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ABSTRACT 

Spintronics is a burgeoning area of research focused on developing advanced nanoelectric 

devices that aim to lower power consumption while enhancing memory and processing 

capacities for future generations. A comprehensive understanding of ultrafast magnetization 

dynamics and its effective control across a wide range of timescale in magnetic thin films and 

heterostructures has recently attracted significant attention from the scientific community due 

to its promising applications in modern data storage and memory technologies. This doctoral 

thesis presents an investigation into ultrafast magnetization dynamics within various 

ferromagnetic (FM) thin films and heterostructures, spanning timescales from femtoseconds to 

nanoseconds. A comprehensive study has been conducted on the effects of different internal 

and external factors, including film thickness, laser fluence, external magnetic field strength, 

the in-plane orientation of the external magnetic field, and interfacial spin-orbit coupling on 

magnetization dynamics. We employed time-resolved magneto-optical Kerr effect (TR-

MOKE) magnetometry, utilizing an amplified femtosecond laser system, to measure ultrafast 

spin dynamics. We have studied different phenomena like ultrafast demagnetization, fast 

remagnetization, slow remagnetization with magnetization precession and damping in FM thin 

film, nonmagnet (NM)/FM, 2D-transition metal dichalcogenides (TMD)/FM, Weyl semi-metal 

(WSM)/NM heterostructures. The results of ultrafast demagnetization were analyzed using a 

phenomenological three-temperature model (3TM), while the damped precessional oscillations 

were modelled through the macrospin formalism based on the Landau-Lifshitz-Gilbert 

equation. The impact of NM layer, in-plane magnetic anisotropy in the FM, and layer-

dependent characteristics of TMDs and perpendicular magnetic anisotropy (PMA) in 

magnetization dynamics has been thoroughly examined. Through the investigation of the 

correlation between ultrafast demagnetization time and damping constant, we have delved into 

the primary mechanism underlying ultrafast demagnetization. Furthermore, the inverse 

correlation between demagnetization time and damping has allowed us to extract the spin 

chemical potential at the interface of heterostructures such as Ta/CoFeB, WS2(nML = 

2,4)/CoFeB, and Co2MnGa/Pt. The Co2MnGa/Pt heterostructure exhibits the highest intrinsic 

spin-mixing conductance ever reported. Additionally, PMA-controlled ultrafast 

demagnetization has been studied in HM/CoFeB/MgO heterostructures. 

Our study aims to enhance the understanding of spin dynamics and explore the possibility of 

controlling parameters in thin film heterostructures, thereby promoting their potential 

application in on-chip power supply and other energy-efficient spintronic and spin-orbitronic 

devices. 
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Figure 7.3: (a) In-plane (IP) and out-of-plane (OOP) hysteresis loops of CMG (42 

nm) film. (b) The temperature dependence of magnetization for the same film. 
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Figure 7.4: (a) Schematic of the sample structure and the experimental geometry. (b) 

Representative TR-MOKE trace for CMG/Pt(6 nm) sample at an in-plane bias 

magnetic field (H) of 290 mT and pump fluence of 10 mJ/cm2 showing three temporal 

regimes. 
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Figure 7.5: (a) Time-resolved Kerr rotation signals measured under opposite 

magnetic fields (green and red) of ±290 mT and the subtracted signal showing the true 

ultrafast demagnetization and fast remagnetization (black). (b) Time-resolved 

reflectivity and Kerr rotation signals under positive field (+290 mT) of CMG/Pt (1 

nm) heterostructure at pump fluence of 10 mJ/cm2. 
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Figure 7.6: (a) Time-resolved Kerr rotation showing ultrafast demagnetization and 

fast remagnetization of CMG/Pt(t) heterostructures. Variation of (b) the ultrafast 
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demagnetization time 𝜏𝑚, (c) the remagnetization time 𝜏𝑒, (d) −𝐴1(left axis) and −𝐴2 

(right axis) with Pt thickness (t). 

Figure 7.7: (a) Background subtracted time-resolved Kerr rotation showing the 

damped magnetization precession of CMG/Pt (t) heterostructures at a pump fluence 

of 10 mJ/cm2 at an in-plane external bias magnetic field (H) of 290 mT. Symbols 

represent experimental data and solid lines represent theoretical fits using equation 

7.2. (b) Precessional frequency (f) as a function of external magnetic field (H) for t = 

0, 1, and 6 nm. Symbols represent extracted f from the FFT power spectra at different 

H values and solid lines represent fits using equation 7.3. (c) Variation of 𝑀eff with t. 
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Figure 7.8: (a) Variation of damping coefficient (𝛼) of Kittel mode (solid circular 

symbols) and PSSW mode (solid star symbols) with the Pt thickness, t. The in-plane 

external bias magnetic field (H) is 290 mT, and the pump fluence equal to 10 mJ/cm2. 

Dashed lines are a guide to the eye. (b) Dependence of 𝛼 as a function of Pt thickness, 

t. The solid line is a fit to equation 7.5. (c) Variation of the ultrafast demagnetization 

rate Δ(1/𝜏𝑚) in fs-1 as a function of the modulation of effective Gilbert damping (Δ𝛼) 

for CMG/Pt(t) heterostructures. (d) Variation of back-flow factor (𝛽) and net spin 

current (𝐼𝑠) with t. 
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Figure 7.9: (a) Variation of the effective spin-mixing conductance (𝑮𝒆𝒇𝒇) as a function 

of Pt thickness (t). (b) Background subtracted time-resolved Kerr rotation showing 

the damped magnetization precession of CMG/Cu(2 nm)/Pt(8 nm) heterostructures 

with a pump fluence of 10 mJ/cm2 at an external bias magnetic field of 290 mT. 

Symbols represent experimental data points and the solid line represents fit using 

equation 7.2. 
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Figure 7.10: (a) Excitation of majority and minority spins within CMG after laser 

excitation. (b) Transmitted majority spins from CMG to Pt experience inelastic 

scattering and excite electrons in Pt that have a random velocity direction. (c) 

Following the ultrafast demagnetization process (with time constant τm), a fraction of 

electrons forms a back flux of spin polarized current from Pt to CMG where majority-

spin electrons diffuse whereas minority-spin electrons face a decay in transmission 

and accumulate at the interface. 
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Figure 8.1: (a) In-plane magnetic hysteresis loops and (b) XRR spectra from 

Ta/CoFeB (t) heterostructures. In (b) coloured symbols represent the experimental 

data points and the solid lines are the theoretical fits. The thickness of CoFeB is shown 

next to each spectrum. 
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Figure 8.2: In-plane magnetic hysteresis loop for Sub/Ta (5 nm)/Ru (20 nm)/Ta (5 

nm)/CoFeB (t)/MgO (2 nm)/AlO (10 nm) heterostructures. The thickness of CoFeB 

is shown in each graph. 
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Figure 8.3: (a) Schematic of the TR-MOKE experiment. A pump pulse of 400 nm 

wavelength excites the heterostructure film, magnetized along the x-axis. The 

subsequent time evolution of magnetization is monitored by a time-delayed probe 

pulse by detecting the Kerr rotation of the reflected beam from the sample. (b) Time 

resolved Kerr rotation signals measured under opposite magnetic fields (green and 

red symbols) of ± 3 kOe and half of the subtracted signal showing the true ultrafast 
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demagnetization and fast remagnetization (black symbol) of Ta/CoFeB (1.3 nm) 

heterostructure at a pump fluence of 10 mJ/cm2 is shown. 

Figure 8.4: Time-resolved (a) reflectivity and (b) Kerr rotation showing ultrafast 

demagnetization and fast relaxation, in Ta/CoFeB (t) heterostructures. (c) Maximum 

magnetic quenching (-𝐴2) in OOP samples (red symbols) and IP samples (black 

symbols) as a function of t. Maximum quenching is two times more in PMA samples 

as opposed to IMA samples. (d) Evolution of demagnetization time (𝜏𝑚) with CoFeB 

thickness (t nm). Red symbols and black symbols represent samples having out-off 

plane (OOP) and in-plane (IP) easy axis respectively. 
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Figure 8.5: (a) Time-resolved Kerr rotation showing ultrafast demagnetization and 

fast relaxation in TRT/CoFeB (t) heterostructures. (b) Variation of demagnetization 

time (𝜏𝑚) with CoFeB thickness (t nm) in TRT/CoFeB and Ta/CoFeB (t) 

heterostructures. Red symbols and black symbols represent samples having OOP and 

IP easy axis, respectively. (c) Maximum magnetic quenching (-𝐴2) as a function of t 

for Ta/CoFeB (t) (square symbols, where red and black symbols indicate OOP and IP 

samples, respectively) and TRT/CoFeB (t) (circular symbols, where orange and green 

symbols indicate OOP and IP samples, respectively). 
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CHAPTER 1 

Introduction 
In traditional electronics, the charge property of electron is employed to generate and control 

electric current with external electric or electromagnetic fields. From the first transistor to 

advanced microprocessors in computer, almost all electronic devices use circuits that express 

data as zeros and ones represented by absence and presence of electric charge. The growth of 

microelectronics is described in Moore’s law that the number of transistors or the power of the 

microprocessor per chip will double within every 18 months [1]. However, the size of the 

transistors and other components have reached nanoscale dimensions [2] and further reduction 

in size would lead to the heating problem making the circuit inoperable. On the other hand, 

another intrinsic quantity of angular momentum of electron, spin was utilized solely through 

its macroscopic manifestation, specifically the magnetization of a ferromagnet in magnetic 

recording before the invention of giant magnetoresistance (GMR) in 1988 [3,4]. The discovery 

of GMR paved the way to control the motion of electron by manipulating spin i.e., the 

orientation of magnetization of magnetic multilayers. To make the technological devices 

smaller, faster and efficient; physicist have employed ‘spin’ of the electron, developing a new 

field of research and technology, called ‘spintronics’ [5]. The spin-based devices can replace 

and aid several electronic devices very well with better performance such as higher data 

processing speed, integration densities and lower power consumption. However, to 

successfully integrate spin into semiconductor technology, efficient injection, transmission, 

manipulation and identification of spin polarization and spin current is necessary.  

  1.1 Magnetic length scales 

 Spin polarization is transmitted either by conduction electron or propagation of spin-waves 

throughout the local magnetic moments within an insulating material. The dipolar field or the 

demagnetizing field emanating from the edges of the samples, significantly influences the 

breakdown of magnetization into domains in bulk magnets [6]. The size of the domain ranges 

from the decades of nanometres (nm) to micrometres (µm) or even millimetres (mm) 

depending on the materials. The domain wall width is determined by balancing the exchange 

energy (defined by the stiffness constant: A) and the anisotropy energy. The exchange 

interaction becomes the predominant factor leading to a single-domain state when the system 
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size is significantly decreased. Then the complete magnetization is oriented with the global 

easy axis, considering the shape anisotropy. From the perspective of electronic transport, there 

are two important length scales: one is the elastic mean free path that refers to the distance an 

electron can travel in a magnetic material without undergoing scattering, and this distance is 

influenced by the electron's spin and ranges from a fraction of nm to few tens of nm. Another 

one is the spin-diffusion length that refers to the distance travelled by an electron keeping its 

spin memory. This length varies from a nm with high spin-orbit coupling (SOC) to a few 

hundred of nm or more in nonmagnetic materials with low SOC.  

If the length of the device is shorter than the spin-diffusion length, the electron spin will remain 

intact. When the length scale is significantly less than the electron's mean free path, the 

momentum of the electron will be conserved during transport. Now magnetic storage media, 

ranging from magnetic tapes to hard disk drives, consist of granular ferromagnetic materials 

where the grains are single domains and remain largely independent. The binary data, 

represented by 0s and 1s, are stored as magnetic domains (bits) that are magnetized either in 

alignment or in opposition along the magnetic easy axis. Each domain consists of a cluster of 

tens or hundreds of grains. The areal density of these media has been increased by reducing the 

grain size from µm in audio tape to a few nm in modern hard disc drives. The maintenance of 

thermal stability for the magnetization of each grain is required. Magnetic random-access 

memory (MRAM) is made of magnetic tunnel junction (MTJ). Each bit is represented by a 

single tunnel junction. The storage layer of each MTJ in contemporary MRAM typically ranges 

in thickness from 1.4 nm to 2 nm.  

  1.2 Importance of thin films and heterostructures 

Magnetic thin films possess magnetic properties that differ from their bulk form due to their 

reduced dimensionality and surface/interface phenomena, with a thickness of around nm or 

less, even down to atomic monolayers [7-10]. The limited dimensionality combined with 

inherent anisotropy facilitates the emergence of phenomena that are intriguing for the 

fundamental understanding of magnetic systems and significant for modern technological 

applications, which include magnetic storage devices and sensors. The primary motivation for 

investigating magnetic thin films stemmed from their ability to increase data storage capacity, 

especially at high and ultra-high densities. The manipulation of the magnetization in these films 

allows for the encoding and retrieval of information in the form of magnetic bits. In this regard, 

perpendicular magnetic anisotropy (PMA) has been recognized for providing the smallest bit 
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dimension and the greatest storage capacity. As a result, magnetic thin films have been 

engineered to serve as the active layer in magnetic recording material and magnetic memory 

devices [11]. Recently, there has been an increasing interest in exploring innovative materials 

aimed at enhancing magnetic thin-film technology. The investigation of new materials, 

morphologies, and interfacial interactions has led to the discovery of new properties and 

distinctive behaviours, thereby creating new technological opportunities. Magnetic thin films 

have become essential elements in magneto-optic, magnetoelectronic, and spintronic devices. 

They are employed in spin valves, MTJs, and spintronic sensors, where their unique magnetic 

characteristics are crucial for the manipulation of electron spins and the detection of magnetic 

fields. To achieve superior magnetic properties, such as increased magnetic anisotropy, 

diminished magnetization noise, and improved thermal stability, various materials, including 

magnetic alloys, multilayers, heterostructures and nanostructured films, are currently under 

investigation.  

Heterostructures refer to a stratified arrangement consisting of a nonmagnetic (NM) material 

and a ferromagnetic (FM) material that have recently garnered significant interest due to their 

potential uses in energy-efficient magnetic data storage and memory devices. When the NM 

layer exhibits a high SOC strength, these heterostructures can manifest pronounced spin-orbit 

phenomena, including spin pumping [12], spin Hall effect [13], inverse spin Hall effect [14], 

interfacial Dzyaloshinskii-Moriya interaction [15], spin caloric effects [16], Rashba-Edelstein 

effect [17], and inverse Rashba-Edelstein effect [18], among others. These effects are crucial 

for the advancement of spin-orbitronic devices. Such spin-based phenomena can facilitate the 

generation and utilization of pure spin currents [19] for information storage and processing, 

where the overall charge flow is negligible. Devices that operate on pure spin currents exhibit 

minimal unwanted power loss due to Joule heating and the Oersted field effect, rendering them 

more efficient and less power-intensive [20]. To effectively harness pure spin currents within 

an electronic circuit, it is essential to establish a source of spin imbalance, often referred to as 

a spin battery, alongside a dissipation-free conductor, an external manipulator, and a detector. 

In 2002, A. Brataas et al., introduced the notion of a "spin battery," wherein pure spin currents 

are generated through magnetization precession in a FM layer and subsequently transported to 

the adjacent NM layer due to the chemical potential differences that arise within these 

heterostructures [21]. This process is termed "spin pumping." The theoretical framework and 

experimental confirmation of the spin pumping mechanism were further elaborated by Y. 

Tserkovnyak et al. in the same year [22]. Spin pumping has been extensively studied and is 
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recognized as an effective method for generating pure spin currents in NM/FM 

heterostructures, as it operates without a net charge flow across the NM/FM interface, thus 

avoiding issues related to impedance mismatch [23,24].  

Fe, Co, Ni, CoFe, Co20Fe60B20 (CoFeB), Permalloy (Ni80Fe20, Py), ferromagnetic Heusler 

alloys etc. are commonly used in conjunction with various NM materials to produce pure spin 

current through spin pumping. CoFeB and Py are particularly popular choices due to their 

characteristics such as low coercivity, minimal magnetostriction, small magnetic anisotropy, 

high spin polarization, and significant tunnel magnetoresistance. These properties make them 

ideal candidates for magnetic recording head sensors and high-frequency transformers [25,26]. 

A wide variety of NMs, including heavy metals (like Ta, W, Pt, Pd, Cu, Ru etc.), two-

dimensional materials like graphene and transition metal dichalcogenides (TMDs), 

semiconductors, superconductors, topological insulators, metal oxides etc., have been studied 

for spin pumping applications. 

