coupled with GdFeCo (Chapter 5), by heating them in short, ps and 

sub-ps timescales with either optical laser pulses (Chapters 3-5), or with ps electrical pulses (Chapter 

6). The magnetization of the films was shown to reverse in ps timescales, up to two orders of 

magnitude faster than the switching in conventional spintronic devices1, 2, 3. It was shown in Chapter 

6 that the ultrafast switching of GdFeCo magnetization by ps electrical pulses has comparable energy 

densities as other spintronic schemes like the spin transfer torque (STT) or the spin orbit torque 

(SOT), and high endurance and durability (> 1010 switching cycles). Moreover, the potential to extend 

the ps-timescale Joule-heating switching to ferromagnetic films exchange coupled with a GdFeCo film 

(or any Gd based RE-TM ferrimagnet that exhibits HI-AOS at ps laser pulse durations) can help 

realize a fully integrated all-electrical ultrafast spintronic device. In such a device, the switching would 

be caused by ps electrical pulses generated on-chip, and the readout would be done electrically by 

measuring the tunnel magneto-resistance (TMR) of a magnetic tunnel junction (MTJ) integrated with 

the ferromagnet. However, the ultrafast magnetization reversal of these magnetic systems follows a 

“toggle” switching mechanism. The film switches as long as a certain critical amount of energy – either 

electrical or optical – for a given pulse duration of a short ps or sub-ps heating pulse is supplied, and 

the final switched magnetic state is always of the opposite orientation of the initial magnetic state. 

Even in the case of reversal of GdFeCo by ps electrical pulses, the magnetization toggles with each 

successive pulse applied, irrespective of the polarity of the current.  

7.1 Limitations of toggle switching 

The toggle switching of magnetization, where no preference for a particular final state is observed for 

electrical pulses of a given polarity, poses a problem when applied to logic or memory arrays. In the 

magnetic bit of a spintronic device, the two opposite orientations of the magnetization serve as the 0 

and 1 of binary data. Let us assume that in an ultrafast spintronic device, the magnetization of a 

GdFeCo bit pointing out of the plane of the sample and into the plane of the sample are 0 and 1, 

respectively. Data is written into the GdFeCo bit by subjecting it to a ps electrical pulse of a certain 

amplitude. If a “0” needs to be written into that bit, the electrical pulse will result in the desired 0 state 

only if the previous state of the bit was a “1”. If the bit was in a “0” state to begin with, the electrical 

pulse would cause it to end up with an undesired “1” state. In order to circumvent this limitation of 

toggle switching, the bits to be written must be checked before each write. A writing electrical pulse 

must be applied only if the state of the bit is the opposite of its desired final state. Such a “read-before-

write” scheme for memory or logic arrays will need additional overheads in terms of control circuitry. 

These overheads will lead to the whole system being less energy efficient and slower overall, and will 

adversely impact the speed gains from the ultrafast switching process. An ideal spintronic device 

requires that its final state be deterministically dictated only by the amplitude and direction of the write 

pulse, and not by its previous state. 

In a conventional spintronic device, operating on the SOT or STT phenomena for example, the final 

state of the magnetic bit is determined solely by external controllable parameters such as the polarity 

of the write pulse or the direction of an external applied field, and not by the previous state of the bit. 
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In an SOT device (see Section 1.3) the accumulated spins following an applied charge current exert a 

torque onto the magnetization of a magnetic film grown over the current carrying heavy metal wire. 

Larger the applied current, larger is the accumulated spin moment, and larger is the torque exerted. 

Let the initial magnetization direction of a magnetic in an SOT device bit be a “0” state. If the current 

direction, arbitrarily assigned as positive, is such that the exerted damping-like Slonscewski torque (see 

Figure 1.6 (b)) for the different configurations of spin orbit torques) is opposite to the internal 

damping torque, at a high enough applied current, the Slonscewski torque exceeds the damping torque, 

and the magnetization of the bit reverses to a “1” state. The Slonscewski torque from an opposite 

negative current direction would reinforce the internal damping torque rather than oppose it, causing 

the magnet to retain its original “0” state. Similarly, if the magnet is initially in the “1” state, the torque 

from a positive current would aid the damping torque and help retain the original state, while the 

torque from a negative current would oppose the damping torque and cause the magnetic bit to switch 

to a “0”. In this example of an SOT device, the magnetic bit ends at “0” for negative current pulses 

and at “1” for positive pulses, irrespective of its starting state, and therefore the bit can be written just 

by the controlling the current pulse polarity without the need of reading its state prior to the write 

process. 

The work in this chapter aims at extending the effects of SOT to ps timescales and to achieve 

magnetization reversal by torques from ps electrical pulses. Stacks of PMA Pt/Co/Ta, where the 

opposite spin-Hall angles of the Pt and Ta layers that flank the magnetic Co on either side lead to an 

enhancement of the accumulated spin moments in the same direction, are irradiated with ps electrical 

pulses. The ultrafast Joule heating from the current pulse is expected to lead to an ultrafast loss of 

magnetic order. The ps timescale spin current pulses arriving at the Co from the Pt and Ta films are 

expected to aid the heating and demagnetization, and more importantly exert short SOTs on the 

magnetization of Co. The direction of the torques will reverse upon reversing the direction of the 

current, a characteristic that can be exploited to switch the magnetic stack in short timescales in a 

deterministic manner controlled only by the charge current pulse direction. Additionally, such a 

switching technique offers the possibility of switching any arbitrary magnetic film – including 

commonly used ferromagnets – deterministically without the need of an underlying Gd-based 

ferrimagnet. This is advantageous because Gd-based ferrimagnets are expensive and could also be 

hard to integrate with a standard chip process. 

7.2 Speed of spin accumulation 

A fundamental speed limit for an ultrafast spintronic device that operates on the principle of the SOT 

on ps timescales is the speed at which spins can accumulate following a current pulse. Ps electrical 

currents can exert spin-orbit torques only if spins can accumulate in timescales smaller than the width 

of the current pulse. 

Chapter 2 dealt extensively with the direct detection of the accumulated spins in current carrying wires 

of heavy metal thin films. It was shown (Section 2.4) that the optical technique of magnetization-

induced second harmonic generation (MSHG) was capable of detecting spin accumulation in Pt, β-Ta 

and Au wires. Such a direct technique does not rely on measuring the response of the magnetization 

of a magnetic film (grown on top of the heavy metal) to the spin-orbit torque applied by the spins, 

and can therefore access physics that is unaffected by the magnet and is inherent to the spin 
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accumulation in the heavy metal. Towards that end, Section 2.6 explored the possibility of measuring 

the speed of spin accumulation in wires of Pt, the “spin-Hall” heavy metal that yielded the highest 

magnetic asymmetry signal in the MSHG setup. It was observed that when a 2 ns current pulse is sent 

through the Pt wire, the spin accumulation pulse follows the current pulse on the time scale of at most 

~50 ps, well within the noise level of the measurement (Figure 2.7)4. The width of the spin 

accumulation signal was seen to be the same as the width of the current pulse, within the limits of the 

experiment, indicating that the rise and fall times for the spin accumulation are well below those of 

the current pulse itself, ~100 ps. The experiment was unable to better quantify the actual spin 

accumulation time due to constraints such as the time jitter of the electronic delay generator and the 

unavailability of sources of short, stable pulses. 

The LT-GaAs based Auston photoconductive switch described in Chapter 6 is capable of generating 

intense < 10 ps duration electrical pulses with peak amplitudes up to ~109 Acm-2. The 

photoconductive switch is triggered by short optical laser pump pulses from the RegA 9050 with a 

low jitter, and the time delay of the pump pulses with respect to the probe pulses can be finely 

controlled by the linear delay stage offering a time resolution as small as 6.7 fs. Therefore a 

photoconductive switch integrated with a Pt transmission line should be capable of generating a stable 

train of ps electrical pulses needed for the measurement of spin accumulation speed by MSHG. The 

devices were fabricated with the process detailed in Section 6.5, without the back contact lines or the 

magnetic load, and using 20 nm thick films of sputter deposited Pt instead of the evaporated Ti(25 

nm)/Au(250 nm) thin films for the transmission lines. Current pulses, with ~15 ps duration and 

densities estimated to be up to 108 Acm-2 were measured in the patterned coplanar stripline (CPS) 

transmission lines when the Auston switch was illuminated by pump laser pulses. Since the magnetic 

asymmetry of the MSHG setup (Equation (2.2)) requires measurement of the reflected second 

harmonic intensity for spin orientations in two opposite directions, the direction of each consecutive 

current pulse was reversed by reversing the DC bias voltage across the Auston switch at the laser 

repetition rate of 252 kHz. The probe beam was focused onto one of the lines (either the ground or 

signal line) near the Auston switch in order to detect the magnetic signal originating from the spin 

accumulation as a short electrical pulse passes through the probed area line. Unfortunately, the setup 

was unable to pick up any magnetic asymmetry signal from the accumulated spins even for DC bias 

voltages as high as 70 V. Increasing the bias voltage further resulted in irreversible damage of the Pt 

transmission lines, as shown in Figure 7.1, indicative of electromigration at high current densities. 

 

Figure 7.1 Electromigration in Pt transmission lines. 
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Microscope images of the Pt CPS transmission line for detection of spin accumulation speed before 

(a) and after (b) application of intense ps electrical pulses. The damage on the transmission line (b) is 

indicative of electromigration at high DC bias voltages. 

Experiments by other groups, however, were capable of estimating the speed of spin accumulation 

from spin-Hall and other current-induced effects. Kampfrath et al.5 irradiated stacks of 10 nm in-plane 

magnetized Fe capped with 2 nm of nonmagnetic Au or Ru with fs laser pulses from the Fe side as 

depicted in the schematic of Figure 7.2 (a). The spins of the Fe, which are preferentially oriented along 

its magnetization direction, are excited and a transportation of spin polarization from the Fe to the 

nonmagnetic cap layer – that is, a spin current – with density JS begins immediately. To detect the spin 

current JS, the inverse spin-Hall effect6, 7 technique was used to convert JS into a charge current density 

JC following equation (7.1). 

(7. 1) 𝐽𝐶 = 𝜃𝑆𝐻𝐽𝑆 ×
𝑀

|𝑀|
 

 

Figure 7.2 THz emission by the inverse spin-Hall effect from ps spin currents. 
(a) Schematic of the stack used in Refs 5, 8. The ferromagnet FM was 10 nm Fe, and the nonmagnet 

(NM) is 2 nm of Au or Ru. The inverse spin-Hall effect converts the spin current JS into a transverse 

charge current JC. (b) Detected free-space THz radiation from the Fe/Au and Fe/Ru stacks. (c) 

Calculated transient current pulse JC. (d) Simulated transient charge current pulse JS with sub-ps 

duration (Figures from Refs 5, 8). 
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In equation (7.1) θSH is the spin-Hall angle of the nonmagnetic metal and M is the magnetization of 

the Fe. M/|M| then represents the orientation of the launched spins, which is parallel to the M. The 

oscillating charge current JC radiates into free space as a THz pulse, which was measured by the electro-

optic sampling of a 250 μm thick <110> oriented GaP crystal. The measured THz signal in the time 

domain is shown in Figure 7.2 (b) for the Fe/Au and Fe/Ru stacks. The emitted THz spectrum for 

the Fe/Au sample extended to 20 THz. The z-averaged charge current density, 〈𝐽𝐶〉 =  ∫ 𝑑𝑧𝐽𝐶/𝑑
𝑑

0
, 

where d = 12 nm is the thickness (z-axis) of the stack, is calculated from spectrum E(ω) the emitted 

THz intensity E(t) as equation (7.2). 

(7. 2) 〈𝐽𝐶(𝜔)〉 = −〈𝜎(𝜔)〉𝐸(𝜔) 

Here <σ(ω)> is the z-averaged THz conductivity. The charge current transients <JC(t)> calculated 

from the emitted THz radiation by equation (7.2) are shown in Figure 7.2 (c). The spin currents 

<JS(t)> that lead to <JC(t)> through the inverse spin-Hall effect can then be calculated from equation 

(7.1), and are expected to have the same shapes as <JC(t)> if the spin-Hall angle is assumed to be 

constant for all frequencies. The spin currents in Figure 7.2 (d) were derived from simulations of 

superdiffusive spin transport, and were able to qualitatively reproduce the features of <JC(t)>. These 

observations confirm the interpretation that the emitted terahertz transient is a result of a laser-driven 

spin current pulse JS and its transformation into a transverse charge current pulse JC by the inverse 

spin-Hall effect. The differences in the responses of the Fe/Ru and Fe/Au stacks were explained to 

be arising from various electronic differences of the Au and Ru nonmetals. 

Further experiments by Seifert et al.8 were able to build on these results to build highly efficient THz 

emitters using bilayers of 3 nm thick ferromagnetic CoFeB on 3 nm of a spin-Hall nonmetal. Linearly 

polarized THz radiation of full-width at 10% amplitude maximum of 30 THz, with no gaps in the 

spectrum, were emitted by a CoFeB/Ta stack. In order to increase the emitted THz amplitude, 

optimized trilayer stacks of W(2 nm)/CoFeB(1.8 nm)/Pt(2 nm) were grown. The excited CoFeB 

launches spin currents JS in opposite into the Pt and W layers. Since the spin-Hall angles of Pt and W 

have opposite signs, following equation (7.1), the radiating charge current JC in both the nonmagnets 

have the same sign, leading to an enhancement of the emitted THz amplitude. A comparison of the 

THz radiation S(t) and its spectrum S(ω) of the trilayer emitter with those of other commonly used 

THz emitters (non-linear optical crystals of ZnTe <110> and GaP <110>, and a biased Auston 

photoconductive switch) shows that the THz spectrum of the trilayer emitter is exceptionally smooth 

and gap-free and has a higher bandwidth than its competitors. It is also characterized by a higher 

amplitude than that of the GaP and ZnTe crystals at most frequencies in the 2.5 to 15 THz range, and 

that of the photoconductive switch at frequencies over 3 THz. The time-domain signal S(t) of the 

trilayer emitter is shorter and has a higher peak amplitude than the other emitters. 

The above two experiments prove that a short spin ps current pulse can radiate short THz pulses, 

with frequencies up to 30 THz. The charge current <JC(t)> and the simulated spin current <JS(t)> 

pulses of Figure 7.2 (c) and (d) show that the radiations arise from extremely short, sub-ps spin current 

pulses. Importantly, for the work presented in this chapter, this means that the inverse spin-Hall effect 

– and consequently the spin-Hall effect – will operate at these sub-ps timescales, just like they do in 

static experiments. Therefore, in an ultrafast SOT device, an applied ps electrical current pulse should 
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lead to quick spin accumulation within its pulse duration, leading to a ps spin current pulse that can 

then apply torques onto the magnetic load. 