  1.3 Spin current in heterostructures 

The spin current produced in NM/FM heterostructures through spin pumping is utilized in spin-

torque-based devices, leading to the emergence of spin-orbitronics [27]. However, the 

effectiveness of the spin-orbit torque (SOT) is heavily reliant on the quality of the NM/FM 

interface, which can be assessed through parameters such as interfacial spin transparency [28], 

spin-mixing conductance, and spin backflow factor. The interface governs the transport of spin 

current from one layer to another. Various other factors, such as spin memory loss [29], 

interfacial band hybridization [30], interfacial spin-orbit coupling [31], two-magnon scattering 

[32], and proximity-induced effects [33], may also manifest in NM/FM interfaces, impacting 

spin current transport. To facilitate the fabrication of efficient spin current-based devices, it is 

crucial to enhance the efficiency of spin transfer across NM/FM interfaces by minimizing 

interfacial losses. The dissipation of pure spin current applies a torque to the precession of the 

magnetization within the FM layer, ultimately modulating the Gilbert damping parameter of 

the composite system. If the NM/FM interface lacks transparency, the extent of damping 

modulation can be significantly affected by interfacial losses. Therefore, the NM/FM interface 

plays a pivotal role in the efficient transport of pure spin current for utilization in SOT devices. 

Up till now, mainly electrical excitation and detection methods like non-local spin injection in 

lateral spin valves, spin-torque ferromagnetic resonance (ST-FMR), spin Hall 

magnetoresistance, second-harmonic generation, inverse spin Hall effect measurement, etc., 
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have been employed to study the spin pumping effect. These electrical detection techniques 

require precise and complex sample fabrication techniques, leading to potential artifacts due to 

electrical contacts, impurity scattering centres, and large area averaging. The values of dynamic 

parameters such as the Gilbert damping parameter are often inflated due to the presence of 

these external artifacts. Recently, the all-optical time-resolved magneto-optical Kerr effect 

(TR-MOKE) technique [34] has emerged as a reliable and non-invasive method for accurately 

determining the modulation of Gilbert damping parameter, particularly useful in investigating 

spin pumping-induced pure spin current transport in NM/FM bilayers. This technique allows 

for the direct extraction of the Gilbert damping parameter from the decay profile of the damped 

precessional oscillation, offering an advantage over traditional electrical techniques. 

Additionally, TR-MOKE is a local technique that reduces contributions from defects and 

inhomogeneities through small area averaging. In this doctoral thesis, we will utilize the all-

optical TR-MOKE technique to analyze the ultrafast magnetization dynamics in various 

NM/FM heterostructures across femtosecond to nanosecond timescales. 

  1.4 Objective of this thesis 

The primary aim of this doctoral research is to clarify the ultrafast spin dynamics that occur 

over an extensive timescale, from femtoseconds to nanoseconds, in various ferromagnetic thin 

films and heterostructures. This study intends to address several critical issues within the realm 

of spintronics, particularly the relationship between various microscopic processes associated 

with ultrafast magnetization dynamics, which are influenced by factors such as film thickness 

in FM and NM thin films, laser fluence, the orientation of in-plane magnetization, controlling 

the interfacial SOC as well as the effect of odd-even layer dependence of TMDs on 

magnetization dynamics of FM. 

The studied systems can be categorized as follows: 

I. Role of spin transport in NM/FM thin film heterostructures: Chapter 4 

describes the study of ultrafast demagnetization, remagnetization and damping in 

β-Ta(t)/Co20Fe60B20(d)/SiO2(2 nm) thin film heterostructures by systematically 

altering both the Ta and Co20Fe60B20 thicknesses. By correlating the ultrafast 

demagnetization and damping, the role of spin transport in magnetization dynamics 

as well as the role of NM thickness in the interfacial spin accumulation, is 

comprehensively studied. 
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II. Dependence of magnetization dynamics on in-plane magnetization orientation 

in electrodeposited CoP film: In chapter 5, we have investigated the in-plane 

magnetic orientation dependent ultrafast magnetization dynamics of 

electrodeposited cobalt phosphorus (CoP) alloy and the role of anisotropic SOC on 

ultrafast demagnetization, precession frequency and damping. 

III. Odd-even layer dependence of TMDs on magnetization dynamics of FM: 

Chapter 6 demonstrates the odd-even layer dependence of WS2 layer number in 

response to spin-valley coupling by measurement of ultrafast magnetization 

dynamics in WS2/Co3FeB thin film heterostructures. Fluence-dependent magnetic 

damping measurements indicate the presence of broken inversion symmetry and 

various band scattering mechanisms. Furthermore, it elaborates on the distinct 

microscopic mechanisms contributing to ultrafast demagnetization for varying WS2 

layer number. 

IV. Magnetization dynamics of Weyl semi-metal ferromagnet in heterostructures: 

Chapter 7 illustrates the magnetization dynamics of Weyl semi-metal Heusler FM 

(Co2MnGa) as well as spin transport in Co2MnGa/Pt interface. Various parameters 

such as spin mixing conductance, Pt spin-diffusion length, and interface 

transparency have been determined. 

V. Effect of interfacial SOC on ultrafast demagnetization: In chapter 8 we have 

investigated the impact of magnetic anisotropy on laser-induced ultrafast 

demagnetization. A reduction in FM thickness results in a shift of the magnetic easy 

axis from in-plane (IP) to out-of-plane (OOP), leading to a doubling of magnetic 

quenching. Notably, a faster demagnetization process is observed in OOP-oriented 

samples when compared to those at the thickness transition point from OOP to IP, 

as well as the IP samples. 
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CHAPTER 2 

Theoretical Background 

2.1 Ferromagnetism 

Throughout history, the term ferromagnetism has been utilized to describe any material capable 

of displaying spontaneous magnetization, means having magnetic moment without any 

magnetic field. This characteristic is found in specific materials, such as iron, resulting in a 

noticeable magnetic permeability and coercivity, enabling the material to become a permanent 

magnet. Ferromagnetic materials are visibly attracted to magnets due to their substantial 

magnetic permeability. In the field of physics, various types of material magnetism have been 

identified, with ferromagnetism (as well as the related effect of ferrimagnetism) being the most 

powerful form of magnetism and we encounter in our daily lives. Other types of magnetism, 

such as paramagnetism, diamagnetism, and antiferromagnetism, elicit weaker responses from 

substances. Ferromagnetism plays a crucial role in industrial settings and advanced 

technologies, serving as the foundation for electrical devices. While the exchange interaction 

maintains spin alignment, it does not dictate a specific direction. In the absence of magnetic 

anisotropy, the spins within a magnet will alter direction unpredictably in reaction to thermal 

variations, resulting in super-paramagnetism.  

     2.2 Magnetic energies 

The magnetic properties of materials are greatly influenced by various energy terms such as 

exchange energy, magnetostatic self-energy (demagnetizing energy), Zeeman energy, and 

magnetic anisotropy energy. When in equilibrium, the system naturally seeks to minimize the 

total free energy. This section provides a concise overview of the key energy contributions. 

2.2.1 Zeeman energy 

The relationship between the magnetization (𝑴) of the sample and an externally applied 

magnetic field (𝑯𝒆𝒙𝒕) is demonstrated by this equation:  

𝐸𝑍𝑒𝑒𝑚𝑎𝑛 = 𝜇0 ∫ 𝑴 ∙
𝑉

0
𝑯𝒆𝒙𝒕𝑑𝑉                                            (2.1) 

Here, 𝑉 represents the total volume occupied by the magnetic specimen, while 𝑑𝑉 denotes the 

volume element, and 𝜇0 signifies the permeability of free space. This indicates that when 
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subjected to a magnetic field, the magnetization tends to orient itself along 𝑯𝒆𝒙𝒕 in order to 

minimize its energy. 

2.2.2 Exchange energy 

The short-range magnetic ordering in magnetic materials is a result of quantum-mechanical 

properties, particularly through exchange interaction. This interaction plays a significant role 

in ferromagnets, ferrimagnets, and antiferromagnets by aligning neighbouring magnetic ions 

either parallel or antiparallel to each other. The origin of this interaction can be attributed to the 

Coulombic interaction energy and Pauli exclusion principle, which are described 

phenomenologically by the Heisenberg exchange Hamiltonian. 

𝐻𝑒𝑥 = − ∑ 𝑗𝑖𝑗𝑺𝑖 ∙ 𝑺𝑗𝑖≠𝑗                                                      (2.2) 

In the equation above, 𝑺𝑖 and 𝑺𝑗 represent the spin operators of the 𝑖-th and 𝑗-th atoms, while 

𝑗𝑖𝑗 denotes the exchange integral between them. The material can be categorized as either a 

ferromagnet or an antiferromagnet based on the polarity (sign) of 𝑗𝑖𝑗. When considering the 

continuum model, the equation can be expressed as: 

𝐸𝑒𝑥 = 𝐴 ∫ (∇𝑚)2𝑑𝑉
𝑉

0
                                                     (2.3) 

Here, the magnetic moment (m) is regarded as a continuous vector quantity, while 𝐴 is referred 

to as the exchange stiffness constant, which can be represented as: 

𝐴 =
2𝐽𝑆2

𝑎
                                                                   (2.4) 

The lattice constant, denoted as ' 𝑎 ', is considered in the context of isotropic exchange (𝐽) in 

the FM medium. This exchange interaction, known as direct exchange interaction, involves the 

interaction of electrons from magnetic atoms with their nearest neighbours. However, indirect 

exchange interactions can also occur, coupling magnetic moments over larger distances. 

Several examples of indirect exchanges are provided below. 

I. RKKY exchange: Metallic ions are connected by itinerant electrons in this scenario. 

II. Super-exchange: The magnetic cations' spins are exchange-coupled through various 

non-magnetic anions in this scenario. 

III. Anti-symmetric (or anisotropic) exchange: The Dzyaloshinskii-Moriya interaction 

(DMI), is characterized by the significant influence of spin-orbit interaction and super-

exchange, which frequently results in the slight canting of spins. 
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2.2.3 Magnetic dipolar interaction 

The interaction between two magnetic dipoles is present in all materials, regardless of whether 

they are ferromagnetic or not, although the strength may vary. The energy term associated with 

this interaction is expressed as: 

𝐸𝑑 =
𝜇0

4𝜋𝑟3 [𝑚1 ∙ 𝑚2 −
3

𝑟2 (𝑚1 ∙ 𝑟)(𝑚2 ∙ 𝑟)]                                  (2.5) 

The permeability in free space is denoted by 𝜇0, while 𝑚1 and 𝑚2 represent the moments of 

the two magnetic dipoles. The vector 𝑟 connects the two dipoles, which are influenced by the 

magnetic field generated by each other. Equation 2.5 above illustrates that the energy decreases 

with the third power of their separation, 𝑟. In the case of ferromagnets, this interaction may not 

directly impact magnetic ordering, but it significantly influences various phenomena like 

domain formation, demagnetizing field distributions, and the characterization of spin waves in 

the long wavelength range. 

2.3 Magnetic anisotropy 

Magnetic systems exhibit certain preferred orientations that make it easier to magnetize the 

sample. These orientations are referred to as easy axes, and this phenomenon is recognized as 

magnetic anisotropy. There are several types of magnetic anisotropy: 

I. Magneto-crystalline anisotropy: The magnetization of a crystal is influenced by its 

atomic structure, which creates specific orientations. The presence of spin-orbit coupling 

(SOC) is crucial in determining the crystallographic axes that display magneto-crystalline 

anisotropy. 

II. Shape anisotropy: In a confined magnetic structure, when the shape of the element is not 

completely spherical, the demagnetizing field will vary across different directions, 

resulting in the formation of one or more preferred axes to attain a state of minimal energy. 

III. Surface and interface anisotropy: The presence of broken symmetry at the surfaces and 

interfaces of magnetic thin films and multilayers frequently results in the creation of an 

effective anisotropy within the system. Within a ferromagnetic thin film, the energy 

associated with this anisotropy per unit volume can be mathematically represented as: 

𝐸𝑎𝑛𝑖 =  𝐾𝑒𝑓𝑓𝑠𝑖𝑛2𝜃                                                    (2.6) 

𝐾𝑒𝑓𝑓 =  𝐾𝑣
𝑒𝑓𝑓

+
2𝐾𝑠

𝑒𝑓𝑓

𝑑
                                                  (2.7) 
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Where, 𝑑 is the thickness of the ferromagnet, 𝐾𝑣
𝑒𝑓𝑓

 is the volume anisotropy constant 

including magneto-crystalline as well as the demagnetizing term and 𝐾𝑠
𝑒𝑓𝑓

is the effective 

surface or interface anisotropy constant. Surface roughness alters the magneto-crystalline 

surface anisotropy by disrupting symmetry near the atoms on that plane. This anisotropy 

tends to orient the magnetization of the sample out-of-plane (OOP). 

IV. Strain Induced anisotropy: When a magnetic system is subjected to strain, it gains 

anisotropy energy as a result of changes in magnetoelastic (ME) energy. Strain in films can 

be caused by various factors, such as intrinsic strain from the deposition process, strain 

due to mismatched lattice parameters of adjacent layers/substrate, and thermal strain 

resulting from differences in thermal expansion coefficients. The fabrication of ultrathin 

films/multilayers can lead to significant strain, particularly when epitaxial growth occurs 

on a substrate with varying lattice parameters (i.e. lattice mismatch between the materials 

of two consecutive layers).  

V. Perpendicular Magnetic Anisotropy: The orientation of magnetic moments in ultrathin 

magnetic films and multilayers can be significantly different from bulk materials due to 

factors such as planar interfaces, surfaces, choice of materials, and layer thickness. These 

elements can lead to tailored magnetic anisotropy, with the most intriguing result being the 

change from in-plane to perpendicular magnetization direction, known as perpendicular 

magnetic anisotropy (PMA), which can enhance the thermal stability of nanomagnets at 

room temperature. PMA is observed when electron orbitals in an FM material are deformed 

in the direction perpendicular to the film interface. When the magnetization vector (M) of 

the specimen is maintained along the OOP direction, the effective magnetic field (𝐻𝑒𝑓𝑓) of 

the system is substantially increased due to SOI. However, there is no effect of SOI when 

the M lies in-plane. PMA can also be observed at the interfaces between 3d transition metal 

FMs (Co) and heavy nonmagnetic metals (W, Au, Pt, Pd). Heterostructures made from 

CoFeB and MgO have drawn particular attention due to their lower damping constant and 

high tunnelling magnetoresistance (TMR) ratio at room temperature. 

2.4 Magnetization dynamics 

Magnetization dynamics refers to the study of how the orientation and strength of 

magnetization in a material change over time in response to external stimuli. This field of 

research is crucial for understanding the behaviour of magnetic materials in various 

applications, such as data storage devices and magnetic sensors. Therefore, in order to gain a 
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comprehensive understanding of various magnetic properties exhibited by a material, it is 

essential to comprehend the static as well as dynamic spin-based properties of the material. 

Magnetization dynamics can manifest across a broad spectrum of time scales. The 

fundamental exchange interaction is the fastest process, occurring within 10 fs. Spin-orbit 

coupling and spin-transfer torque take place within the time frame of 10 fs to 1 ps. Laser-

induced ultrafast demagnetization occurs within a few hundred fs. The fast remagnetization 

period subsequent to ultrafast demagnetization spans from 1 to 10 ps. Magnetic writing, 

achieved through spin reversal, operates within a time scale of a few ps to a few hundred ps, 

while vortex core switching ranges from a few tens of ps to ns. Magnetization precession lasts 

from a few ps to a few hundred ps, with the associated damping occurring from sub-ns to tens 

of ns. Spin waves in ferromagnetic materials can propagate from a few hundred ps to tens of 

ns before dissipating. The most slow process is the movement of domain walls, with a 

timescale ranging from a few ns to hundreds of μs. 

In TR-MOKE measurements, a fs laser pulse excites the magnetic material and the subsequent 

magnetization dynamics is studied. The laser photon's coherent interaction with electron and 

spin degrees of freedom in magnetic material results in rapid thermalization of these particles, 

leading to a sudden decrease in magnetization. This process is known as the ultrafast 

demagnetization [35]. Ultrafast demagnetization is succeeded by a dual-phase restoration of 

the chaotic magnetic structure via fast remagnetization (taking place in less than 10 ps due to 

the transfer of energy from the electron and spin systems to the lattice) and slow 

remagnetization (taking place in less than 100 ps due to energy dissipation from the lattice to 

the environment or substrate). The slow remagnetization procedure is intertwined with a 

damped precessional oscillation around a specific magnetic field orientation lasting for a few 

ns [34].  