7.3 Quasi-static spin-orbit torque switching of of Ta/Co/Pt ferromagnet 

Based on the observations of the previous Section 7.2, it can be concluded that ps current pulses in 

heavy metal wires will have short spin current pulses due to the spin-Hall (or Rashba) effect. A device 

in which ps currents are flowed through a wire of heavy metal in contact with a magnet can potentially 

exert short SOTs onto the magnet, in addition to heating it in ultrafast timescales. For this purpose, 

stacks of Ta(5 nm)/Pt(3 nm)/Co(1 nm)/Cu(1 nm)/Ta(4nm)/Pt(1 nm) are grown on both glass and 

LT-GaAs substrates by DC magnetron sputter deposition in an AJA chamber. A schematic of the 

stack is shown in Figure 7.3 (a). The Ta(5 nm)/Pt(4 nm) layer serves as a buffer, ensuring a well-

defined <111> texture for the growth of the Co film and guarantees an interface anisotropy that 

promotes PMA for Co. The Pt underlayer is also chosen owing to its large spin-Hall angle, which can 

then exert large spin orbit torques on the magnetization of Co. The Ta(4 nm) layer on the other side 

of Co is grown because of its large spin-Hall with a sign opposite to that of the Pt underlayer. As 

mentioned in Section 7.1, this leads to the spin currents arriving at Co from Pt and Ta to have the 

same orientation of their spin moments, which will result in an enhancement of the SOT on the 

magnetization of Co9. First trials with Pt/Co/Ta stacks (without a thin Cu layer between the Co and 

Ta) resulted in non-square magnetic hysteresis curves with small remanence indicating a possible large 

effective Dylazhosinkii-Moriya interaction (DMI) as in Ref 10. While the DMI is currently an 

interesting topic of study and can result in the generation of skyrmions (also a hot field of research in 

the magnetism community) in the Co/Ta interface, such interactions and Skyrmions hinder the PMA 

of Co and can be detrimental for SOT device applications. In order to obtain two well-defined 

remanent states at zero applied field, the 1 nm thick Cu layer was inserted to reduce the DMI at the 

Co/Ta interface. Cu has a long spin-diffusion length, reported to be up to 500 nm11. Therefore, spin 

currents generated in the Ta layer are expected to completely diffuse through the thin 1 nm Cu layer 

and contribute to the SOT12, 13. The choice of the stack was also determined by the necessity of having 

a top metallic layer (Cu/Ta + Pt capping) in order to get a good electrical contact with the transmission 

lines (see Sections 6.5 and 7.4 for transmission line fabrication details). Over the course of this chapter, 

the presence of the Cu layer will be assumed, and this stack will henceforth be referred to as 

“Pt/Co/Ta”. Hysteresis loops performed on the stack with an applied out-of-plane magnetic field, 

shown in Figure 7.3 (b), yield a square hysteresis with a coercive field of ~50 Oe, confirming PMA in 

the sample. The Curie temperature TC of the stack is estimated as ~800 K from the previous 

experience with extremely similar samples grown and characterized over the years. 

The switching of the Pt/Co/Ta sample by SOT is first confirmed for quasi-static conditions with long 

square current pulses. For this purpose, Hall crossbar structures (shown in Figure 7.4 (a)) are 

fabricated. An in-plane magnetic field of HX = 160 mT is applied to break the symmetry, as is required 

for SOT switching of out-of-plane magnetized stacks14. Long, 100 μs duration charge current pulses 

are applied along the x-axis, parallel or antiparallel to HX. The corresponding current-driven magnetic 

hysteresis loop is shown in Figure 7.4 (b), yielding a critical current density JC for switching the 

magnetization equal to ~2 × 1011Am-2 and verifying that the magnetization of the stack can be switched 

by SOT in quasi-DC conditions. As seen from Figure 7.4 (c), the switching current IC is inversely 

proportional to the symmetry breaking in-plane field, as is expected for SOT driven switching15, 16, 17. 
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It is also observed that the final switched state is independent of the initial state; it depends only on 

the direction of the current and the in-plane field as is required for a non-toggle deterministically 

switched device (see the arguments in Section 7.1). When the charge current and the in-plane field are 

parallel and anti-parallel, the sample switches to a final state of –MZ and +MZ respectively (+z being 

the direction out of the sample plane), in agreement with SOT arising from the combination of the 

spin Hall effect from both Pt and Ta heavy metals14, 18. 

 

Figure 7.3 Static characterization of the Pt/Co/Cu/Ta stacks. 
(a) Schematic of the stack. The Pt and Ta layers exert SOT on the magnetization of Co. The Cu layer 

reduces the DMI between the Co and Ta. (b) Static hysteresis loops performed with an out-of-plane 

field on a patterned Hall cross (see Figure 7.4 (a)) of the sample by measuring its anomalous Hall 

resistance RAHE (Figure from Ref 19). 

 

Figure 7.4 Quasi-static SOT switching of the Pt/Co/Ta stack. 
(a) Patterned Hall bar using the magnetic stack and gold contact pads. The schematic shows the 

electrical connections used for the measurement of anomalous Hall resistance (RAHE =VH/I). (b) RAHE 

as a function of the amplitude of 100 μs current pulses with an in-plane symmetry-breaking field HX 

= 160 mT. (c) Critical switching current IC is inversely proportional to HX (Figure from Ref 19). 
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7.4 Spin-orbit torque switching of Pt/Co/Ta with single ps electrical pulse 

Following the switching of the Pt/Co/Ta by SOT from long quasi-DC current pulses, the next logical 

step is to speed up the switching by utilizing short ps pulses instead. From the discussions of Section 

7.2, it can be concluded that ps current pulses will lead to short ps timescale spin current pulses from 

the Pt and Ta layers that can potentially apply a high enough SOT on Co to switch its magnetization.  

Low temperature GaAs (LT-GaAs) Auston photoconductive switches (their working principle is 

detailed in Section 6.3) are used to generate high-intensity ps pulses. The pulses are delivered to 

patterned loads of the Pt/Co/Ta magnets by transmission lines in the coplanar waveguide (CPW, 

ground-signal-ground) configuration. A schematic of the device is shown in Figure 7.5. The 

fabrication process of these devices is the same as that detailed in Section 6.5, except that these devices 

have a layer of SiO2 instead of MgO to provide electrical insulation between the lines. The 100 nm 

thick SiO2 layer is sputter deposited in an AC 450 (Alliance Concept) sputtering system in the presence 

of 20 sccm Ar and O2 flow at a base pressure of 6.1×10-3 mbar. At the end of the fabrication process, 

a 5 × 4 μm2 area of the magnetic load is exposed under the top transmission line for each CPW device. 

 

Figure 7.5 Picosecond electrical pulse generation for ultrafast SOT. 
Setup for the generation of ps electrical pulses includes an LT-GaAs based Auston switch and CPW 

waveguide. Pulses with duration 6 ps (inset) are generated. The magnified images indicate the Auston 

switch (left) and the patterned magnetic load (right). The out-of-plane field HZ is used to reset the 

magnetization between pulses during time-resolved measurements (Figure from Ref 19). 

In order to generate the picosecond pulses the Auston switch side of the transmission lines (left side 

of the schematic in Figure 7.5) is contacted with a CPW 40GHz GBB probe tip. The sample side of 

the lines (right side of schematic) is contacted with another CPW 40GHz GBB tip, with an add 50Ω 

resistor to close the circuit. A constant voltage bias ΔV, that can be between -50V and +50V, is 

applied through the left tip via a Keithley 2400 voltage source, while reading the average current. A 

small dark (i.e. leakage) current due to the finite switch resistance (>10 MΩ) when no laser pulse is 

incident on the Auston switch. The photoswitch is then irradiated with a pump beam of 1.5 mW 

average power (0.3 µJ per pulse) from a 5 kHz amplified laser system (Coherent Legend at the Institut 

Jean Lamour at Nancy, France). The pump pulses have a duration of 30 fs and a central wavelength 

of 800 nm, and are focused onto the switch by a 15 cm focal length lens to a beam size (FWHM 
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diameter) of ~ 300 µm.  When the switch is irradiated, a photocurrent is generated. The pump steering 

mirror is finely tuned to optimize the average photocurrent indicated by the Keithley 2400. Following 

the pulse detection scheme outlined in Section 6.4, a free-standing Teraspike detector tip (different 

from the Protemics model tip of Section 6.4) is placed on top of the Au transmission line to measure 

the generated ps pulses. For this measurement, the pump beam is modulated at 300 Hz with a 

mechanical chopper, and the lock-in amplifier (Stanford Research Systems 865A) is referenced to this 

modulation frequency. Exciting the photoconductive switch with the 1.5 mW power pump pulses 

resulted in intense current pulses with a pulse duration τP of 6 ps (see inset of Figure 7.5). These pulses 

then propagate along the Au CPW and are focused into the Pt/Co/Ta magnetic load by the impedance 

matched taper. 

 

Figure 7.6 Single shot SOT switching of Pt/Co/Ta by 6 ps electrical pulses. 
MOKE micrographs depict the switching of magnetization by single 6 ps electrical pulses via SOT. 

The four quadrants show two before-pulse and two after-pulse images under different combinations 

of the in-plane field and current directions. The inversion of the final state with current or in-plane 

field is a clear signature of SOT switching. The final state is always independent of the initial state. 

Bias voltages used for switching were slightly above the critical threshold (ΔV ~ 40 V). Light (dark) 

grey indicates magnetization down (up) (Figure from Ref 19). 

Figure 7.6 shows polar magneto optical Kerr effect (MOKE) micrographs of the initial and final states 

after excitation by a single 6 ps electrical pulse in various configurations, with a symmetry breaking in-

plane field of magnitude |HX| = 160 mT and a DC bias voltage ΔV = 40 V across the lines . Each 

of the four quadrants represent different combinations of the current pulse and symmetry breaking 

in-plane field HX directions. In each case, the magnetization is initialized by an applied out-of-plane 

field which is turned off prior to applying the electrical pulse. Details of the MOKE microscope are 

in Section 3.2. A 50× objective is used to focus the 630 nm wavelength LED probe light normally 

onto the sample surface. The light gray and dark gray colors of the magnetic load in the images of 

Figure 7.6 indicate magnetization of –MZ and +MZ respectively. As with the quasi-static SOT 

experiments (Section 7.3), it is again observed that parallel (antiparallel) current pulses and field result 

in a final magnetization state of –MZ (+MZ), which is expected by the symmetries of the SOTs in the 

prepared Pt/Co/Ta stack. Multiple successive pulses of the same polarity were injected, no difference 

in the final state was seen confirming non-toggle SOT mediated switching. The experiment (initial 

saturation + single shot) was successfully repeated at the switching voltage ΔV = 40 V for n = 35 

times. This leads to an estimate of >91% switching probability with a 95% confidence interval (as per 

the “rule of three”, P > 1 – 3/n), confirming the deterministic behavior of the reversal. As soon as the 
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voltage magnitude |ΔV | is decreased below 40 V, no more reversal is observed for any |HX|. Again, 

when the in-plane field is reduced below |HX| = 120 mT, no reversal is seen, likely requiring higher 

current densities, as also observed by Garello et al.1. The higher current densities were not explored 

in this work, in order to avoid the risk of degradation or permanent damage of the photoswitch or the 

magnetic load. To confirm repeatability of these measurements, similar experiments were performed 

on the same sample stack in other sets of devices (including those in CPS waveguides and different 

Auston switch designs). Similar switching characteristics were observed in these separate devices. 

7.5 Time dynamics of the ultrafast SOT from ps electrical pulses 

To measure the ultrafast magnetic response to the current pulses, time-resolved MOKE 

measurements are needed. The pump laser beam is aligned on the Auston switch and the probe on 

the Pt/Co/Ta magnetic load for these measurements, as in the experiments of Section 6.7. 

Unfortunately, technical limitations prevented the measurement of the time resolved switching 

dynamics using the 5 kHz Coherent Legend amplified laser system used for the ps SOT switching 

experiments of Section 7.4 and Figure 7.6. The signal-to-noise ratio of laser MOKE experiments 

depends strongly on the power of the laser probe beam. On the MOKE setup at Nancy used for this 

work, measurements require a minimum probe laser power of ~60 µW to resolve Kerr rotations of 

100 µrad.  The full amplitude of the hysteresis (2MS, MS being the saturation magnetization) of the 

sample is ~485 µrad, so 60 µW would allow resolution of the dynamics with an SNR of less than 

approximately 5:1 without accounting for other issues such as laser drift and sample vibrations. At a 

5 kHz repetition rate, the high per pulse energy of 12 nJ for 60 µW power causes damage to the sample 

when focused to dimensions smaller than the sample size of 5 × 4 μm2. An 80 MHz oscillator laser at 

IJL, Nancy was instead used to measure the magnetization dynamics. The oscillator outputs ~250 fs-

duration pulses centered at 780 nm. Time-resolved pump-probe measurements of the switching 

dynamics are not yet possible with this 80 MHz laser system, since the per pulse power is not high 

enough to generate intense enough current pulses even after irradiating the switch with almost the full 

pump power and applying the strongest in-plane field available in the setup. Probing the switching 

dynamics was also not possible with our 5 kHz amplified laser system. Possible solutions would be to 

make the sample area bigger and defocus the beam, or to use a higher repetition rate laser, such as the 

252 kHz Coherent RegA at Berkeley. 

Low pump and current pulse intensity time-resolved MOKE measurements are performed with the 

aforementioned 80 MHz oscillator laser under various configurations of current pulse and in-plane 

magnetic field direction. 3.6 ps-duration electrical pulses are obtained with this system (inset in Figure 

7.7 (a)).  In these experiments, the change in the out-of-plane component of the magnetization (ΔMZ) 

is monitored via polar-MOKE with a time-delayed probe pulse, focused on the magnetic load to a 

small ~1 μm spot with a 50 × objective. The measurements are done with no out-of-plane field, since 

at small excitations the sample naturally relaxed back between pulses, as is typical with low-excitation 

optical pump-probe experiments. The typical magnetic response to the pulses is shown in Figure 7.7 

(a). 

The zero delay time, i.e. the arrival of the electrical pulse at the magnetic load, by monitoring the time-

domain thermoreflectance (TDTR) response, shown in Figure 7.7 (b). This measurement is similar to 

the experiment described in Section 6.3 to determine the carrier lifetime of LT-GaAs by monitoring 
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its transient reflectivity. The black TDTR curve of Figure 7.7 (b) indicates the time at which the 

reflection of the magnetic load changes when it is heated by the ps electrical pulse, thereby allowing 

the determination of zero delay time. Further work is needed to fully interpret the TDTR response. 