2.3.1 Ultrafast demagnetization 

Beaurepaire et al. [35] used 60 fs laser pulses to measure transient transmittivity and linear 

MOKE of a 22 nm thick Ni film. They estimated an electron thermalization time of 260 fs and 

an electron temperature decay constant of 1 ps from the three-temperature model. The spin 

temperature attained its maximum around 2 ps, suggesting different electron and spin 

dynamics. The magnetic second harmonic generation (MSHG) experiment by Hohlfeld et al. 

[36] showed alike electron thermalization time of 280 fs, but there is no delay between electron 

excitation and magnetization loss. The results showed that ultrashort laser pulses led to 
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ultrafast heating of the electronic system. However, questions arose about the explanation of 

the experimental findings, such as whether the magneto-optical behaviour exhibited from a 

nonequilibrium system is directly related to the magnetization. A study on Cu/Ni/Cu wedges 

[37] showed that the dynamic progression of Kerr ellipticity and rotation did not align, 

resulting in a disruption of the proportional relationship between magnetization and the Voigt 

vector. Over time, numerous independent theories have been suggested to elucidate various 

experimental findings on ultrafast demagnetization. Despite the multitude of proposed models 

and mechanisms, the precise microscopic processes responsible for this rapid decline in 

magnetization have continued to be a topic of debate. 

• Phenomenological Three-temperature model (3TM) 

Since the inception of the initial laser-induced magnetization dynamics experiments, it has been 

evident that the ensuing demagnetization is a complex process, involving various constituents 

of the system that engage in different relaxation processes. The interactions within such a 

system can be depicted qualitatively through a single model comprising three distinct yet 

interconnected reservoirs - electrons, lattice, and spins, see Figure 2.1(a). These reservoirs are 

linked by interactions of varying origins and efficiencies, with each reservoir being assigned a 

specific effective temperature. The 3TM elucidates the temporal progression of the system 

through three interlinked differential equations: 

𝐶𝑒(𝑇𝑒)
𝑑𝑇𝑒

𝑑𝑡
 =  −𝐺𝑒𝑙(𝑇𝑒 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑒 − 𝑇𝑠) + 𝑃(𝑡)   (2.8a) 

𝐶𝑠(𝑇𝑠)
𝑑𝑇𝑠

𝑑𝑡
 =  −𝐺𝑠𝑙(𝑇𝑠 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑠 − 𝑇𝑒)     (2.8b) 

𝐶𝑙(𝑇𝑙)
𝑑𝑇𝑙

𝑑𝑡
 =  −𝐺𝑠𝑙(𝑇𝑙 − 𝑇𝑠) − 𝐺𝑒𝑙(𝑇𝑙 − 𝑇𝑒)     (2.8c) 

Where, 𝐺𝑖𝑗 is the coupling between the 𝑖th and 𝑗th bath, 𝐶𝑖 represents the specific heat, 𝑇𝑖 

describes the temperature of the 𝑖th bath and  𝑃(𝑡) is the laser source term. Electronic specific 

heat is proportional to the electron temperature, i.e., 𝐶𝑒  =  𝛾 𝑇𝑒 , where 𝛾 is dictated by the 

electron density of states in the vicinity of the Fermi level. The magnetization of a system at a 

specific time delay can be determined by solving equations (2.8a-2.8c) in conjunction with the 

mean-field theory of ferromagnetism. This approach allows for the calculation of the evolution 

of electron, spin, and lattice temperatures over time delays, as well as the determination of 

specific heat values and coupling constants. Based on this model, following the excitation from 

the pump laser pulse, the photon energy from the laser beam is absorbed by the electron heat 
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reservoir, resulting in the production of hot electrons that exceeds the Fermi level. This is 

clearly indicated by the sudden rise in electron temperature as shown in Figure 2.1(b). 

Throughout this increase in electron temperature, the total spin angular momentum of the 

system remains conserved due to dipole approximation. Additionally, the redistribution of 

majority and minority spins through scattering leads to an increase in spin temperature after a 

certain time delay. This rise in spin temperature subsequently causes rapid magnetization loss 

in the sample. Subsequently, energy from the electron and spin baths is dissipated in the lattice, 

leading to a fast remagnetization. After a few ps, all three heat baths reach an equilibrium state. 

The 3TM was additionally resolved analytically by Dalla Longa et al. in 2007 [38] under 

particular boundary conditions, including negligible specific heat, immediate rise in electron 

temperature following laser stimulation, and so forth. This analytical resolution is extensively 

employed within the scientific realm for calculating the ultrafast demagnetization time and 

rapid remagnetization time based on the ultrafast demagnetization information.  

 

Figure 2.1: (a) Schematic of 3TM, (b) temporal evolution of electron, spin and lattice temperatures.  

2.3.1.1 Mechanisms responsible for ultrafast demagnetization 

The 3TM provides a phenomenological explanation for ultrafast demagnetization and 

subsequent fast recovery. However, it lacks consideration for the underlying microscopic 

mechanisms involved in the ultrafast demagnetization phenomenon, such as energy 

transfer processes from laser photons to ordered ferromagnetic systems and angular 

momentum transfer mechanisms between different heat baths. Additionally, the model fails 

to explain the two-step demagnetization process observed in rare-earth ferrimagnets, 

consisting of a sub-ps demagnetization followed by a slow few ps magnetization loss. 

Various microscopic mechanisms have been proposed over time to address these 

discrepancies in the 3TM, which is discussed in the subsequent sections. 
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2.3.1.1.1 Spin-photon interaction 

In 1997, Hubner and Zhang proposed that ultrafast demagnetization is a result of the 

interplay between exchange interaction and SOC [39]. Zhang and Hübner have contended 

that ultrafast demagnetization is a collaborative outcome of the laser field and the SOC of 

a magnetic material [40]. Their research revealed that without SOC, a femtosecond laser 

pulse alone is incapable of demagnetizing a ferromagnetic sample. With the introduction 

of SOC, the spin angular momentum of a magnetic material triggers a measurable orbital 

angular momentum. This orbital angular momentum is highly susceptible to lattice 

fluctuations and deformations. Consequently, there is a reduction in spin angular 

momentum as electrons fail to keep up with the spin motion, resulting in ultrafast 

demagnetization. Moreover, under the influence of SOC, singlet and triplet states blend 

together and lose their distinctiveness. This blending can transform various prohibited spin 

states into permissible states. Furthermore, diverse laser-induced spin transitions explore 

these permissible states, causing a sudden decline in system magnetization. 

In 2004, Beaurepaire et al. [41] discovered that the ultrafast demagnetization process is 

linked to the generation of terahertz pulses. Following excitation by a pump laser, various 

spin-flip scattering events take place within a magnetic system due to its SOC. These spin-

flip events in the electron relaxation process are facilitated by SOC, which does not lead 

to complete demagnetization as observed in experiments. Additionally, the relaxation of 

electron spins between majority and minority sub-bands, aided by photon emission in the 

far infrared range, contributes to the demagnetization process. This explanation serves as 

an expansion of a previously proposed model that considers the coherent interaction 

between photons and electrons [40]. 

2.3.1.1.2 Spin-flip scattering 

In a ferromagnetic metal, there exists four primary mechanisms by which an excited 

electron can change its spin orientation. These include: a) Stoner excitation, which is most 

effective at higher energy levels [42], b) inelastic electron-spin-wave scattering, which is 

effective when the photon energy for excitation is relatively low [43,44], c) spin-flip 

scattering (SFS) resembling single-particle behavior involving impurities or phonons, 

known as the Elliott-Yafet (EY) mechanism [45,46], and d) electron-electron scattering 

based on Coulomb interaction [47]. 

a) Stoner excitation: The spin-flip probability in metals is significantly influenced by the 

band structure, which separates electronic bands for spin-down and spin-up electrons. 
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When the Fermi level is positioned between these bands, the lower-energy spin-up 

states are filled, whereas the higher-energy spin-down states remain unoccupied. This 

difference results in a net spin polarization of the conduction electrons. Exchange-split 

bands also present a unique single-particle magnetic excitation, called a Stoner 

excitation, where an electron undergoes spin reversal. 

b) Electron-magnon scattering: Stoner excitations, involving spin reversal, are 

considered magnetic excitations at the single-particle level in itinerant-electron 

magnets. When the electronic bands have a large exchange splitting at low energy and 

wave vector, individual Stoner excitations are not allowed. Instead, a collective 

magnetic excitation known as a spin wave can be produced through a coherent 

superposition of virtual excitations characterized by wave vector q at low energy [44]. 

In areas of energy-momentum space where individual Stoner excitations are almost 

permitted, there will be a coupling between the spin waves and Stoner modes, resulting 

in heavily damped spin waves. Therefore, in the low-energy region, spin waves are 

expected to dominate over Stoner excitations. This phenomenon is observed in the 

majority of experiments involving laser-induced magnetization dynamics using near-

infrared wavelengths around 800 nm, corresponding to a photon energy of 1.5 eV. It is 

important to note that on-site spin flips do not require a finite q vector, yet low-energy 

excitation is made possible by many-body effects. 

c) Elliot-Yafet mechanism: In 2010, Koopman et al. [48] introduced a microscopic 

model that utilized phonon-mediated EY scattering to elucidate the ultrafast 

demagnetization mechanism. This model is capable of accounting for both the ultrafast 

sub-picosecond single-step demagnetization process in transition metals ferromagnets 

(Type-I demagnetization) and the slower two-step demagnetization process of rare 

earth ferrimagnets (Type-II demagnetization). The model operates under the 

assumption that there exists a finite probability for a spin to undergo flipping through 

a scattering event, which is referred to as the spin-flip probability. During a scattering 

event, electrons transfer a portion of their angular momenta to the phonons, resulting 

in the band-mixing of minority spin-down and majority spin-up states with similar spin 

states near the Fermi level. This process also alters the likelihood of locating the 

scattered electron in its previous spin state (either spin-up or spin-down). According to 

this theory, the spin-mixing due to the phonon-mediated SFS is contingent upon the 

number of minority spin-down and majority spin-up states at the Fermi level. The 
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temperature evolution of the electron, lattice, and magnetization can be described by 

three interconnected differential equations as per this model: 

𝐶𝑒(𝑇𝑒)
𝑑𝑇𝑒

𝑑𝑡
= ∇𝑧(𝑘∇𝑧𝑇𝑒) + 𝑔𝑒𝑙(𝑇𝑙 − 𝑇𝑒)                              (2.9a) 

𝐶𝑙
𝑑𝑇𝑙

𝑑𝑡
= 𝑔𝑒𝑙(𝑇𝑒 − 𝑇𝑙)                                               (2.9b) 

𝑑𝑚

𝑑𝑡
= 𝑅𝑚

𝑇𝑙

𝑇𝐶
(1 − 𝑚𝑐𝑜𝑡ℎ (

𝑚𝑇𝐶

𝑇𝑒
))                                   (2.9c) 

Where 𝑘 is the thermal conductivity of electron, 𝑚 represents the normalized 

magnetization and, 𝑇𝑙, 𝑇𝑒 and 𝑇𝐶 are the lattice, electron and Curie temperature 

respectively. Furthermore, 

𝑅 =
8𝑎𝑠𝑓𝑔𝑒𝑙𝐾𝐵𝑇𝐶

2𝑉𝑎𝑡

(
𝜇𝑎𝑡

𝜇𝐵
⁄ )𝐸𝐷

2                                                (2.10) 

Here, 𝑎𝑠𝑓, 𝑔𝑒𝑙, 𝑉𝑎𝑡, 𝜇𝑎𝑡 and 𝐸𝐷 are the spin-flip probability, electron-lattice coupling 

parameter, atomic volume, atomic magnetic moment and Debey energy, respectively. It 

has been noted that the 𝑅-value is significantly lower for rare earth materials such as 

Tb and Gd, compared to transition metals like Ni and Fe. This observation enables 

researchers to suggest that a lower R-value may result in a two-step slow 

demagnetization process, with spin-lattice relaxation playing a significant role in the 

demagnetization process.  

d) Coulomb interaction: Krauβ et al. have shown that a mechanism similar to that of 

EY, which relies on electron-electron scattering facilitated by the Coulomb interaction, 

has the capability to elucidate the extremely ultrafast demagnetization process in 

materials with high SOC strength [47]. This scattering mechanism provides a larger 

phase space for electrons to transition from minority spin bands to majority spin bands 

compared to electron-phonon scattering. When excited by an ultrashort laser pulse, 

nonequilibrium electron distribution is created, leading to inter-band and intra-band 

Coulomb scattering. The ultrafast demagnetization is then succeeded by fast 

remagnetization as energy is transferred to the lattice heat bath. 

2.3.1.1.3 Relativistic spin-photon interaction 

Bigot et al. [49] put forward a theory in 2009 that is rooted in relativistic spin-photon 

interaction, offering an explanation for the ultrafast demagnetization mechanism. 

According to this theory, the material's polarization, brought about by the photon field, 

coherently interacts with the spins. This mechanism is derived from relativistic quantum 
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electrodynamics, going beyond the spin-orbit interaction that involves the ionic potential. 

Furthermore, this coherent interaction is distinctly separate from the incoherent ultrafast 

demagnetization linked to the spins' thermalization. 

2.3.1.1.4 Super-diffusive spin current transport 

The majority of theories developed to comprehend ultrafast demagnetization have 

concentrated on the angular momentum transfer process. These suggestions are grounded 

on the idea that the femtosecond laser interacts directly with perfectly aligned spins and 

initiates various avenues for angular momentum dissipation. None of these hypotheses 

consider any spin transport phenomenon to elucidate the ultrafast demagnetization 

mechanism. Nevertheless, in 2008 Malinowski et al. [50] noticed that the spin transport of 

hot electrons within a synthetic antiferromagnet hastens its demagnetization process. 

Subsequent to this experimental observation, Battiato et al. [51] introduced a semiclassical 

model in 2010 to support the significance of spin transport in the demagnetization process. 

In this model, they illustrated that the laser-induced demagnetization process can be 

clarified without assuming the generation of any spin-flip channels, but merely through 

super-diffusive spin transport (SST) theory. As per this theory, there is a spin-dependent 

transport of electrons within a magnetic system where the electrons with majority up-spin 

orientation led to quicker diffusion into the substrate compared to the electrons with 

minority down-spin orientation. Post laser excitation, electrons in d-bands are stimulated 

by absorbing energy from the laser photons to the s-bands or p-bands that are present above 

the Fermi level. The mobility of these stimulated s-bands and p-bands is significantly 

higher in contrast to the initial d-bands, rendering these electrons highly mobile. These 

mobile electrons move at a very high speed in various directions and undergo multiple 

spin-conserving scattering events. These successive scattering events generate a flow of 

hot electrons. The electron flux produced through laser excitation can be expressed by the 

transport equation: 

𝜕𝑛𝑡𝑜𝑡

𝜕𝑡
+

𝑛𝑡𝑜𝑡

𝜏
= (−

𝜕

𝜕𝑧
𝜑̂ + 𝐼) (𝑆̂𝑛𝑡𝑜𝑡 + 𝑆𝑒𝑥𝑡)                         (2.11) 

Here, 𝜑̂ and 𝐼 represent the flux and identity operator. 𝑛𝑡𝑜𝑡, 𝑆𝑒𝑥𝑡and 𝜏  are the electron 

density, electron source term and lifetime of spin respectively. 𝑆̂𝑛1 = 𝑆2, where 𝑛1 and 

𝑆2are the electron density of the initial generation and the excitation term of the subsequent 

generation. The lifetime of electrons with majority and minority spins varies, leading to a 

gradual decrease in the majority spins within the magnetic layer. This reduction in majority 
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carriers results in a decrease in the net magnetization of the system, ultimately causing 

ultrafast demagnetization. The diffusive motion of particles can be described by the 

variance of the displacement (𝜎2). In the case of a particle distribution exhibiting diffusive 

transport, the relationship for 𝜎2 can be written as 𝜎2 ∝ 𝑡𝑛, where n = 1. Conversely, for 

Ballistic transport, n = 2, meaning that 𝜎2 ∝ 𝑡2. It is important to note that super diffusive 

spin transport does not fall under either ballistic or diffusive categories. In this scenario, 

the value of n is subject to change over time, ranging from n = 2 for a shorter lifetime to n 

= 1 for a longer lifetime. 

Another emerging mechanism in this context is the optical inter-site spin transfer (OISTR) 

effect [52], which also produces a pure spin current. The OISTR process becomes 

important when the photon energy of an ultrashort infrared femtosecond pump pulse can 

cause a resonant transition between elemental subsystems of an alloy. 

 

• Ultrafast Einstein–de Haas effect 

Despite the intense controversy surrounding the microscopic mechanism of this process, 

the 2019 study by Dornes et al. [53] utilized femtosecond time-resolved X-ray diffraction 

to demonstrate that the majority of the angular momentum lost from the spin system in 

spin-flip scattering mechanism during laser-induced demagnetization of ferromagnetic 

iron is transferred to the lattice on sub-picosecond timescales. This results in the initiation 

of a transverse strain wave that propagates from the surface into the bulk. 