From the dynamics under zero in-plane field (black symbols in Figure 7.7 (a)), the response of the Co 

magnetization to the current pulse is instantaneous, and starts at delay t = 0 set for the system by the 

TDTR measurement (Figure 7.7 (b)). For both initial starting states of the magnetization +MZ and –

MZ, the out-of-plane magnetization abruptly decreases and then slowly recovers. The decrease of 

|MZ| is due to two mechanisms. First, the SOT pulls the magnetization towards the plane, thereby 

reducing its out-of-plane component. Second, the picosecond charge current induces Joule heating 

which leads to an ultrafast loss of magnetic order (ultrafast demagnetization)20, 21. The latter and the 

subsequent slow cooling of the sample by heat diffusion explain the slow recovery at long time delays 

(350 ps; see black curve in Figure 7.7 (a)).  

The magnetization dynamics under applied in-plane magnetic fields are depicted by blue and red 

symbols in Figure 7.7 (a). At negative time delays, the magnetization is tilted in the xz plane, along the 

effective field Heff, which is the vector sum of HX, the demagnetization field and the anisotropy field 

HA of the sample at negative delays. The magnetization is therefore not fully saturated along z, unlike 

in the zero field case (black symbols in Figure 7.7 (a)).  The addition of an in-plane field breaks the 

symmetry of the system and, together with the injected spin polarization σY (which depends on the 

sign of the current pulse), determines the sign for the observed coherent precession. A parallel 

(antiparallel) in-plane field and current induces a first large precession of the magnetization towards –

MZ (+MZ), regardless of  the initial  up or down state, as expected from SOT and in perfect agreement 

with the result of the quasi-static SOT switching experiments from Section 7.3 and single shot 

experiments of Section 7.4. 

 

Figure 7.7 Dynamics of magnetization of Pt/Co/Ta due to SOT from 3.6 ps current pulses. 
 (a) The dynamics include spin orbit torques and thermal effects (demagnetization). The phase and 

sign of the torques is dependent on the in-plane field (HX) and current direction, as expected from 

SOT. Without the symmetry-breaking in-plane field the oscillations disappear (black curves). 

Experiments were done after ±MZ saturation of the sample, under HX = 0 mT, HX = ±160 mT and 
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a bias voltage of ΔV ~ 30 V. Inset represents the electrical pulse detected. The solid green line is a fit 

of current trace with a sech2 function of 3.7ps (FWHM). (b) Time-domain thermoreflectance (TDTR) 

in black and polar MOKE (PKR) response in red. The electrons immediately respond to the heat 

pulse (negative peak at time-zero). The magnetic dynamics (red) equally start at the arrival of the pulse 

with no noticeable delay (Figure from Ref 19). 

7.6 Modeling of the ultrafast SOT dynamics 

A simple Landau-Lifishitz-Gilbert (LLG) macrospin model, with the added effects of SOTs and 

ultrafast Joule heating, was developed to explain the experimentally observed time dynamics19. The 

LLG equation used incorporates both the field-like and damping-like spin-orbit torques (described in 

Section 1.5) as follows. 

(7. 3) 
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Here, γ is the gyromagnetic ratio, μ0 is the vacuum permeability, α is the damping parameter, MS is the 

saturation magnetization, 𝜎  is the direction of spin-polarization, 𝜃𝑆𝐻
𝐷𝐿 is the damping-like spin Hall 

angle, 𝜃𝑆𝐻
𝐹𝐿 is the field-like spin Hall angle, JC is the current density, d0 is the thickness of the magnetic 

layer, qe is the charge of the electron and μB is the Bohr magneton. The effective field Heff in the first 

term consists of a magneto-crystalline anisotropy field HA, a demagnetization field, and any applied 

external field, and is given by equation (7.4). 
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Here HX, HY and HZ, are the x, y, and z-components of the external field, KZ is the perpendicular 

anisotropy constant, and �⃗⃗� = 𝑀𝑠[𝑚𝑋    𝑚𝑌    𝑚𝑍 ]𝑇. The -MSmZ term in the z-direction is the 

demagnetization field due to thin-film shape anisotropy, and 𝐻𝐴 =
2𝐾𝑧

𝜇0𝑀𝑠
𝑚𝑧 . 

The temperature evolution of the stack from Joule heating is calculated from the heat diffusion 

equation (equation (7.5)). 

(7. 5) 𝐶
𝑑𝑇

𝑑𝑡
= Λ

𝑑2𝑇

𝑑𝑥2
+ 𝑞(𝑡) 

Here, T is the temperature of the stack, C is its heat-capacity per unit volume, Λ the thermal 

conductivity, and q(t) is the volumetric heating from the electrical pulse. Based on literature values of 

the heat capacity of metals22 in the Pt/Co/Ta stack and the thickness of each layer, an average value 
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for C ~ 2.6 Jm-3K-1 is estimated for the multilayer stack at room temperature.  Λ is fixed according to 

the Wiedemann-Franz Law23 as Λ = L0T/𝜌𝑒~ 9 Wm-1K-1 where 𝜌𝑒 is the measured electrical resistivity 

of the film.  

The heating from the electrical pulse is calculated from Ohm’s law as q(t) = 𝜌𝑒J(t)2
 where J(t) is the 

charge current density. Using equation (7.5) to model the temperature response of the stack to Joule 

heating makes the assumption that electrons, phonons, and spins are in thermal equilibrium with one 

another. Such an assumption is not always valid on picosecond time-scales, and nonequilibrium 

between thermal reservoirs can drive ultrafast magnetic phenomena20. However, such nonequilibrium 

effects in the Pt/Co/Ta SOT switching experiment should be small due to the 4-6 ps electrical pulse 

duration (following the discussions of Section 6.8), together with the strong thermal coupling between 

electrons and phonons in the Co layer24. The picosecond time-scale for heating is much greater than 

the electron-phonon relaxation time in transition metals25.  Therefore, the temperature nonequilibrium 

ΔTep(t) between electrons and phonons can be estimated by assuming a quasi-steady-state condition 

where rate of heat absorption of electrons equals the rate of heat-loss to the phonons.  In other words, 

q(t) ~ gepΔTep(t) where  gep is the electron-phonon volumetric energy transfer coefficient21 which is taken 

from Ref 24. 

The effects of the temperature-evolution after electrical heating is added to the LLG equation (7.3) 

by allowing MS and KZ in these equations to evolve in time based on the predictions of the thermal 

model described in equation (7.5). Based on Ref 26, the temperature dependencies of the 

magnetization and magneto-crystalline anisotropy are assumed to be to be described by equations 

(7.6) and (7.7). 

(7. 6) 𝑀𝑠(𝑇) = 𝑀𝑠(0)[1 − (𝑇 𝑇𝑐⁄ )1.7 ] 

(7. 7) 𝐾𝑧(𝑇) = 𝐾𝑧(0)[𝑀𝑠(𝑇)/𝑀𝑠(0) ]3   

Here, TC is the Curie temperature, MS(0) is the magnetization at absolute zero, and KZ(0)  is the 

anisotropy constant at absolute zero. 

Using all these equations, the experimental magnetization dynamics (Figure 7.7 (a)) of the Pt/Co/Ta 

stack when excited by a low intensity current pulse can be modeled. The spin Hall angle of the stack 

is set as 𝜃𝑆𝐻
𝐷𝐿=𝜃𝑆𝐻

𝐹𝐿= 0.3 from Ref 9, and MS is measured from vibrating sample magnetometry (VSM) 

measurements. The damping and anisotropy at room temperature are determined using optically 

excited time-resolved MOKE measurements27. To solve for the dynamics, the left hand side of the 

LLG equation (7.3) is first set as 𝑑�⃗⃗� /𝑑𝑡 = 0 and is solved for the equilibrium orientation of the 

moment, �⃗⃗� (𝑡 < 0) = �⃗⃗� 0. The stable solution to 𝑑�⃗⃗� /𝑑𝑡 = 0 is identified by choosing the solution 

with the lowest free energy.  A finite-difference scheme is then used to evolve �⃗⃗� (𝑡) forward in time 

in response to a charge current JC(t). The magnetization is evolved forward in time with time-

increments of Δ𝑡 = 1 fs (it is verified that the results are unchanged with smaller time-increments). A 

number of electrical reflections of the current pulses from the end of the transmission lines were seen 

affect the dynamics, and these reflections needed to be included in J(t) in the simulations. The resulting 

best fits are shown in Figure 7.8. The quality of the fit is remarkable for such a simple model. 
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Figure 7.8 Simulation of the ps SOT on Pt/Co/Ta stack. 
Macrospin simulation (lines) including ultrafast demagnetization and SOTs on top of the +MZ 

experimental data (circles). All data is normalized by the saturation magnetization MS at room 

temperature (Figure from Ref 19). 

The dynamics for the blue and red curves on Figure 7.8 are described according to the macroscopic 

model, and as depicted in the schematics of Figure 7.9 as follows. At negative time delays (Δt < 0) the 

magnetization m is initially in its equilibrium position, along Heff(Δt < 0) (Figure 7.9 (a)). Heff, as stated 

before, is the vector sum of HX, the demagnetization field and the anisotropy field HA. As soon as the 

current pulse arrives, a damping-like SOT 28 τDL ~ m × m ×σy (third term in the right hand side of 

equation (7.3)) brings the magnetization towards the y axis, along which the accumulated spins σy are 

oriented (seen by the initial drop in |ΔMZ| on blue and red curves in Figure 7.8) as shown in Figure 

7.9 (b). At the same time, heating changes the effective field by decreasing HA, thereby changing the 

angle (and magnitude) of the effective field to Heff(Δt > 0). As m is torqued away from its initial 

position, precession around the newly evolving effective field begins by the so called thermal 

anisotropy torque τHeff as shown in Figure 7.9 (c). The two current polarities will lead to a 180° phase 

difference in the precessional dynamics, resulting in opposite ΔMZ (red and blue trajectories in Figure 

7.8 and Figure 7.9). It is interesting to note that a field-like SOT 28 τFL ~ m ×σy (last term in the right 

hand side of equation (7.3)) dominated SOT cannot reproduce the initial drop in ΔMZ that leads to 

a kink close to Δt = 0 on the blue curve. It is therefore concluded that the SOT switching in the 

Pt/Co/Ta stacks is predominantly caused by damping-like torque, in good agreement with reports on 

similar structures9. 

Even though the LLG model describes the overall dynamics, its predictions do not agree with certain 

features of the data. In particular, the model does not match the dynamics of the black trace at HX = 

0 between 3 and 10 ps. A possible explanation is inhomogeneous broadening in the effective damping, 

consistent with prior pump/probe studies of dynamics of perpendicularly magnetized films29. In 

addition to inhomogeneities in anisotropy, it is possible that there are spatial inhomogeneities in the 

excitation, either due to the (spin) current or hot spot distribution. More experimental and theoretical 

work will be required to better understand the discrepancies. Experimental data on the switching 

dynamics will also elucidate the mechanism of switching, and help verify the various assumptions of 

the simulation. 
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Figure 7.9 Schematics of effect of SOT from ps current pulses on the magnetization of the 
Pt/Co/Ta stack. 
(a) The magnetization M is along Heff at negative time delays. (b) Soon after the current pulse arrives, 

the damping-like SOT τDL tries to align M towards σy. (c) At longer timescales (after the current pulse) 

the anisotropy torque τHeff causes precessions of M around the evolving Heff (Figure from Ref 19). 

As stated before, the macrospin approximation is used in this work, i.e. the properties in the LLG 

equation (7.3) are assumed to be independent of position. Time-resolved measurements performed 

by focusing the probe beam at different spots on the magnetic load showed no position-dependence, 

as seen in Figure 7.10. This observation confirms that the macrospin approximation used in the 

simulations of Figure 7.8 are valid. 

 

Figure 7.10 Verification of the validity of the macrospin approximation. 
Spatial dependence of dynamics measured as a function of the probe spot position along the width of 

the magnetic load. Inset on the top shows the different probe positions for the different traces. Inset 

on the bottom shows the demagnetization peak (at 11ps) as a function of the y position (across the 

sample width). The signal drops as close to the edges because the probe no longer fully overlaps the 

magnet. The probe width is about 1.5 μm (FWHM), and the sample width is 4 μm. The dynamics are 

extremely similar across the surface of the sample. Experiments along the length of the magnet (x 

direction) also showed no major differences (Figure from Ref 19). 
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Figure 7.11 Simulations of field-like and damping-like SOTs from a ps current pulse for an in-
plane magnet. 
(a) Schematic of the toy model sample with in-plane magnetization along the y-axis. Current JY is 

applied along the y-axis, leading to spin accumulation σX along the x-axis. Simulation of trajectory of 

M along the x- and z-axes if the SOT is purely a (b) damping-like torque or (c) field-like torque. (d) 

Simulation of the evolution of MZ for the two types of SOT for a 50 ps wide charge current JY (Figure 

from Dr Jon Gorchon). 

The time-resolved measurements of the ultrafast SOT in the Pt/Co/Ta stack and the corresponding 

simulations of the dynamics presented in this section led to the determination that the damping-like 

torque τDL, and not the field-like torque τFL, is the dominant SOT acting on the Co layer in the 

Pt/Co/Ta stack. There has been considerable debate on the relative strengths and utilities of these 

two torques in various material systems30, 28, 31. Triggering the magnetization of a film with the SOT 

from short electrical pulses and measuring the precessional dynamics can prove to be an effective tool 

to disentangle the effects of these two torques on any magnetic film. For example, assume a magnetic 

film of Pt/Co/Ta with Co magnetized in-plane in the y-direction as shown in the schematic of Figure 

7.11. Let a short charge current pulse with density JY be applied along a wire of this stack, parallel to 

the magnetization direction. The accumulated spins will then be along the x-axis, with a moment σX. 

If the damping-like torque (τDL ~ mY × mY ×σX) is dominant in this structure, the magnetization will 

first be torqued along the x-direction, as shown by the simulated evolution of MX vs MZ in Figure 7.11. 