2.3.2 Precessional dynamics 

In the lack of a magnetic field, electron spins in a magnetic material are randomly oriented. 

When a large enough magnetic field is applied, all spins try to align along the magnetic field 

direction to reduce the overall energy of the system. The ground state spin configuration is the 

minimum energy state where all spins are directed along the effective magnetic field direction. 

The total energy of the system is the sum of different energies like Zeeman, anisotropy, 

magnetoelastic, and exchange energy, which correspond to different applied magnetic field 

values. The vector that sums up all these fields is called the effective magnetic field. Before 

any external perturbation, the macrospin of a magnetic material is in equilibrium and oriented 

in the effective magnetic field direction. However, a femtosecond laser pulse or RF microwave 

field modifies the effective magnetic field, leading to it being directed along a non-equilibrium 

direction. This causes a damped spiral movement of the magnetization about the effective 
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magnetic field, known as the precessional dynamics. This spiral motion can be explained by a 

phenomenological theory based on the Landau-Lifshitz-Gilbert (LLG) equation [54]. The LLG 

torque equation was initially introduced by Landau and Lifshitz in 1935 [55] and later revised 

by Gilbert, who added a modified damping term [56]. The theoretical formulation of the LLG 

equation is briefly outlined below: 

Quantum mechanically, the relation between the torque (𝜏) experienced by an electron having 

spin angular momentum (𝑆) can be written as 

𝜏 =
𝑑𝑆

𝑑𝑡
                                                             (2.12) 

When a material with a net magnetic moment 𝑀 is subjected to an effective magnetic field 

𝐻𝑒𝑓𝑓, it will undergo a torque 

𝜏 = 𝑀 × 𝐻𝑒𝑓𝑓                                                      (2.13) 

From equation 2.12 and 2.13, we can have 

𝑑𝑆

𝑑𝑡
= 𝑀 × 𝐻𝑒𝑓𝑓                                                     (2.14) 

Here, the effective magnetic field, denoted as 𝐻𝑒𝑓𝑓, is a combination of the external magnetic 

field, dipolar field, exchange field, and anisotropy field. The magnetic material's magnetic 

moment 𝑀 is related to 𝑆 through the specific equation 

𝑀 = −𝛾𝑆                                                           (2.15) 

Where 𝛾 is the gyromagnetic ratio. Substituting the value of  𝑆 in equation 2.14, we will have 

𝑑𝑀

𝑑𝑡
= −𝛾(𝑀 × 𝐻𝑒𝑓𝑓)                                                (2.16) 

The significance of this equation lies in the fact that the magnetization rotates around 𝐻𝑒𝑓𝑓 with 

a constant amplitude and frequency (known as Larmor frequency = 𝛾𝐻𝑒𝑓𝑓) without any energy 

loss. However, in practical situations, the rotational amplitude gradually diminishes over time. 

Therefore, to accurately represent the real rotational dynamics, the introduction of a damping 

term becomes essential. Consequently, Landau and Lifshitz (LL) proposed a dynamic equation 

that includes a damping term in addition to the rotational torque term. After that equation can 

be written as:  

𝑑𝑀

𝑑𝑡
= −𝛾(𝑀 × 𝐻𝑒𝑓𝑓) +

𝜆

𝑀2 𝑀 × (𝑀 × 𝐻𝑒𝑓𝑓)                          (2.17) 
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Here, the damping of the magnetization dynamics is represented by the term 
𝜆

𝑀2
𝑀 ×

(𝑀 × 𝐻𝑒𝑓𝑓). 𝜆 is the Landau damping parameter. The LL-damping was unable to account for 

the substantial non-eddy current-induced damping contributions. In order to overcome this 

constraint, Gilbert revised the theory to be more coherent and to include other important 

damping contributions. The revised LL-equation, referred to as the LLG-equation, is expressed 

as: 

𝑑𝑀

𝑑𝑡
= −𝛾(𝑀 × 𝐻𝑒𝑓𝑓) +

𝛼

𝑀
(𝑀 ×

𝑑𝑀

𝑑𝑡
)                                   (2.18) 

Where 𝛼 is the dimensionless Gilbert damping parameter.  

 

 

Figure 2.2: Precession of magnetization with damping about the effective magnetic field.  

2.3.2.1 Kittel equation 

Precessional dynamics leads to the concept of ferromagnetic resonance, which occurs 

when a ferromagnetic system absorbs power from an oscillating field under a stable bias 

field and an alternating magnetic field. This resonance occurs at a higher frequency than 

the Larmor precession frequency, known as ferromagnetic resonance (FMR) and its 

frequency (𝑓). In 1948, C. Kittel derived the resonance condition by solving the equation 

of motion and defining the role of the demagnetizing field [57]. 𝜔 can be written as: 

𝑓 =
𝛾

2𝜋
√[𝐻 + (𝑁𝑦 − 𝑁𝑧)𝑀𝑠][𝐻 + (𝑁𝑥 − 𝑁𝑧)𝑀𝑠]                         (2.19) 

In this case, 𝑁𝑥, 𝑁𝑦, and 𝑁𝑧 represent the x, y, and z components of the demagnetizing 

field tensor. The demagnetizing field tensor components and their respective resonance 

frequencies for several commonly used shapes are as follows: 

1. For spherical shape: 𝑁𝑥 = 𝑁𝑦 = 𝑁𝑧 = 1/3 and 𝑓 =
𝛾

2𝜋
𝐻. 
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2. For planar film: 𝑁𝑥 = 𝑁𝑧 = 0, 𝑁𝑦 = 4𝜋 and 𝑓 =
𝛾

2𝜋
√𝐻(𝐻 + 4𝜋𝑀𝑠). 

3. For a cylindrical shape: 𝑁𝑥 = 𝑁𝑦 = 1/2, 𝑁𝑧 = 0 and 𝑓 =
𝛾

2𝜋
(𝐻 +

𝑀𝑠

2
). 

In addition to the demagnetizing field, the magnetic anisotropy of a system has an impact 

on the resonance frequency of a material. The equation (2.19) governing the resonance 

frequency can be adjusted by including various magnetic anisotropy terms. Several examples 

of resonance frequency expressions with different anisotropies include: 

1. For an in-plane magnetized sample having uniaxial anisotropy (𝐾1 represents uniaxial 

anisotropy constant) 

𝑓 =
𝛾

2𝜋
√(𝐻 +

2𝐾1

𝑀𝑠
) (𝐻 + 4𝜋𝑀𝑠 +

2𝐾1

𝑀𝑠
)                               (2.20) 

2. For an in-plane magnetized sample having cubic anisotropy (𝐾2 represents cubic 

anisotropy constant) 

𝑓 =
𝛾

2𝜋
√(𝐻 +

2𝐾1

𝑀𝑠
−

4𝐾2

𝑀𝑠
) (𝐻 + 4𝜋𝑀𝑠 +

2𝐾1

𝑀𝑠
−

4𝐾2

𝑀𝑠
)                     (2.21) 

 

3. For out-of-plane magnetized sample (𝐾⊥ represents out-of-plane magnetic anisotropy 

constant) 

𝑓 =
𝛾

2𝜋
√(𝐻 +

2𝐾⊥

𝑀𝑠
) (𝐻 + 4𝜋𝑀𝑠 +

2𝐾⊥

𝑀𝑠
)                               (2.22) 

2.3.2.1 Spin wave 

In 1930, F. Bloch introduced the concept of spin waves to explain the decrease in saturation 

magnetization as the system temperature increases [58]. Initially, electron spins are aligned 

parallel to each other and oriented along the effective magnetic field. When the magnetic 

material is excited, the temperature rises in the excited region, causing an electron spin to 

flip. Due to the exchange interaction in a ferromagnet, the flipping of one spin leads to 

neighbouring spins flipping with a phase difference. This phase difference propagates as a 

wave in the magnetic system to minimize exchange energy, known as a spin wave. The 

quanta of this wave are called magnons [59]. In the case of uniform precessional motion, 

exchange-coupled spins precess in sync around the effective magnetic field, resulting in 

an infinite wavelength (λ) and a wavevector (𝑘) approaching zero. However, in non-

uniform precession, there is a finite propagation of phase difference leading to a finite 

wavelength and a non-zero 𝑘-value of the spin wave. 
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Spin waves can be categorized into two types based on their range of interaction and 

wavelength: exchange spin waves and dipolar spin waves [60]. Exchange-dominated spin 

waves are characterized by short wavelengths and are dominated by exchange interaction, 

while dipolar spin waves are identified by longer wavelengths and are dominated by 

dipolar interaction. Additionally, there are spin wave modes where both exchange and 

dipolar interactions play equal roles, typically appearing at a wavelength similar to the 

exchange length. The resonance frequency for dipole-exchange dominated spin waves in 

an FM system of infinite thickness can be expressed as: 

𝑓 =
𝛾

2𝜋
√(𝐻 +

2𝐴

𝑀𝑠
𝑘2) (𝐻 + 4𝜋𝑀𝑠𝑠𝑖𝑛2𝜃 +

2𝐴

𝑀𝑠
𝑘2)                    (2.23) 

Here, the wavevector is denoted as 𝑘, while the exchange-stiffness constant is represented 

by A. The angle between the magnetization and the magnetic easy axis of the sample is 

denoted as 𝜃. 

Within a ferromagnetic material, the exchange-dominated spin waves have the ability to 

propagate through the thickness of the film, resulting in the formation of standing waves. 

The specific spin wave modes that emerge in the spectrum as a result of these standing 

waves are referred to as perpendicular standing spin wave (PSSW) modes. In this context, 

the resonance frequency can be expressed as: 

𝑓 =
𝛾

2𝜋
√(𝐻 +

2𝐴

𝑀𝑠
(

𝑛𝜋

𝑑
)

2
) (𝐻 + 4𝜋𝑀𝑠 +

2𝐴

𝑀𝑠
(

𝑛𝜋

𝑑
)

2
)                     (2.24) 

Here, the PSSW mode's order is denoted by 𝑛, while the sample's thickness is represented 

by 𝑑.  

Manipulating various spin waves can be achieved through external stimuli like 

femtosecond laser, spin-torque, or an external bias magnetic field. This control can 

potentially result in diverse structural modifications in magnon-based information 

processing tools. The focus of this doctoral research has been primarily on examining the 

uniform precessional motion (𝑘 ≈ 0) and PSSW modes of varying orders in magnetic thin 

films and heterostructures. 

 

2.3.3 Magnetic damping 

During the precession of magnetization, there is always a certain amount of spin angular 

momentum dissipated through the lattice, leading to a gradual decrease in precessional 

amplitude over time. This phenomenon is known as magnetic damping. The precise control of 
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the magnetic damping parameter is crucial in the magnetic data storage industry as it enables 

the acceleration of magnetization recovery to equilibrium during the magnetization reversal 

process. Moreover, a thorough understanding of the mechanisms underlying magnetic damping 

and its effective modulation through external means is essential for the development of 

advanced spintronics devices. High magnetic damping materials are sought after to eliminate 

the 'ringing' of magnetization (precession) in MRAM devices during the data-writing process. 

Conversely, low damping materials play a significant role in the spintronics field by reducing 

the write-current in spin-torque-based MRAM devices and facilitating long-distance spin-wave 

propagation in magnonic devices. 

The classification of magnetic damping is based on the direction of energy transfer, resulting 

in indirect and direct magnetic damping categories [61]. Indirect damping occurs when the 

energy within the magnetic system is conserved, such as damping of spin waves by Stoner 

excitation or damping due to mode conversion. On the other hand, direct damping involves the 

conveyance of energy from the magnetic system to an adjacent nonmagnetic system and is 

further divided into intrinsic and extrinsic damping [34]. Intrinsic damping, determined by 

scattering from phonons, cannot be externally controlled as it is inherent to the system. 

Extrinsic damping, on the other hand, arises from additional magnon scattering from phonons 

and is influenced by external factors like defect density, magnetic anisotropy, temperature, 

sample geometry, and growth quality. Various contributions to damping can also be adjusted 

through spin current [12], eddy current [62], phonon-drag [63], capping [64], doping [65], 

introduction of strain [66], inversion symmetry breaking at the interface [67] etc. In the next 

section, we will briefly outline the mechanisms involved in both intrinsic and extrinsic 

damping. 

2.3.3.1 Intrinsic damping 

Various factors like intrinsic spin-orbit coupling of ferromagnets, eddy current, and phonon 

drag mechanisms play a significant role in intrinsic damping. 

A. Intrinsic spin-orbit coupling 

The relationship between the spin of an electron and its orbital angular momentum is 

referred to as SOC. This interaction is crucial in determining the electronic and 

magnetic properties of a material by influencing the electron flow, spin-flip scattering, 

magnetic anisotropy, spin relaxation time, and dissipation rate of the spin current in 

these devices. In the presence of SOC in a material, the spin magnetic moment is 

transformed into orbital magnetic moments, which are highly sensitive to lattice 
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fluctuations. This results in a loss of the net magnetic moment of the system, leading 

to finite magnetic damping. V. Kambersky provided a detailed theoretical calculation 

in 1976 on the relationship between intrinsic damping and the strength of SOC using 

the torque-correlation model. According to this model, two processes significantly 

contribute to SOC-induced magnetic damping: i) phonon-mediated spin-flip scattering 

(explained by s-d exchange interaction) and ii) ordinary scattering (explained by the 

breathing Fermi surface model). 

i) Phonon-mediated spin-flip scattering 

In 1954, Elliott and Yafet introduced a phonon-mediated spin-flip scattering mechanism 

through the scattering theory approach for energy dissipation in ferromagnetic metals 

[45,46]. Two years later, Kittel and Mitchel provided the mathematical formulation of 

this mechanism based on the s-d relaxation mechanism [68]. According to this model, 

the SOC of a material enables spin-flip scattering via phonons between two spin sub-

bands. In these materials, the localized d-electrons are connected to itinerant s-electrons 

through s-d exchange interaction, facilitating the transfer of spin angular momentum 

from d-electrons to s-electrons. This results in an incoherent spin-flip scattering of both 

s- and d-electrons, where the total spin angular momentum is not conserved. The 𝛼-

value extracted from this model can be expressed as: 

𝛼 = 𝐷𝐹 [
𝛾ħ2(𝛿𝑔)2

4𝜏𝑀𝑠
]                                                (2.25) 

In this context, 𝐷𝐹, 𝜏−1, and 𝛿𝑔 denote the density of states at the Fermi level, electron-

phonon collision frequency, and deviation in the electronic g-factor, respectively. The 

relationship between 𝛼 and 𝐷𝐹 suggests that a higher density of states at the Fermi level 

will contribute to increased damping. 

ii) Ordinary scattering 

The ordinary scattering mechanism theory was presented as the Fermi surface model 

for breathing [69,70]. In this model, spin sub-bands with different wave vectors are 

considered to be distinct in the presence of SOC. Scattering within these sub-bands 

contributes finitely to the damping process. As the magnetization orientation changes 

continuously during precessional motion, the energy states of the various spin bands 

fluctuate randomly. Consequently, a spin state on one side of the Fermi level at a 

specific delay time may transition to the other side of the Fermi level at a different 
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delay time. This transition can lead to the creation of an electron-hole pair, resulting in 

quicker dissipation of spin angular momentum. The damping contribution based on 

this model can be expressed as: 

𝛼 = [
𝛾𝜉2𝐷𝐹𝜏(𝛿𝑔)2

4𝑀𝑠
]                                                (2.26) 

The material's SOC strength, denoted as 𝜉, was observed to have been underestimated 

due to the failure of the breathing Fermi surface model to account for electron scattering 

caused by temperature variations in the system. It was later discovered that there are 

two types of contributions to damping, depending on the generation of electron-hole 

pairs [71]: 

1. Intra-band electron-hole pair generation involves the occurrence of both electron 

and hole in the same band. Damping contributes significantly to conductivity (as it 

is directly proportional to the material's conductivity) and varies proportional to 𝜉3. 

This phenomenon is predominantly observed at low temperatures.  

𝛼 ∝ 𝜎                                                         (2.27) 

2. Inter-band electron-hole pair generation occurs when the electron and hole are 

present in different bands. Damping plays a major role in resistivity (as it is directly 

proportional to the material's resistivity) and varies as 𝜉2. This phenomenon is 

mainly valid at high temperatures. 