This simulation is done using the same LLG equation (7.3) as before, but without any added heating 

effects. On the other hand, if the damping-like torque (τFL ~ mY ×σX) is dominant over τDL, the 

magnetization will first be torqued along the z-direction (Figure 7.11). The simulated time-evolution 

of MZ for both cases is shown in Figure 7.11. The field-like torque results in an early increase in MZ, 

while this is delayed for the damping-like torque as the magnetization precesses in ps timescales after 

the initial increase along MX. Therefore, by carefully studying the amplitude and phase the precessions 

of MX, MY, and MZ, the relative contributions of the two SOTs in any magnetic structure can be 

determined. 
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7.7 Energy consumption and endurance in the ultrafast SOT device 

The current carried by each electrical pulse that triggered SOT switching of the Pt/Co/Ta stack could 

not be correctly estimated from the average photocurrent using the method described in Section 6.4. 

It is likely that there is a significant background current at longer time delays that lead to the breakdown 

of the calculations. However, an upper limit to the current pulse amplitude can be estimated from the 

total energy stored in the photoconductive Auston switch before it is excited by a pump laser pulse. 

The Auston switch comprises of interdigitated electrodes (IDE), and can therefore be modelled as an 

IDE capacitor, whose capacitance is approximated as CIDE = (N-1)ε0εrA/d where N = 5 is the number 

digits of the electrodes, εr is the effective relative permittivity due to LT-GaAs substrate and air 

(measured as 15), ε0 the vacuum permittivity, A is the surface area of an electrode and d is the center-

to-center distance between electrodes. This is a crude approximation for CIDE, which assumes that the 

electric field between two adjacent electrodes arises from the entire area A of the electrodes and is 

mostly concentrated in the LT-GaAs underneath the electrodes (rather than in the air above)32. The 

distance that the electric field travels between the electrodes is also (simplistically) approximated to be 

the center-to-center distance d between the electrodes. A capacitance of about ~10 fF is estimated for 

the photoconductive switch from this method. Capacitance on GaAs Auston photoconductive 

switches in Ref 33 is used as a second tool to approximate the CIDE. The electrodes of the Auston 

switch used for the work in this chapter have a length L = 50 μm, width W = 6 μm and a gap S = 6 

μm, and are on a substrate with thickness t = 375 μm, yielding W/t = S/t ≈ 1/50. From Ref 33, the 

gap capacitance per unit length of the Auston switch electrodes can then be approximated to be Cg ~ 

1 pF/cm. The capacitance of the Auston switch is then approximated as33 CIDE ≈ NLCg  ≈ 25 fF, in 

reasonable agreement with the initial simplistic model. As a third verification, it is also well known 

that the RC time constant due to the capacitance of the photoswitch limits the pulse duration of the 

generated pulses34, which means an upper bound for the capacitance can be given by RC < 3.7 ps (the 

smallest measured pulse duration in the CPW transmission lines). Here, the characteristic impedance 

Z0 of the line plays the role of the resistor. The CPW line impedance is designed35, 36 to be Z0 = 70 Ω, 

which means the capacitance is at most around 53 fF, consistent with the previous estimations of CIDE. 

This upper-bound value is taken as the capacitance of the switch to calculate the upper-bound energy 

dissipation in our experiments. 

For threshold bias voltage for SOT switching, found to be ΔV = 40 V, the energy stored in the 

photoconductive switch is at most 
1

2
𝐶𝐼𝐷𝐸Δ𝑉2 ~ 50pJ, using the RC upper bound for CIDE. In a worst 

case scenario, it can be assumed that all the energy stored in the switch capacitor is completely 

dissipated at the magnetic load. This means that a pump laser pulse fully discharges the switch, and 

the ensuing laser pulse is transmitted along the CPW with no radiative losses, no transmission loses, 

no reflections, and a perfect absorption at the magnet. For the magnetic load dimensions, this 

corresponds to an energy density of ~150 MJ/m3. The energy dissipation by Joule heating for a 

Gaussian current pulse is 𝐸 = ∫ 𝐽(𝑡)2ρ ∙ d𝑡 = 0.75. 𝐽𝑃
2 𝜌𝑒𝜏𝑝, where 𝜌𝑒(= 81 μΩ-cm) is the measured 

resistivity of the magnet and JP is the peak current density. This allows the estimation of the maximum 

peak current density for switching with τP = 6 ps pulses to be about  𝐽𝐶,𝑃 ~ 6 × 108 Acm-2. Assuming 

the energy density to switch a magnetic bit remains independent of the sample size, a cubic magnetic 

bit with cell size (20 nm)3 would require an energy of ~1.2 fJ and a current of ~2.5 mA to induce SOT 

switching. Although the current pulse amplitude required is quite high, as with the ultrafast toggle 
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switching of GdFeCo by electrical pulses (Section 6.7), the total energy requirement is low due to the 

short pulse duration. Therefore, the energy requirements in this ultrafast SOT regime compare 

extremely favorably with state of the art, ns and sub-ns switching SOT results37, 38 and other types of 

memory38, even though the Pt/Co/Ta stack is non-optimized and has relatively large dimensions. The 

energy required for this device will be compared with other conventional STT and SOT devices in 

Figure 8.1. The reduction in anisotropy and ultrafast demagnetization of the magnet caused by the ps 

Joule heating from the 6 ps pulse is likely to be favoring SOT switching in this device, leading to its 

remarkably low energy requirement. However, further studies need to be done to verify the energy 

estimation technique used in this work, and it is also possible that the energy density for ultrafast SOT 

switching may not remain the same at nanoscales.  

The Auston switch is irradiated by the 5 kHz laser for hours (> 108 pulses) at switching conditions in 

order to characterize the device (for example, pulse shape characterization) with no noticeable 

degradation of the switching behavior or magnetic properties of the stack. This means that an ultrafast 

SOT device will have an endurance of at least 108 cycles, and compared favorably with other competing 

technologies like resistive RAM, phase change memory, conductive bridge RAM etc.38 

7.8 Conclusions 

In this chapter I have shown that the spin-orbit torque from an intense, short 6 ps current pulse can 

reverse the magnetization of a Pt/Co/Ta stack integrated with an Auston switch-transmission line 

device. Experimental work by other groups were analyzed to show that the current-induced spin-

accumulation can operate at the short ps timescales of the current pulses. Single shot experiments 

performed with a MOKE microscope confirmed the SOT switching. When the charge current and 

the symmetry-breaking in-plane field are parallel (anti-parallel), the sample switches to a final state of 

–MZ (+MZ), in agreement with SOT arising from the combination of the spin Hall effect from both 

Pt and Ta heavy metals. The final switched state of the magnet does not depend on its initial state. 

Therefore this technique can be used to design an ultrafast non-toggle spintronic device, where the 

switched state is not simply the opposite of its initial state, and can be set deterministically by the 

direction of the applied current pulse. 

Time-resolved measurements of the precessional dynamics induced by low intensity current pulses 

showed that the magnetization responds instantaneously to the heating and SOT pulses. The dynamics 

include an ultrafast demagnetization from the Joule heating of the magnet, and precessions that tend 

towards –MZ (+MZ) when the current pulse and the in-plane field are parallel (anti-parallel). 

Simulations based on the macrospin modeling of the LLG equation were able to qualitatively 

reproduce the observed dynamics, and confirmed that the damping-like torque is dominant over the 

field-like torque in the magnetic system. Future work on studying the dynamics of SOT switching by 

ps current pulses can confirm that the magnetization reversal occurs in short timescales, and can 

further elucidate the exact mechanism of switching. 

The endurance of the magnetic sample was found to be quite high, at least 108 switching cycles. The 

energy density for SOT switching with 6 ps electrical pulses was found to be at worst 150 MJm-3, 

leading to a low switching energy of 1.2 fJ for a typical (20 nm)3 bit, which compares favorably with 

other conventional spintronic devices.  
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Finally, it must be noted that the ultrafast SOT switching was demonstrated in a common 

ferromagnetic system without the need for exotic magnetic materials like Gd-based RE-TM 

ferrimagnets. Similar experiments can be done to also deterministic demonstrate ultrafast SOT 

switching in any magnetic material. This can be useful in making an MTJ with a large TMR ratio, with 

the switching ferromagnet layer acting as the free layer. The flexibility to extend the observations of 

this work to a wide range of magnets will be advantageous for integrating an ultrafast SOT device on-

chip with other conventional technologies like CMOS. 
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Chapter 8. Conclusion 

8.1 Summary of dissertation 

From the work presented in this dissertation, it can be concluded that the newly formed field of 

ultrafast spintronics offers great promise to speed up existing spintronic devices. An ultrafast 

spintronic device combines the advantages of two previously disparate subfields of magnetism: 

spintronics (its low power consumption and ease of integration on-chip with other technologies) and 

ultrafast magnetism (its ability to manipulate magnetism in unprecedented picosecond timescales). 

The experiments performed and analyzed in this thesis can also help unravel the characteristics of 

phenomena like current-induced spin accumulation, spin orbit torques (SOT) and ultrafast helicity-

independent all optical switching, and the complex mechanisms at play behind them. 

The magnetization-induced second harmonic generation (MSHG) was shown to be an effective 

technique for detecting the current-induced spin accumulation directly on the surfaces of high spin 

orbit coupling heavy metal wires. The tool was then used to study the dynamics of spin accumulation. 

Although MSHG was unsuccessful in resolving the speed of spin accumulation, its effectiveness in 

studying the characteristics of the accumulated spins without their interaction with a ferromagnet was 

demonstrated. 

Extensive HI-AOS experiments on Gd-based ferrimagnets were performed to understand the 

underlying mechanism and pulse duration limits of the intriguing phenomenon. The ability to switch 

GdFeCo with 15 ps optical pulses was demonstrated, which brought into question existing theories 

of HI-AOS that require high electron temperatures of the order of 1000-2000K. More importantly, 

this result indicates that Joule heating by a ps electrical current pulse should also be able to trigger 

similar ultrafast switching events in GdFeCo. Atomistic spin dynamic simulations of the HI-AOS of 

GdTbCo alloys revealed that the differential element-specific damping of the rare earth (RE) and 

transition metal (TM) sites of RE-TM ferrimagnetic systems is the most critical factor that determines 

the ability to exhibit HI-AOS. 

The HI-AOS capability of a ferrimagnetic GdFeCo film was extended to ferromagnetic Co/Pt films 

by exploiting the RKKY exchange interaction between the two layers. The ultrafast HI-AOS of Co/Pt 

has important implications for application, because conventional spintronic devices need 

ferromagnetic bits to have a larger signal for electrical readout through the tunnel magnetoresistance 

(TMR). 

Finally, building on the observation of HI-AOS of GdFeCo with ps optical pulses, it was shown that 

Joule heating by ps electrical can also successfully trigger ultrafast magnetic processes. A Co/Pt 

ferromagnet was delivered with 6 ps electrical pulses by integrating it with an Auston photoconductive 

switch and a transmission line. It was shown that the spin orbit torque arising from a 6 ps electrical 

pulse is successful in switching the magnetization of the Co/Pt in a deterministic manner, wherein the 

final switched state is controlled by the current pulse direction and is independent of the previous 

state of the device. The energy efficiency of switching was shown to be comparable to other 

conventional spintronic devices. The energy and switching speed of this device, in comparison with 

other conventional STT and SOT devices is shown in Figure 8.1 (updated from Figure 1.10 to include 

the ultrafast SOT device). This demonstration of deterministic, efficient, ultrafast SOT switching of a 
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ferromagnet will open the door for further research into faster and more efficient ultrafast spintronic 

devices. As mentioned in Section 1.7, the STT and SOT data points in Figure 8.1 were taken from Ref 
1, which cherry-picked data from separate reports of devices with different sizes, materials, 

configurations etc. For a fixed device structure with a fixed size, the write energy is expected to 

increase with decreasing switching current pulsewidth τP, especially for τP < ~0.5 ns (see Section 1.7). 

This makes the reduction of the switching energy density in the ultrafast SOT device by ~5× 

compared to the conventional SOT devices in the figure even more remarkable. Since the switching 

by ultrafast SOT is a non-equilibrium process (unlike conventional SOT), it is likely that the 

combination of ultrafast Joule heating and the ultrafast SOT in this device accounts for the reduced 

energy. However, the estimated energy in this work needs to be verified by other independent 

techniques. 

 

Figure 8.1 Switching energy and switching current pulse durations of ultrafast spintronic 
devices. 
The extremely low switching energy for the ultrafast SOT device (green star) was calculated from the 

energy stored in the Auston switch (Section 7.7) and needs to be verified by other techniques. It is 

likely that the combined effect of SOT and ultrafast Joule heating results in the estimated low energy 

(Figure adapted from data of Refs 1, 2, 3). 

8.2 Future work and outlook 

The ultrafast magnetization reversal experiments shown in this dissertation were all done on relatively 

large μm sized magnets. Effort must be put into demonstrating ultrafast SOT switching (or even 

toggle switching) by ps electrical pulses in nanoscale magnetic loads. The energy requirements for 

switching at these small sizes must be carefully studied and analyzed. Work by El-Ghazaly et al.4 

demonstrated the HI-AOS (with optical pulses) of GdCo nanodots, down to 200 nm in size. 

Interestingly, it was observed that smaller dots recover their magnetization in the opposite switched 

direction faster than larger ones. Experiments must be performed to verify this behavior for switching 

with ps electrical pulses. 
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Immediate future work will focus on verifying whether the magnetization reversal triggered by the 

SOT from 6 ps electrical pulses occurs in ultrafast timescales. 

The ps electrical pulse experiments presented in this thesis were performed using Auston 

photoconductive switches that were triggered by laser pulses. While this is acceptable for the 

demonstration of a proof-of-concept prototype, a commercial device must be all-electrical and not 

rely on bulky laser systems. Future work must therefore also focus on generating these intense ps 

electrical pulses on-chip using CMOS transistors. From the estimation of Chapter 7, cubic bit of size 

(20 nm)3 will require a peak current of ~2.5 mA for SOT switching by a 6 ps wide electrical pulses, 

assuming that the energy required for switching scales with volume from μm to nm scales (an 

assumption that also needs to be verified). This current would require fairly bulky CMOS transistors, 

so any analysis should also include the energy dissipation and spatial density of these transistors. 

All these results must then be updated to include an MTJ stack on top of the magnetic bit to enable 

the electrical readout of the bit, finally resulting in an all-electrical ultrafast spintronic device. Device 

performance must be characterized and rigorous circuit design and analysis must be performed to 

understand the performance of a large number of these devices in a circuit or system.  

Going by the energy consumption and current pulse width for an individual ultrafast SOT device, 

ultrafast spintronics holds the promise to be applicable as an MRAM to potentially replace the volatile 

SRAMs and DRAMs cache memory units high up in the memory hierarchy of a computer system. 

The low energy dissipation, non-volatility and high speed of these devices can make them integral 

parts of fast, energy efficient technologies, and can thereby aid humankind in its quest to face the 

monumental problems of the future. 
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