𝛼 ∝ 𝜌                                                        (2.28) 

 

B. Eddy current mechanism 

According to Faraday's principle, a voltage will be created as a result of a time-varying 

magnetic field. This voltage will resist any further alterations in the magnetic field 

being applied. The rotation of magnetization in a ferromagnetic material is akin to a 

time-varying magnetic field, capable of generating a voltage. This voltage can induce 

a finite electric current in the ferromagnetic material, known as an eddy current. In 

accordance with Faraday's principle, this eddy current opposes any changes in the 

orientation of magnetization with respect to the external magnetic field, leading to an 

increase in damping. The contribution of eddy currents to damping is more significant 

in highly conductive ferromagnetic materials with greater thickness, approaching or 

exceeding the skin depth of the microwave excitation field [72]. The modulation of 

damping resulting from this mechanism can be mathematically expressed as: 
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𝛼 =
(𝛾𝑀𝑠)2

6
(

4𝜋

𝑐
) 2𝜎𝑑2                                         (2.29) 

Here, the electrical conductivity of the FM material is denoted by 𝜎, while 𝑐 represents 

the speed of light in a vacuum, and 𝑑 stands for the thickness of the FM material. 

 

C. Phonon drag mechanism 

In 1998, H. Suhl introduced a magnon-phonon scattering mechanism aimed at 

amplifying the damping process in magnetostrictive materials [73]. Phonons can 

dissipate their energy in two ways:  

a. Direct energy dissipation to the lattice from uniform precessional oscillation. 

b. Indirect energy dissipation through non-uniform spin-wave excitation. 

The direct energy dissipation process is commonly referred to as the phonon-drag 

mechanism. The resulting damping from this mechanism can be expressed as: 

𝛼 =
2𝜁𝛾

𝑀𝑠
[

𝐵(1+𝜎)

𝑌
]

2

                                              (2.30) 

In this system, 𝜁, 𝜎, 𝐵, and 𝑌 symbolize the and phonon viscosity, Poisson’s ratio, 

magnetoelastic shear constant, Young’s modulus, respectively. The phonon-drag 

mechanism occurs exclusively in materials where the ferromagnetic resonance 

frequency is influenced by elastic waves propagating through the film thickness. 

2.3.3.2 Extrinsic damping 

Few external factors can have a significant impact on the damping parameter in a magnetic 

system, resulting in what is known as extrinsic damping. This extrinsic damping can stem 

from both local and nonlocal sources. Local damping occurs when energy is dissipated 

within the phonon and electron system of the magnetic material itself. For instance, defects 

and inhomogeneities in the sample can lead to the generation of non-uniform resonance 

modes alongside the uniform ones, thereby increasing the damping of the composite 

system. On the other hand, nonlocal extrinsic damping in a magnetic material occurs when 

another magnetic or nonmagnetic material is located adjacent to it. This additional 

damping is caused by spin-torques on the magnetic system resulting from spin current (via 

various spin-orbit effects) or the transfer of spin angular momentum out of the magnetic 

system (also referred to as spin pumping). The extent of this nonlocal damping is heavily 

influenced by factors such as layer thicknesses, the strength of SOC in materials, and the 

characteristics of the interface. In this overview, we discuss the popular extrinsic 

mechanisms that can impact the damping of uniformly precessing spins. 
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A. Magnetic impurity 

Within a magnetic material, defects or impurities can serve as points of scattering for 

the spinning spins. The scattering phenomenon is inherently inelastic. These scattering 

points cause a loss of energy from the magnetic system by disrupting the precessional 

oscillation, ultimately resulting in an increase in 𝛼. The extent of magnetic damping 

due to this factor can be managed by reducing the defect density within the sample. 

B. Inhomogeneous magnetic anisotropy 

In the presence of magnetic anisotropy within a material, the system's magnetization 

shows a preference for specific directions [74]. When the sample exhibits sufficiently 

high magnetic anisotropy, the precessional dynamics can be altered, leading to a 

significant increase in magnetic damping. This increase in damping is more noticeable 

in lower applied fields, where spins are less tightly bound along the magnetic field 

direction, making them more susceptible to perturbations from the anisotropy field. 

The higher the anisotropy field relative to the external magnetic field, the greater the 

value of 𝛼. As the external magnetic field decreases, 𝛼 experiences an exponential 

increase, reaching a peak at the anisotropy field. 

C. Spin current induced torque 

The magnetic damping of an FM material can undergo significant changes through 

spin current injection, which can be influenced by various spin-orbit effects such as the 

spin Hall effect (SHE) [75], Rashba-Edelstein effect (REE) [76], and other spin caloric 

effects [77]. The injected spin current introduces a torque on the precessing spins, 

affecting their energy dissipation process. In the case of a high strength NM material 

with strong SOC, the application of a charge current leads to the development of spin 

polarization along its transverse direction due to spin-dependent scattering, known as 

the SHE. This spin polarization, in the form of pure spin current, flows to the adjacent 

FM layer through the NM/FM interface, exerting a torque on the precessing 

magnetization of the FM. This torque can either increase (damping-like torque) or 

decrease (anti-damping-like torque) α of the composite NM/FM system. The REE is 

another mechanism for spin-charge conversion, which emerges in the presence of spin-

polarized surface states. When a charge current flows through these spin-polarized 

surface states, a finite spin accumulation is observed at the interfaces. This spin 

accumulation acts as a spin current, influencing the magnetization dynamics. 

Alongside the SHE and REE, there exist several spin caloric effects like the spin 

Seebeck effect, spin Nernst effect, and spin Peltier effect, which can convert between 
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thermal and spin current. In these cases, a temperature gradient can generate spin 

current and significantly modulate 𝛼. 

D. Spin pumping 

In an NM/FM heterostructure, an external stimulation leads to magnetization 

precession, resulting in the transfer of spin angular momentum from the FM layer to 

the NM layer in the form of pure spin current. This phenomenon, known as the spin 

pumping effect, is analogous to a physical pumping mechanism. As a consequence, the 

amplitude of precession experiences accelerated decay, leading to an increase in 𝛼. The 

spin pumping effect in NM/FM layered systems was initially proposed in 1988 by 

Hurdequint et al. to explain the findings of a spin resonance experiment [78]. The 

authors suggested that the precessing magnetization serves as the source of a 

nonequilibrium spin accumulation that diffuses out of the NM/FM interfaces into the 

adjacent NM layer, where it is dissipated by spin-flip processes. The enhancement in 

𝛼 induced by spin pumping was further explored in 1996 by Berger et al. in 

NM/FM/NM type spin valve structures [79]. Their expression for the modulation of 𝛼 

is dependent on the layer thickness and several material parameters. However, this 

modulation does not disappear with vanishing exchange splitting, raising doubts about 

its validity. In 2002, Y. Tserkovnyak and A. Brataas theoretically demonstrated this 

damping enhancement in NM/FM heterostructures using the time-dependent adiabatic 

scattering theory, which gained widespread acceptance in the scientific community 

[12,22,80]. Their study predicted that in the presence of an NM layer adjacent to the 

FM layer, spin current would be pumped from the FM layer to the NM layer and be 

partially or fully absorbed. The pumped spin current (𝐼𝑠
𝑝𝑢𝑚𝑝

) from the FM layer to the 

NM layer due to the spin pumping effect can be expressed as:  

𝐼𝑠
𝑝𝑢𝑚𝑝 =

ħ

4𝜋
(𝑔𝑟

↑↓𝑀 ×
𝑑𝑀

𝑑𝑡
− 𝑔𝑖

↑↓ 𝑑𝑀

𝑑𝑡
)                             (2.31) 

The imaginary and real components of the spin-mixing conductance are represented 

by 𝑔𝑖
↑↓ and 𝑔𝑟

↑↓. When a large but finite NM reservoir is connected to one side of the 

FM, it is expected to create a non-vanishing spin accumulation at the NM/FM interface. 

The difference in chemical potential between spin-up and spin-down states perturbs 

these accumulated spins, causing them to be pumped out from the NM/FM interface 

and allowing them to relax through spin-flip scattering. With a slow enough variation 

of magnetization, this spin accumulation is anticipated to flow back into the FM layer, 

generating a spin backflow current (𝐼𝑠
𝑏𝑎𝑐𝑘). The spin backflow current is influenced by 
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the spin accumulation at the NM/FM interface and is dependent on the spin backflow 

factor (𝛽) of the NM layer. The most significant increase in damping occurs when there 

is no backscattered spin current, meaning that β → 0. As 𝐼𝑠
𝑏𝑎𝑐𝑘 becomes more 

significant, the enhancement in damping decreases from its highest value. Conversely, 

when β >> 1/𝑔𝑟
↑↓, the damping enhancement is insignificant. The spin current that is 

pumped into the NM layer is almost completely sent back to the FM layer. 

In order to function as an effective spin sink, the NM layer thickness must exceed its 

spin diffusion length by several times. The increase in the Gilbert damping parameter 

is greater for NM layers with a higher spin-flip relaxation rate (𝑟). NM layers 

possessing high 𝑟 values have the potential to counteract the spin accumulation at the 

NM/FM interface. This 𝑟 can be approximately defined as:  

𝑟 ∝ 𝑍4                                                         (2.32) 

Where, 𝑍 represents the atomic number. The heavier elements with 𝑍 ≥ 50 exhibit a 

significantly high 𝑟 value, making them well-suited for utilization as spin sink material. 

Consequently, NM/FM heterostructures containing a heavy metal NM layer like W, Ta, 

Pt, or Pd are anticipated to have a substantial damping enhancement. Conversely, 

lighter materials with atomic number 𝑍 ≤ 50, such as Cu, Ru, or Al, have a 

considerably smaller 𝑟, rendering them less effective as spin sink material. 

E. Two-magnon scattering 

The existence of magnetic imperfections and irregularities in the ultra-thin magnetic 

films can lead to the dispersion of the uniform precessional mode (𝑘 = 0) by non-

uniform modes (𝑘 ≠ 0). This phenomenon is commonly referred to as two-magnon 

scattering (TMS) [81-83]. It represents an inelastic scattering process where energy 

remains constant, but magnon momentum does not. The TMS contribution to 

precessional dynamics is primarily influenced by three factors:  

i) Precessional frequency: The quantity of degenerate magnons accessible for 

scattering rises as the precessional frequency rises. This also suggests that the 

likelihood of magnon-magnon scattering increases with a higher frequency. 

ii) The angle between the easy axis of the sample and the external applied 

magnetic field: As the angle between the sample's easy axis and the external 

applied magnetic field grows, magnon degeneracy diminishes slowly. 

Ultimately, the degeneracy disappears when the sample's magnetization aligns 

perfectly along the out-of-plane direction. 
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iii) The thickness of the magnetic film: The TMS contribution to the 𝛼 

demonstrates an inverse square dependence on the FM layer thickness. 

𝛼𝑇𝑀𝑆 = 𝛽𝑇𝑀𝑆𝑡𝐹𝑀
−2                                                (2.33) 

F. Spin memory loss 

The partial depolarization of the spin current produced by the FMR technique at the 

interface is caused by the spin memory loss (SML). This concept was initially 

introduced in 1933 by T. Valet et al. in their research on current perpendicular to-plane 

GMR [84]. As per this proposition, if 𝐽𝑠 represents the quantity of spin current produced 

on the FM side, after excitation then only (1 − 𝛿)𝐽𝑠 can traverse the NM/FM interface 

(where 𝛿 denotes the SML coefficient). During the absorption process at the interface, 

𝛿𝐽𝑠 is influenced by the interfacial spin-orbit coupling or defects. Various theoretical 

calculations and experimental investigations have validated that a current discontinuity 

emerges at the NM/FM interface due to SML, turning the interface into an ideal spin 

sink [29,85]. This loss impacts spin transport and enhances the 𝛼-value of a composite 

system by reducing the interface's transparency. To fabricate spin-based devices, it is 

advisable to minimize this impact in a composite structure by establishing a 

transparent, well-defined, and defect-free interface. 

2.5 Correlation between ultrafast demagnetization and Gilbert 

damping  

The synchronization of magnetization dynamics spanning from femtoseconds to nanoseconds 

poses a persistent challenge for the field of magnetism. A microscopic model was introduced 

by Koopmans et al. in 2005 to establish a connection between ultrafast demagnetization, a 

femtosecond event, and magnetic damping, a nanosecond process [86]. This model operates 

under the assumption that both ultrafast demagnetization and magnetic damping rely on spin-

flip scattering to release energy to the lattice. Furthermore, it suggests that the primary angular 

momentum transfer pathways in both scenarios are identical. As per this model, when the 

temperature is significantly lower than the Curie temperature (𝑇𝐶), the relationship between 

ultrafast demagnetization time (𝜏𝑚) and 𝛼 can be expressed as: 

𝜏𝑚 =
ħ

4𝑘𝐵𝑇𝐶𝛼
                                                        (2.34) 

Nevertheless, this model fails to account for these phenomena at elevated temperatures, where 

regular scattering takes precedence. Additionally, it is flawed in two ways: i) it oversimplifies 
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the treatment of electronic spin-flip scattering by using only one effective parameter, and ii) it 

neglects the impact of band structure variation. Djordjevic et al. developed a micromagnetic 

model in 2007, suggesting an additional magnetic relaxation path, including instantaneous 

ultrafast demagnetization due to spin-flip scattering events and energy transfer between excited 

states and spin wave relaxation chains [87]. In 2008, Walowski et al. challenged the Koopmans 

model by revealing a discrepancy in the inverse relationship between 𝜏𝑚 and 𝛼 for rare earth 

(Dy) doped ferromagnetic Py films [88]. This discrepancy is due to missing electron relaxation 

channels in the presence of rare earth metals. Only one spin relaxation channel was considered 

for both femtosecond and nanosecond time scales, which is not true in the presence of f-band 

electrons. Radu et al. also observed similar discrepancies against Koopman's model in Py films 

with Dy, Ho, Gd, and Tb impurities [89]. 

Later M. Fähnle et al. proposed a universal model to correlate 𝜏𝑚 and 𝛼, considering electronic 

band structure details and electronic transitions between states. The relation between 𝜏𝑚 and 𝛼 

can be proportional or inversely proportional depending on the dominant contribution to 

magnetic damping. A proportional relation occurs if the damping has a dominant conductivity-

like contribution, which can be modelled using the "breathing Fermi surface" model of 

damping: 

𝜏𝑚  =  
𝑀

𝛾𝑝𝑏2𝐹𝑒𝑙
𝛼 ,                                                    (2.35) 

Where, 𝑀 is the magnitude of magnetization vector M,  𝐹𝑒𝑙 is determined by the derivatives of 

the individual electron energies in relation to the orientation of M, 𝑝 represents a material-

specific parameter and 𝑏2 is the Elliot-Yafet spin-mixing parameter. 

There will be an inverse relationship between 𝜏𝑚 and 𝛼, when the damping mechanism is 

dominated by a resistivity-like contribution. This resistivity-like contribution is a result of the 

inter-band relaxation of electrons and holes, and can be represented by the "bubbling Fermi 

surface" model of the damping. In such instances, the relationship between 𝜏𝑚 and 𝛼 can be 

expressed as:  

𝜏𝑚  =  
𝐹′𝑒𝑙

𝑝𝑏2

1

𝛼
 ,                                                     (2.36) 

The value of 𝐹′𝑒𝑙 is calculated based on the electronic states, but it differs from 𝐹𝑒𝑙. 𝐹′𝑒𝑙 is 

determined by the matrix elements formed by two distinct electronic wave functions, while 𝐹𝑒𝑙 

is determined by matrix elements formed by the same electronic wave functions. However, the 

model proposed by Fähnle et al. failed to account for the impact of spin transport effects. 
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Therefore, it is limited in its applicability to conventional ferromagnetic materials characterized 

by spin-flip scattering influencing both ultrafast demagnetization and damping. Tveten et al., 

have recently made a theoretical prediction regarding the potential explanation of 𝜏𝑚 in relation 

to spin current-induced damping in NM/FM heterostructures using electron-magnon scattering 

theory [90]. Subsequently, Zhang et al., experimentally showed that a direct correlation 

between 𝜏𝑚 and 𝛼 would confirm spin-flip scattering as the primary factor in ultrafast 

demagnetization [91]. Conversely, an inverse relationship would indicate that spin current 

transport is the predominant microscopic mechanism driving the ultrafast demagnetization 

process [92]. Through this inverse correlation, one can derive the spin chemical potential (𝜇𝑠) 

for different NM/FM interfaces using the following equation: 

                                     ∆
1

𝜏𝑚
=

𝜇𝑠

ħ
𝛥𝛼.                                                     (2.37) 

where the demagnetization rate and modulation of damping is represented by (∆
1

𝜏𝑚
=

1

𝜏𝑚
|𝑡 −

1

𝜏𝑚
|𝑡=0) and (∆ 𝛼 =  𝛼|𝑡 −  𝛼|𝑡=0) respectively. 𝜇𝑠 quantifies the spin chemical potential at the 

interface of NM/FM. The femtosecond laser-generated spin current is extremely short-lived 

(sub-ps), whereas the spin current induced by spin pumping can persist for ns. Despite 

occurring at two distinct time scales, the physical characteristics of both spin currents are alike. 

The fs spin current enhances the demagnetization rate, while the spin pumping induced spin 

current enhances the magnetic damping. 

2.6 Magneto-optical Kerr effect 

The phrase "magneto-optics" describes the different event that occur when electromagnetic 

radiation strikes the materials that are magnetically polarized. Two significant magneto-optic 

phenomena are the Kerr effect and the Faraday effect. The Kerr effect is the rotation of the 

plane of polarization of a light beam when reflected from a magnetized sample [93]. Typically, 

the rotation is minimal (around tenths of a degree) and is influenced by both the magnitude and 

direction of magnetization. On the other hand, the Faraday effect causes the plane of 

polarization of a light beam to rotate as it passes through a magnetized sample [94]. In this 

scenario, the rotation can be more pronounced, reaching several degrees, as the radiation 

interacts more intensely with the sample compared to the Kerr effect. Nevertheless, the Faraday 

effect is only observable in thin samples with low attenuation, making it unsuitable for studying 

bulk samples. 
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Magneto-optical Kerr effect (MOKE) is proved as an efficient method for detecting the 

magnetization of a magnetic material. Currently, there is extensive utilization of it in the 

examination of the static and dynamic magnetic characteristics of various magnetic substances 

across a wide spectrum of length and time intervals.  

2.4.1 Physical origin of MOKE 

The physical origin of MOKE can be explained either from a macroscopic and microscopic 

point of view. 

Macroscopic view:  

Linearly polarized light can be separated into two opposite circular polarized lights. Circularly 

polarized beams consist of photons with equal magnitudes of angular momentum, which is 1. 

However, the angular momentum vector associated with right circularly polarized (RCP) light 

is oriented in the direction opposite to that of left circularly polarized (LCP) light. The 

magnetization of a magnetic substance can lead to a Zeeman splitting of the energy states. For 

instance, in the case where the atomic spin is 1/2, each state will divide into two levels, with a 

total spin of S = +1/2 and S = -1/2, respectively. It is essential to ensure the conservation of 

both angular momentum and energy when a photon stimulates an electron to move from a sub-

level in level 1 to a sub-level in level 2. Consequently, only specific transitions are permissible 

in order to uphold the conservation of angular momentum. 

𝑆1 = −
1

2
     →      𝑆2 = +

1

2
 ,      ∆𝐿 = +1. 

𝑆1 = +
1

2
     →      𝑆2 = −

1

2
 ,      ∆𝐿 = −1. 

The photon carrying angular momentum L = +1 stimulates an electron from the spin S = -1/2 

state in level 1 to the spin S = +1/2 state in level 2. Likewise, the photon with angular 

momentum L = -1 stimulates an electron from the spin S = +1/2 state in level 1 to the spin S = 

-1/2 state in level 2. Therefore, photons with opposite polarizations result in distinct electronic 

transitions within the atom. 

In level 1, there is a disparity in the electronic populations between the two spin states, with 

the lower-energy state accommodates a greater number of electrons statistically. Consequently, 

one of the circular polarizations is absorbed more than the other, leading to the phenomenon 

known as circular dichroism. Upon the combination of the final circular polarizations into a 
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linearly polarized beam, a rotation of the plane of polarization is noted in comparison to that 

of the incoming beam. The phase difference that arises between the initial and final planes of 

polarization is referred to as circular birefringence.  

Microscopic view: 

MOKE is believed to have originated from the spin-orbit interaction. According to this theory, 

the motion of electrons influenced by the electric field of light impacts the spin-orbit interaction 

of the system. This alteration in spin-orbit interaction can be represented as: 𝑆 × ∇𝑉, where 𝑆 

and ∇𝑉 denote the spin angular momentum of an electron and the electric field acting on the 

electron, respectively. While this phenomenon is observable in both FM and NM materials, it 

is more pronounced in FM materials due to the disparity between up-spin and down-spin within 

them. 

2.4.2 MOKE Geometries 

MOKE geometries can be categorized into three distinct types: longitudinal, transverse, and 

polar geometries, which depend on the alignment of the magnetization vector with respect to 

the sample surface and the plane of light incidence. In the longitudinal geometry (Figure 

2.3(a)), the magnetization (M) aligns with both the surface of the sample and the plane in which 

the light is incident. On the other hand, in the polar geometry (Figure 2.3(b)), M is 

perpendicular to the sample surface and parallel to the plane of light incidence. The Kerr 

rotation can be qualitatively explained by the interaction between the electric field (E) of the 

light and the material's magnetization[95]. In linearly polarized light (such as p-polarized light), 

the electrons within the sample oscillate in alignment with the E-field of the light, with the 

oscillation occurring in the plane of light incidence and the sample. When the light is reflected, 

there is a π phase change compared to the incident beam, resulting in the direction of E 

becoming opposite to the incident electric field. The Lorentz force (FLor) on the oscillating 

electrons generates an additional small vibrational component (𝑘) perpendicular to the plane 

of light incidence. The electric field of the reflected light is the vector sum of the original 

electric field vector (𝑟) and the Lorentz field vector (𝑘). The reflected light's electric field, 

which is the vector sum, is rotated due to the sample's magnetization. S-polarized light, 

characterized by an electric field that is perpendicular to the plane of incidence, demonstrates 

a comparable Kerr rotation in relation to the polar effect. The longitudinal Kerr effect is not 

observed at normal incidence due to the cross-product being zero. However, for different 

incident angles, the longitudinal Kerr effect is detected in both p-polarized and s-polarized 
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light. The third MOKE configuration is known as the transverse geometry, in which M is 

situated within the sample plane, but perpendicular to the plane of light incidence (refer to 

Figure 2.3(c)). Only p-polarized light exhibits the transverse Kerr effect. Under these 

conditions, the reflected beam retains its linear polarization without any Kerr rotation, although 

the amplitude is altered as the magnetization vector shifts from +M to -M. 

The rotation angle within the polarization plane caused by the Kerr effect is identified as Kerr 

rotation (𝜃𝑘), while the induced ellipticity is termed Kerr ellipticity (𝜖𝑘). Both 𝜃𝑘 and 𝜖𝑘 are 

directly linked to the magnetization of the system (Figure 2.3(d)) and are interconnected 

through the equation:  

𝜃𝑘 + 𝑖𝜖𝑘 =
𝑘

𝑟
, where 𝑘 ≪ 𝑟                                            (2.38) 

Here, 𝑘 and 𝑟 are the perpendicular and parallel components of the electric field vector (E) of 

the reflected beam, respectively. 

 

Figure 2.3: Schematic diagrams of (a) longitudinal, (b) polar and (c) transverse MOKE geometry. (d) Geometry 

of the Kerr rotation (𝜃𝑘) and Kerr ellipticity (𝜖𝑘) are demonstrated. 
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CHAPTER-3 

Experimental Methods 

3.1 Introduction 

The production of high-quality samples with dimensions as small as the sub-nanometre range 

is crucial for future technological advancements. This process heavily relies on advanced 

engineering techniques that ensures precise growth of on-chip devices and the selection of 

optimal materials. To meet these requirements, scientist have developed various sophisticated 

fabrication methods to create thin film heterostructures and nanostructures with exceptional 

perfection and minimal defects. There are primarily two methods to create these desired 

samples: bottom-up chemical technique and top-down physical technique. The bottom-up 

method involves chemical reactions to synthesize nanowires, nanoparticles, and other 

nanostructures. While this method is cost-effective and easier to manage, controlling the 

deposition process can be challenging, especially when aiming for ordered crystalline 

structures and monodispersed samples. Conversely, the top-down approach allows for the 

efficient deposition of high-quality nanostructures, ultrathin films, and multilayers with precise 

structure and composition. In recent times, a combination of both bottom-up and top-down 

approach are utilized to fabricate high quality samples based on user convenience. The research 

presented in this thesis focuses on thin films and heterostructures deposited using RF/DC 

magnetron sputtering technique. This method enables the production of film with exceptional 

quality, sharp interfaces, and minimal structural defects on a substrate. Following the 

deposition of this thin films, various structural characterizations are conducted using 

techniques such as atomic force microscopy (AFM), X-ray diffraction (XRD), X-ray 

reflectivity (XRR), and Raman spectroscopy. The static magnetic properties are analyzed using 

static MOKE (S-MOKE) magnetometer and vibrating sample magnetometers (VSM). We have 

utilized a custom build non-collinear TR-MOKE magnetometer to investigate the 

magnetization dynamics. Subsequently, we will provide a brief overview of the operational 

principles behind these fabrication and characterization techniques.  

3.2 Sample fabrication technique 

There are several methods of depositing samples on a substrate: molecular beam epitaxy, 

chemical vapour deposition, thermal evaporation, pulsed laser deposition, magnetron 
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sputtering, electron beam evaporation, and more. The quality of the samples can be controlled 

by selecting the appropriate technique for the desired material deposition and by controlling 

various deposition conditions to optimize the technique. Our thin films and heterostructures 

are deposited using magnetron sputtering technique, which offers distinct advantages over 

other techniques, such as:  

i) The entire target surface act as the source in sputtering.  

ii) Better adhesion to the substrate is achieved due to the high velocity of sputtered 

particles. 

iii) Deposited materials exhibit higher melting temperature due to several cooling 

procedures. 

3.2.1 Magnetron sputtering technique 

Magnetron sputtering [96] is a highly versatile and efficient method of physical vapor 

deposition [97] for producing high-quality thin films and heterostructures. The sputtering 

chamber consists of four main components: the target (made of the material to be 

deposited), the substrate (where the deposition occurs), the sputter gun, and the plasma. 

Sputtering operates on the principle of momentum transfer through elastic collisions, 

resulting in the transfer of molecules from the target to the substrate. The negatively 

charged target is located at the bottom of the chamber, while the substrate, at ground 

potential, is positioned at the top (as shown in Figure 3.1). A high-voltage power supply 

ionizes the inert gas to create plasma containing electrons, ions, and neutral atoms within 

the chamber. The electrons in the plasma are repelled from the negatively charged target 

and collide with neutral atoms, generating secondary electrons and maintaining electron 

density. Positively charged ions are accelerated at high velocity toward the target, 

dislodging some of its atoms, which are then deposited onto the substrate. These processes 

occur within a vacuum of approximately 10-7 Torr or better. Argon is commonly used as the 

inert gas in sputtering chambers due to its heavier atomic weight compared to helium and 

neon, as well as its lower cost relative to krypton and xenon. During the deposition process, 

a powerful magnetic field is utilized to guide the secondary electrons along a helical path 

around the target. This results in a higher likelihood of ionization for the inert gas within 

the chamber, leading to improved sputtering efficiency, decreased impurity concentration, 

and the ability to lower the substrate temperature. 
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Figure 3.1: Schematic diagram of RF/DC magnetron sputtering.   

There are two categories of sputtering, depending on the power supply used during the 

deposition: direct current (DC) sputtering and radio frequency (RF) sputtering. In DC 

sputtering, a DC voltage is applied between the electrodes during the deposition. While DC 

sputtering is an efficient and cost-effective method for depositing conductive materials such 

as metals (e.g. Ni, Co, Au, W, Ta, Cu, NiFe, CoFe, CoFeB), it is not suitable for dielectric 

or nonconducting materials such as insulators and oxides (Al2O3, SiO2). Deposition of 

dielectric or nonconducting materials using this sputtering technique can generate a 

polarized charge near the target, leading to problems such as arcing and target poisoning. 

To avoid this issue, RF sputtering is employed, where the target material is continuously 

bombarded with positive and negative ions by changing the electrical potential of the target 

at radio frequencies. In conclusion, high-quality ultrathin films and multilayers can be 

grown using the sputtering technique by selecting the appropriate electrode voltage (DC or 

RF), controlling the deposition rate through a quartz crystal monitor, and optimizing 

pressure inside the sputtering chamber. 

3.3 Static characterization techniques 

3.3.1 X-ray diffraction 

The X-ray diffraction (XRD) technique [98], proposed by Max von Laue in 1912, is utilized 

to investigate the crystalline properties of a material. This technique is widely used due to 

X-rays having a wavelength similar to the lattice spacing of crystalline materials. By 
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diffracting X-rays from lattice planes separated by distance d, Bragg's law [99] states that 

2𝑑𝑠𝑖𝑛(𝜃) = 𝑛𝜆, where n is the order of diffraction and θ is the incident angle. In an XRD 

experiment, θ is incrementally changed in small steps, and the intensity of the diffracted X-

ray beam at 2θ angle relative to the incident beam direction is recorded. Certain diffracted 

beams may negate one another; however, when the beams possess comparable 

wavelengths, constructive interference takes place. The diffraction peak positions provide 

information about the atomic planes reflecting X-ray beams and the spacing between these 

planes, aiding in identifying the elements present in the sample and their crystal structure. 

For the measurements conducted in this thesis work, a Cu-Kα X-ray source characterized 

by a wavelength of 1.54 Å was used. 

 

Figure 3.2: Schematic diagram of (a) X-ray diffractometer, (b) X-ray diffraction process.  

3.3.2 X-ray reflectivity 

The technique of X-ray reflectivity (XRR) is employed to examine the intensity curves of X 

ray reflections resulting from a grazing incident X-ray beam. This analysis facilitates the 

determination of various thin film parameters, such as thickness, density and surface or 

interface roughness. It is a method that does not require physical contact and does not cause 

damage when examining the quality of surfaces and interfaces. This technique was initially 

utilized in 1954 by Lyman G. Parratt to investigate the surface of a glass coated with copper 

[100]. This method includes the measurement of the X-ray intensity reflected based on the 

incident angle within a specific range close to the critical angle for total reflection. Beyond this 

critical angle, the intensity of specular reflection decreases, exhibiting a pattern that relies on 

the structural characteristics of the interface. A standard reflectivity curve comprises the 

Fresnel reflectivity (with a 1/Q4 relationship, where Q = 4π sinθ/λ) and an interference pattern 

(Kiessig fringes) resulting from scattering at various layers (such as in a thin film or multilayer). 
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Figure 3.3: Diagram illustrating numerous reflections occurring within a multilayer film consisting of n layers 

on a substrate with n+1 interfaces.  

3.3.3 Atomic force microscopy 

The technique of atomic force microscopy (AFM) was initially developed by IBM in 1986 to 

examine the morphology and topography of a sample surface [101]. This type of microscopy 

can achieve a vertical resolution of 0.1 nm and a lateral resolution of approximately 20 nm 

under ambient conditions. The technique involves probing the atomic force between a 

cantilever tip and the sample surface, followed by imaging. It is capable of characterizing a 

wide range of materials, including polymers, ceramics, glasses, composite materials, thin films, 

and biological membranes. A multimodal AFM set-up consists of an optical head, a 

piezoelectric scanning stage, a mechanical cantilever with a sharp tip, and a controller 

connected to a computer (as shown in Figure 3.4). The optical head contains a laser and several 

photodetectors. The sample is positioned on a piezoelectric x-y-z scanning stage, enabling 

precise and accurate scanning with a resolution better than the optical diffraction limit. A sharp 

tip, coated with metals or doped diamond, is attached to a cantilever coated with Pt-Ir, Co-Cr, 

and is used to scan the sample surface. As the cantilever tip approaches the sample surface, it 

experiences various atomic forces such as capillary force, electrostatic force, force due to 

chemical bonding, magnetic force, and van der Waals force, causing deflections from the usual 

cantilever motion. This deflection is detected by sensitive photodetectors attached to the optical 

head, and the signal is collected via the controller in terms of voltage, forming a three-

dimensional representation of the sample surface in the computer. 
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Figure 3.4: Schematic of atomic force microscopy.  

Alteration in surface topography causes the cantilever tip to deflect, which can then be recorded 

on a three-dimensional image obtained through the controller. An AFM can function in three 

distinct modes: i) contact mode, ii) non-contact mode, and iii) tapping mode. In the contact 

mode, the cantilever tip is positioned very close to the sample surface (within a few Å 

distances), leading to a repulsive van der Waals force. To prevent any harm to the cantilever tip 

and the sample surface while scanning, these cantilevers are crafted from highly flexible 

materials. In the non-contact mode, the cantilever tip is maintained at a distance from the 

sample surface to experience an attractive van der Waals force. Tapping mode is the most 

favoured mode of operation for an AFM set-up. In this mode, the cantilever tip vibrates at its 

resonance frequency, causing the distance between the tip and the sample surface to oscillate 

between contact and non-contact modes. Near the sample surface, the tip encounters a repulsive 

force, leading to a reduction in the oscillation amplitude. As the distance between the tip and 

the sample surface increases, the strength of this repulsive force diminishes and eventually 

transforms into an attractive force at a specific distance. The final AFM image reflects the 

varying amplitude of the cantilever tip. 

3.3.4. Raman spectroscopy 

Raman spectroscopy is a non-invasive method for analyzing chemicals, offering in-depth 

insights into chemical composition, phase, structure, polymorphism, molecular interactions, 

and crystallinity. This technique relies on the interaction between light and chemical bonds 

present in a material. In a typical Raman spectroscopy procedure, the sample is exposed to 

photons of a specific wavelength (typically from a high-intensity laser) causing the sample 

molecules to scatter the incident light. The majority of the scattered light retains the same 
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wavelength as the laser source (known as Rayleigh scatter resulting from elastic collisions), 

while a small portion scatters at different wavelengths. This discrepancy in energy levels is a 

result of inelastic collisions, where the photon interacts with the sample, leading to changes in 

the rotational and vibrational energy of the molecule. A Raman spectrum displays various 

peaks, indicating the intensity and wavelength position of the Raman scattered light. The 

intensity of peaks observed in the spectrum is directly corelated with the concentration of the 

species from which it was produced. A LABRAM HR Evolution instrument utilizing a solid-

state laser, featuring a spectral resolution of 600 lines/mm is employed to accurately identify 

the number of WS2 layers. We employed laser excitations at a wavelength of 532 nm, 

maintaining the laser power at 1.15 mW. 

 

Figure 3.5: Schematic of Raman spectroscopy.  

3.3.5. Vibrating sample magnetometry 

Vibrating sample magnetometry (VSM) is a commonly utilized and effective inductive 

technique for analyzing the magnetic properties of a material in relation to the applied magnetic 

field and temperature. The method was discovered by Simon Foner in 1956 and has since then 

undergone enhancements in versatility and sensitivity. The fundamental concept of VSM 

measurement is rooted in Faraday's law of magnetic induction, which states that a variation in 

magnetic flux through a coil can produce an induced electromotive force (E) within that coil. 

This 𝐸 can be written as: 
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𝐸 =  −𝑁𝐴
𝑑𝐵

𝑑𝑡
                                                             (3.1) 

Here, 𝐴 is the area of each coil, 𝑁 is the number of turns in the coil, and 𝐵 (= 𝐻 + 4𝜋𝑀) is the 

induced magnetic field. Using the value of B in equation 3.1, we have: 

𝐸 =  −4𝜋𝑁𝐴
𝑑𝑀

𝑑𝑡
                                                         (3.2) 

Throughout the VSM measurement, the sample is affixed to a nonmagnetic plastic or quartz 

rod and suspended vertically between two magnetic pole pieces of an electromagnet (refer to 

Figure 3.6). The electromagnet will generate a consistent magnetic field around the specimen 

and attempt to align its spins in the direction of the field. A piezoelectric transducer is connected 

to the specimen rod, facilitating sinusoidal oscillation of the rod along the vertical axis. This 

vertical oscillation will introduce a disturbance to the external magnetic field, which will 

ultimately be detected by the coils. This disturbance will alter the magnetic flux passing 

through the coil and produce an electromotive force that can be expressed as: 

𝐸 =  −2𝜋𝑓𝑚𝑙𝐴𝑁𝐺𝑁𝑐cos (2𝜋𝑓𝑡)                                       (3.3) 

Where, 𝑓 and 𝐴 are the frequency and amplitude of the vibration, m is the DC magnetic 

moment, 𝑁𝑐 and 𝑙 are the number of pick-up coils and the length between the coils. The 

generated electromotive force is identified by a lock-in amplifier. The lock-in amplifier collects 

its reference signal from the piezoelectric transducer. By adjusting the external magnetic field, 

magnetic hysteresis loops can be obtained, while conducting a temperature-dependent 

magnetic measurement will reveal the Curie and Neel temperature of the sample. 

  

Figure 3.6: Schematic of vibrating sample magnetometry.  
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3.3.6. Static magneto-optical Kerr-effect magnetometry 

The S-MOKE technique is a magneto-optical method utilized for measuring the magnetization 

of thin films and nanostructures through Kerr rotation or ellipticity [34]. This method is non-

invasive and provides local measurements of magnetization. While S-MOKE can measure Kerr 

signal in all three MOKE geometries, this thesis primarily focuses on the longitudinal Kerr 

geometry, where the sample magnetization is parallel to both the incident plane and sample 

surface. A continuous-wave He-Ne laser operating at a wavelength of 632.8 nm is employed 

for detecting the Kerr rotation. Prior to exciting the sample, the laser beam passes through a 

polarizer to ensure that the incident beam is fully linearly polarized. An in-plane magnetic field 

is applied to the sample using an electromagnet. The reflected beam from the sample is directed 

towards an optical bridge detector (OBD) capable of detecting the rotation in the plane of 

polarization. The laser beam is modulated at a frequency of 1 kHz by a photoelastic modulator 

(PEM). The optical head of the PEM is connected to a controller unit via an electrical head. 

The frequency of the PEM serves as the reference signal for the lock-in amplifier. The output 

signal from the OBD is phase-sensitively measured using a lock-in amplifier (refer to Figure 

3.7). For the measurement of magnetic hysteresis loop, the external in-plane magnetic field is 

varied from the positive direction to the negative direction, and vice-versa, and the change in 

the Kerr signal is monitored at each field value with the assistance of a LabView software. 

 

Figure 3.7: Schematic diagram of a static magneto-optical Kerr-effect magnetometry.  

3.4 Dynamic characterization technique 

In order to study the ultrafast spin dynamics of magnetic systems, a non-collinear TR-MOKE 

magnetometry technique was employed utilizing an amplified femtosecond laser system. This 
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method involves a dual-beam pump-probe experiment [34,102]. As the pump-probe 

spectroscopy is utilized to study dynamical process, the physical system needs to be disturbed 

from its equilibrium state. A pump pulse initially stimulates the system being studied, followed 

by a probe pulse that measures the changes induced by the pump at various delay times. The 

interval between the pump and probe pulses is regulated by adjusting the difference in path 

length between them, in accordance with the equation dt = dx/c, where dx represents the path 

length difference and c denotes the speed of light. As an example, we examine the electron 

energy levels within an atom. When the pump pulse energy matches the energy gap between 

two levels, the atoms within the specimen will absorb photons from the pump pulse, leading to 

an increase in the electron population at the higher energy level. Subsequently, the probe pulse 

is detected after interacting with the sample. Monitoring the changes in the probe pulse post-

interaction with the sample is crucial in determining the physical condition of the sample as it 

returns to an equilibrium state following the disturbance caused by the pump pulse. By 

examining a wide range of timescales, one can observe how the system evolves over time 

following the initial disturbance. The TR-MOKE magnetometry is capable of identifying 

various phenomena including ultrafast demagnetization (taking place within a few hundred 

femtoseconds), fast remagnetization (occurring within a few picoseconds), and slow 

remagnetization combined with damped precessional oscillation (taking place within a few 

nanoseconds). It has many advantages over its competing techniques such as FMR as below. 

1. This measurement technique is entirely optical and non-invasive, and it is also 

unaffected by any electrical leakages. 

2. There is no need for intricate microfabrication when utilizing this method to measure a 

sample. 

3. This technique has an exceptional temporal resolution of approximately 35 

femtoseconds. 

4. This method is local technique with a spatial resolution of approximately 100 μm, 

resulting in minimal impact from extensive area averaging. 

5. The TR-MOKE magnetometry utilizes an amplifier laser with a high average pulse 

energy of approximately 4.2 mJ/pulse. This allows for the delivery of high fluence 

values of around 100 mJ/cm2. Additionally, the wavelength of the laser beam can be 

varied from 250 nm to 2200 nm using an optical parametric amplifier system. 

In the following section, the experimental arrangements of this set-up will be thoroughly 

discussed. 
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3.4.1. TR-MOKE magnetometry 

In this pump probe set up the fundamental laser beam having wavelength of 800 nm is split 

into two beams using a beam splitter. A portion of the beam is frequency doubled (400 nm) 

using a second-harmonic generator (SHG) to be used as a pump beam to excite the sample. The 

other portion of the fundamental laser beam is attenuated and aligned in order to be utilized as 

the probe beam to detect the dynamics. The pump beam strikes the sample at an angle, whereas 

the probe beam is incident on it perpendicularly. The reflected probe beam is then utilized to 

concurrently measure the time-dependent polar Kerr rotation and reflectivity signals. The 

process of creating an amplified femtosecond laser pulse is highly sophisticated and complex. 

The entire amplifier laser system consists of several parts as below [103]. 

1. A seed laser (Vitesee) 

2. A pump laser (Evolution) 

3. Regenerative cavity 

4. Stretcher and compressor gratings 

5. Synchronization and delay generator 

3.4.1.1. Vitesse 

The Vitesse laser is a Verdi-pumped ultrafast laser that is compact in size, generating mode-

locked pulses of less than 100 femtoseconds pulse-width at a repetition rate of 80 MHz [104]. 

It delivers an average output power exceeding 200 mW at 800 nm. The laser system comprises 

a laser head and power supply linked by an umbilical cord. This cord includes fiber optic cables 

for transmitting light from the diode bar in the power supply to the laser head, as well as 

electrical cables for controlling and monitoring signals between the two components. The 

Vitesse laser head is equipped with a sealed optical cavity housing either (A) a 2- or 5-Watt, 

532 nm Verdi laser head serving as the pump laser, (B) a Power Track mirror, and (C) the Verdi 

Pumped Ultra-Fast (VPUF) laser head. Additionally, beam steering mirrors are integrated into 

the laser head to ensure precise exit beam alignment, a feature that is standard across all Vitesse 

Laser Systems. 
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Figure 3.8: Schematic diagram of Vitesse laser head.  

A. Verdi laser head 

The primary optical components in the sealed pump laser head (Figure 3.9) consist of Nd 

doped Yttrium Vanadate serving as the gain medium, LBO (Lithium Triborate, LiB3O5) 

functioning as the doubling crystal, an etalon utilized for single-frequency optics, an optical 

diode, an astigmatic compensator, along with two pump mirrors and two end mirrors. All 

optical elements are mounted on Invar for strength and stability. The resonator assembly, 

permanently aligned, is housed in a clean-room environment within a sealed enclosure. 

Verdi's Nd: YVO4 gain medium is stimulated by an 808 nm laser beam from the fibre array 

package, resulting in a robust single frequency beam of 1064 nm. This beam is then directed 

through the LBO crystal, producing a 532 nm beam through second-harmonic generation. 

The laser resonator undergoes unidirectional single-frequency oscillation with the help of 

an intra-cavity etalon and an optical diode. Single-frequency selectivity is improved by a 

temperature-stabilized Fabry-Pérot etalon, while the optical diode utilizes the "spatial hole 

burning" mechanism for unidirectional lasing. Thermal gradient within the laser resonator 

can lead to astigmatism due to thermal focusing, which can be mitigated through 

temperature optimization. Astigmatism caused by spherically curved mirrors inside the 

resonator cavity is corrected using a Brewster plate compensator. To ensure maximum 

efficiency of the Verdi laser head, the LBO crystal must meet a band matching condition 

where the fundamental beam and its second harmonics travel at the same speed within the 

crystal. This phase matching is achieved by adjusting the temperature of the LBO crystal, 

approximately 149°C for the 1064 nm fundamental laser beam. To prevent abrupt 

temperature changes that could harm the optical coating on the LBO crystal, a central 

processing unit continuously monitors the temperature. A gradual heater ramp-up cycle 

heats the LBO crystal, while a slow cool-down cycle cools it. In case of a sudden power 

outage, a battery backup circuit in the power supply ensures controlled cooling of the LBO 
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crystal. The 532 nm output beam from the Verdi laser head is directed towards the VPUF 

laser head via the power-track mirror. 

 

Figure 3.9: Schematic of optical pump (Verdi) laser head.  

B. Power Track 

The Power Track feature utilizes a Piezo-driven mirror to actively maintain the optimal 

alignment of the pump beam into the VPUF cavity, effectively reducing fluctuations in the 

ultrafast output power. These mirrors are connected to levers that enable scanning in the 

XY-plane by adjusting the tilt and pointing direction. Controlled by a piezoelectric 

transducer (PZT), the levers receive voltage from the PZT controller when the Vitesse 

system is activated, initiating raster scanning to change the pump beam position on the 

mirror. Following initial adjustments, the raster scan transitions into a smaller amplitude 

dither scan for precise alignment, with the system electronics able to differentiate between 

the two scans based on the change in PZT voltage. This distinction allows for fine-tuning 

of the pump beam alignment by optimizing the PZT voltage. 

 

C. VPUF laser  

The ultrafast laser VPUF (Figure 3.10) utilizes Ti-Sapphire as the gain medium. Negative 

Dispersion Mirrors (NDM) with proprietary technology are employed to achieve the 

necessary total negative dispersion compensation for generating sub-100 femtosecond 

pulses. Mode-locking is achieved through the Kerr-Lens mode-locking (KLM) technique, 

with an automatic starter triggering the initiation of mode-locking. The laser cavity is 

constructed on an invar plate to ensure mechanical strength and stability, and it is sealed to 



49 | P a g e  
 

minimize environmental contamination. In the instance of a pulsed laser beam, the central 

region of the beam exhibits a higher intensity compared to the edges. As a result of the 

optical Kerr effect, the refractive index at the edges and the center of the pulsed laser beam 

will differ, creating a Kerr lens. This laser beam will converge, allowing only the intense 

portion to pass through. The resulting narrow beam is directed through a slit that permits 

only that specific portion of the beam to pass through unattenuated, serving as the driving 

force for mode-locking. Additionally, the laser beam interacts with various optical 

components possessing different refractive indices. This interaction alters the shape of the 

laser pulse and introduces spectral chirping (negative or positive), a phenomenon known 

as group velocity dispersion (GVD). Furthermore, Kerr lensing causes distinct phase shifts 

for different frequency components, potentially exacerbating the chirping and leading to 

pulse broadening, a phenomenon referred to as self-phase modulation (SPM). To mitigate 

the impact of GVD and SPM, a few negative dispersion mirrors, primarily Febry-Pérot 

etalons, are integrated within the cavity. Ultimately, a sub-100 fs pulsed laser output at 800 

nm is derived from the VPUF laser head, which is subsequently utilized for amplification. 

 

Figure 3.10: Schematic of Optical VPUF laser head.  

3.4.1.2. Evolution 

The Evolution-30 laser system is a diode-pumped, intra-cavity doubled, Q-switched Nd:YLF 

laser that can generate an average energy exceeding 20 mJ at 527 nm with repetition rates 1 

kHz [105]. This laser system marks a notable progression within its category, providing high 

efficiency, minimal maintenance requirements, and superior beam quality made possible by 

laser diode pumping. The Evolution-30 laser system consists of four primary components: (A) 
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optical laser bench assembly, (B) power supply assembly, (C) control computer, and (D) closed 

loop chiller. 

A. Optical laser bench assembly 

The Evolution-30 optical laser bench comprises a sealed monolithic aluminium chassis that 

houses integrated opto-mechanical, electrical, and cooling components, such as: 

• A water-cooled, diode-pumped Nd:YLF laser head (pump chamber) 

• An optical resonator 

• Acousto-optical Q-switches 

• A temperature-controlled oven with an LBO frequency-doubling crystal 

• Safety shutter. 

I. Diode Lasers: The Evolution-30 laser system utilizes a three-block arrangement with 

four AlGaAs diode laser bars to pump the laser gain medium. The diode laser bars are 

connected to a water-cooled heat sink for continuous temperature maintenance. These 

diode lasers are specifically used for pumping the Nd: YLF gain medium. 

II. Nd: YLF laser: The Nd: YLF gain medium proves to be highly effective in producing 

high-energy pulses at a low repetition rate. This is attributed to its extended upper-state 

lifetime of around 470 µs, which facilitates efficient energy storage. The inherent 

birefringence and minimal thermal lensing of the medium contribute to preserving the 

beam quality. By utilizing an intra-cavity polarizer, users can select between 1047 nm 

and 1053 nm as the emission wavelength. Nevertheless, the Evolution-30 typically 

functions at a 1053 nm wavelength to minimize thermal lensing effects. 

III. Acousto-optic Q-switching: When ultrasonic vibration interacts with an optically 

transparent material, it causes a connection between the material's refractive index and 

the strain field of the vibration. This phenomenon, known as the photo-elastic effect, 

transforms the optically transparent material into a grating. When a laser pulse hits this 

grating, it diffracts the laser beam in various directions due to different refractive 

indices, resulting in energy loss within the cavity and a decrease in the cavity's Q factor. 

Ultrasonic waves are generated from an electrical signal using a PZT. Turning off the 

PZT voltage stops the ultrasonic vibration in the optically transparent material, such as 
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fused silica in our case, and allows tuning the laser cavity into a high Q factor state. 

Therefore, adjusting the voltage of this transducer emits a Q-switched laser pulse. 

IV. Frequency doubling component: An LBO crystal with nonlinear properties is utilized 

as an output coupler to produce a frequency-doubled Q-switched beam, offering high-

efficiency frequency conversion and a wide acceptance angle. To ensure maximum 

efficiency, a heater is employed to maintain the LBO crystal at a temperature of 327.4°F 

(164.1°C). The crystal can operate effectively within a temperature range of 157°C to 

171°C, converting a 1053 nm input laser beam into a 527 nm beam. Additionally, the 

crystal is equipped with an anti-reflection coating to minimize reflection for both 1053 

nm and 527 nm laser beams. 

B. The power supply assembly 

The primary purpose of the power supply assembly is to supply DC voltage to all electronic 

components. It is linked to the optical bench assembly via an umbilical cable. The key 

elements of the power supply assembly include master control electronics, diode power 

supply, LBO temperature controller, Q-Switch driver, and several accessory electronics. 

C. Control computer 

The "Evolution" LabView software on an external computer manages all operations within 

Evolution-30. The laser system is linked to this designated computer via a USB interface. 

D. Closed-loop chiller 

The Evolution-30 system is equipped with a closed-loop chiller unit designed to dissipate 

waste heat efficiently. This chiller unit plays a crucial role in maintaining the wavelength 

of the diode lasers and optimizing their absorption in the Nd: YLF gain medium. Operating 

at a temperature of 18.5°C and a pressure of 60 PSI, the chiller unit ensures the system 

functions at its peak performance. 

 

3.4.1.3 Working principles of Libra 

Various phenomena play a role in the regenerative amplification process within Libra i.e., (A) 

chirped pulse amplification (CPA), (B) pulse stretching and compressing, and (C) regenerative 

amplification. All of these phenomena are outlined in the subsequent section. 
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Figure 3.11: Schematic of regenerative amplifier and stretcher/compressor optical components.  

A. Chirped pulse amplification (CPA) 

CPA involves transforming an ultrashort low energy pulse into a high energy pulse. Prior 

to amplification, the laser pulse undergoes temporal stretching by a factor of approximately 

10,000. This stretching is crucial in preventing energy loss caused by self-focusing, where 

a highly intense beam loses energy due to its short path length. Following stretching, the 

peak power of the laser pulse decreases significantly. The low-power pulse is subsequently 

amplified by a factor of around 106 using the regenerative amplifier. Post-amplification, 

the laser pulse is compressed back to its initial temporal duration. 

B. Pulse stretching and compressing   

Pulse stretchers and compressors are tools that can alter the timing of specific frequencies 

by directing them in different paths. These tools primarily consist of diffraction gratings, 

which elongate a short laser pulse and shorten a long laser pulse. Within the stretcher 

components, higher frequencies travel a longer path than lower frequencies, causing the 

lower frequencies to exit first and resulting in a stretched optical pulse due to positive group 

velocity dispersion. The resulting laser pulse is known as a positively chirped pulse. On the 
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other hand, pulse compression reverses the process of pulse stretching. In this case, higher 

frequencies travers a shorter path in comparison to lower frequencies, leading to a negative 

group velocity dispersion. The output pulse is then referred to as a negatively chirped pulse. 

Despite the temporary stretching of the laser pulse after passing through the stretcher, it 

returns to its original temporal width after compression. 

C. Regenerative amplification   

Regenerative amplification involves the conversion of a low peak power laser pulse into a 

high peak power laser pulse. The process utilizes a Ti: Sapphire crystal, known for its high 

thermal-strain resistance, making it suitable for high-power optical pumping. The principle 

of operation for the regenerative amplifier (RA) is to amplify a confined single laser pulse 

by utilizing its polarization state, followed by dumping the cavity output. While the 

amplification factor in each pass through the Ti: Sapphire crystal is only 2-3 times, the 

overall amplification of 106 times is achieved by multi-passing the seed laser through the 

pumped Ti: Sapphire crystal, resulting in the amplification of a nano-Joule order laser pulse 

into a milli-Joule order pulse. 

The optical elements (illustrated in Figure 3.11) utilized in the amplification procedure are 

outlined as follows: 

1. During the stretching operation, the laser beam follows the path: SM1-SM2-FI-SM3-

SM4-SM3-SG-SM5-SM6-SG-SM3-SM4-SM3-SG-SM7-SM8-SM9-SM10-RA cavity. 

2. In the regenerative amplification operation, a "Z-fold configuration" is utilized within 

the regenerative amplifier cavity. The laser beam path for this operation is: RM1- RWP- 

RPC1-RI1-RM2-RTS-RM3-RP-RI2-RPC2-RM4. 

Synchronization and delay generator and the Pockels cells: The Pockels effect is 

primarily observed in materials such as lithium niobate (LiNbO3) due to their inversion 

symmetry breaking. These materials contain Pockels cells (PCs) that generate birefringence 

through the linear electro-optic effect when an electric field is applied. PCs are essential 

components of electro-optic modulators and function as voltage-controlled waveplates. In 

the regenerative amplification process, two PCs are utilized. By applying voltage, these 

PCs act as quarter-wave plates and rotate the polarization by 90° through a double-pass 

mechanism. The first PC confines the beam within the resonator cavity for regenerative 

amplification, while the second PC releases the amplified beam from the cavity. This 
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confinement and release of beams must occur in a synchronized manner with a time interval 

of approximately 150 ns between them. Furthermore, the first PC must be synchronized 

with the pulse train of the Vitesse seed laser to permit only a single laser pulse into the 

resonator. These synchronization tasks are managed by the synchronization and delay 

generator (SDG) unit [106]. Additionally, the SDG introduces an optimal delay between 

the two PCs to achieve maximum gain during the multi-pass operation. The SDG is linked 

to the band-width detector (BWD) interlock system to safeguard the regenerative amplifier 

unit from any intense laser pulses that could potentially harm the unit. 

3. During the compression process, the laser beam follows the path: CM1-CG-CM2-CM3-

CG-CM4-CM5-CG-CM3-CM2-CG-Output.it. 

The Libra laser system produces an 800 nm fundamental pulsed laser beam with a pulse 

width of approximately 35 fs, an average pulse energy of around 4.2 mJ, a repetition rate 

of about 1 kHz, and an output power of 4 W. To adjust the output pulse for daily use, a knob 

connected to the compressor grating and a few mirrors inside the Libra can be remotely 

tuned. 

3.4.1.4 Verification of the cavity construction process within the Libra laser system 

The effectiveness of the regenerative amplification process relies on the precise coordination 

among the Vitesse seed pulse, Evolution pump pulse, and amplifier PCs. The alignment 

procedures of the RA consist of three distinct steps: pre-alignment of optics using He-Ne laser 

(performed during installation), alignment of the Evolution pump beam, and alignment of the 

Vitesse seed beam. To enhance the RA cavity, the Ti: Sapphire crystal in the RA is pumped by 

the Evolution laser pulse. The pump beam is focused into the Ti: Sapphire crystal while 

maintaining a constant height of approximately 5 inches. Additionally, the stretched Vitesse 

seed laser pulse from the stretcher serves as an input to the RA. A portion of the mode-locked 

seed laser beam is directed towards a photo diode connected to an output line (regen build-up 

line) at the backside of the Libra chassis. This output line, along with a trigger from the front 

interface of SDG (sync out delay ns), is linked to a 1 GHz digital oscilloscope to monitor the 

intra-cavity build-up during system operation. The time base of the oscilloscope is set to 100-

200 ns per division, producing a megahertz pulse train output. Each pulse represents the same 

laser pulse on multiple passes through the RA cavity. The photodiode signal is displayed 

without and with a well-aligned seed beam in Figures 3.12(a) and 3.12(b), respectively. In the 

well-aligned state, the delay time between two PCs is optimized through SDG to cavity-dump 
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the amplified output pulse (as depicted in Figure 3.12(c)) and achieve maximum output power. 

Following the efficient generation of amplified pulse, the pulse width of the beam can be 

externally optimized by the user through fine-tuning the compressor delay stage. The stability 

of the RA cavity is maintained by carefully controlling the temperature, humidity, and dust 

level in the air. 

 

Figure 3.12: Photodiode signal at (a) unseeded, (b) seeded and (c) perfectly optimized condition of RA cavity. 

3.4.1.5 Second-harmonic generator 

In our experiment using a pump-probe setup, we utilize the 800 nm fundamental output beam 

from the Libra as the probe, while the second-harmonic beam at 400 nm wavelength serves as 

the pump. The second-harmonic generator (SHG) with the model number Harmonic, HGS-T, 

is responsible for producing this 400 nm second-harmonic beam for our experiment. 

Additionally, this model has the capability to generate a third harmonic beam with a deep 

ultraviolet wavelength. The operational principle of SHG relies on the nonlinearity found in 

the optical properties of dielectric materials. The dielectric materials' polarization and 

refractive index can exhibit both linear and higher-order nonlinear electric field terms. Within 

non-linear crystals, the generation of the second-harmonic beam occurs due to coherent dipole 

radiation, which is associated with the second-order polarization term. When dipoles of a non-

centrosymmetric crystal are subjected to an oscillating electric field with frequency ω, the 

resulting radiation includes both the fundamental frequency ω and its second-harmonic 

frequency 2ω. The power of the second-harmonic output can be represented as: 

 𝑃 =  
𝑙2𝑃𝜔

2 𝜎2𝜑

𝐴
                                                         (3.4) 

Where, 𝐴 is the beam spot size, 𝑙 denotes the length of the non-linear crystal, 𝑃𝜔is the input 

power, 𝜎 and 𝜑 are the non-linear and phase-matching coefficients, respectively. To enhance 

the power output of the second-harmonic beam, the beam spot size is reduced and collimated 

using a pair of lenses. The collimated beam is then tightly focused on the non-linear SHG 

crystal (specifically Barium Beta-borate (BBO) in this case), resulting in a horizontally-
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polarized frequency-doubled beam and a vertically-polarized residual of the fundamental 

beam. These two beams are separated by a prism that diffracts the second-harmonic beam onto 

another pair of prisms. This optical setup serves three main purposes: (i) aligning the second-

harmonic beam parallel to the fundamental beam, (ii) maintaining a consistent output beam 

direction regardless of crystal orientation, and (iii) compensating for any induced ellipticity in 

the second-harmonic beam. Ultimately, both the fundamental and second-harmonic beams exit 

in parallel through two distinct output ports. To minimize temporal broadening caused by GVD, 

an extremely thin BBO crystal is utilized. Furthermore, to prevent moisture buildup within the 

crystal, it is enclosed in a sealed cylinder with an antireflection coating and filled with index-

matching fluid. 

3.4.1.6 Description of the non-collinear TR-MOKE magnetometry setup 

The fundamental laser beam having s-polarization is directed through a series of mirrors after 

leaving the amplifier (Libra), and is then split into two equal parts using a 50:50 beam splitter 

(refer to Figure 3.13(a)). One part of this beam is used for frequency doubling in the SHG, 

resulting in the pump beam with a wavelength of 400 nm. The other part of the fundamental 

laser beam, with a wavelength of 800 nm, is heavily attenuated and a small portion is utilized 

as the probe beam. This probe beam is directed into a motorized scanning delay stage (Newport, 

with motion controller: model number-EPS301) with a retro-reflector (RR) to introduce a 

variable time delay (refer to Figure 3.13(b)). Before entering the RR, the probe beam is 

collimated using a pair of plano-convex lenses with focal lengths of 10 cm and 15 cm, and its 

beam-waist is reduced to approximately 5 mm. The probe beam emerging from the RR is 

directed to the sample using several mirrors before being focused onto the sample surface using 

 

Figure 3.13: Photograph of (a) amplified laser system and (b) TR-MOKE magnetometry setup in our 

laboratory.  
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a plano-convex lens. A Glan-Thompson polarizer (GTH5M, Thorlabs) with an extinction ratio 

of 100000:1 is positioned in the path of the probe beam to make sure a high degree of 

polarization. Three Iris are placed in the path of the probe beam to regularly monitor its vertical 

and lateral shift. 

The sample is placed on a holder that is linked to an x-y-z translational stage for precise 

positioning. The pump beam excites the sample at an angle of ~45° while the probe beam is 

incident on the sample perpendicularly. Both the pump and probe beams are intentionally made 

slightly out-of-focus on the sample plane to prevent any damage/degradation to the thin 

metallic film samples during the long measurement time. The diameter of the pump and probe 

beams are approximately 250 and 100 μm, respectively. The probe beam is centered within the 

pump beam to avoid probing any nonuniformly excited volume of the sample. The reflected 

pump beam from the sample is obstructed, whereas the reflected probe beam is divided into 

two sections using a beam splitter. One section is directed straight to a silicon photodetector to 

gauge the overall reflectivity of the sample. The other section goes through another Glan-

Thompson polarizer (acting as an analyzer) before reaching a silicon photodetector to measure 

the Kerr rotation. The analyzer is set close to the extinction angle to only allow the Kerr-rotated 

probe beam to pass through with minimal reflective background. The readings from both 

silicon photodetectors are processed by two separate lock-in amplifiers (Stanford Research 

Systems, Model: SR830). An external magnetic field is applied in the desired geometry using 

a permanent magnet. The pump beam is intermittently blocked or chopped (chopper frequency 

~ 373 Hz) by an optical chopper (Thorlabs, Model: MC2000B with a 10-slot chopper blade).  

 

Figure 3.14: Schematic of non-linear TR-MOKE magnetometry setup. 
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The chopper frequency also serves as a reference frequency for the lock-in amplifiers to 

conduct a phase-sensitive analysis of both time-resolved reflectivity and Kerr rotation. The 

time-varying dynamic data are gathered through a custom-built LabView software. The 

humidity and temperature in the laboratory are maintained below 30% and 22°C, respectively. 

A schematic of TR-MOKE magnetometry setup is shown in Figure 3.14. 

3.4.1.7 Standard protocols for measuring time-resolved magnetization dynamics 

After maximizing the output power from the Libra amplified laser and the SHG, the probe and 

pump beam are maintained at an appropriate fluence for further fine-tuning of the TR-MOKE 

system. Typically, the total reflectivity signal of a reference silicon substrate is observed at 

various delay times by adjusting the motorized delay stage. The reflectivity data displays a 

sudden increase followed by an exponential decrease. The beginning of this abrupt rise of 

reflectivity can be pinpointed as the zero-delay position when there is perfect temporal overlap 

with no time delay between the probe and pump beam. The shape and decay time of the 

exponential decrease in the positive delay offer insights into the accuracy of pump-probe 

alignment. This alignment can be enhanced by modifying the mirrors positioned in the path of 

the pump beam. Following the optimization of the transient reflectivity signal, the magnetic 

samples are substituted for the silicon substrate and a magnetic field is applied in the desired 

direction using the permanent magnet. The reflectivity and Kerr rotation signal are recorded on 

the computer at various time delays through an automated process utilizing a home-built 

LabView program. The total delay time depends on the length of the delay stage, which is 

approximately 2 ns in our case. 
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CHAPTER 4 

Role of Spin Transport Through the β-Ta/Co20Fe60B20 

Interface on its Ultrafast Demagnetization: Implications 

for Ultra-High-Speed Spin Orbitronic Devices 

4.1 Introduction 

For the growth of ultra-high-speed spintronics, it is imperative to gain deep understanding on 

the microscopic mechanisms behind spin manipulation in femtosecond to nanosecond 

timescale. Ultrafast demagnetization [35], one of the fastest known spin manipulation 

mechanisms, was first experimentally demonstrated by Beaurepaire et al. in 1996. Beyond 

which a flurry of reports on ultrafast demagnetizations in different materials came up 

[36,37,107]. However, the true microscopic mechanism behind this magnetization quenching, 

which is an important phenomenon involved in AOS [108-110], remains highly debatable. It is 

believed that when a femtosecond laser pulse is incident on a magnetic material, it changes the 

material’s electronic configuration near the Fermi level followed by electron thermalization by 

electron-electron scattering and creation of so-called ‘hot electrons’. According to the 

phenomenological 3TM by Beaurepaire et al., these hot electrons transfer energy to coupled 

systems such as spins and lattice indicating fast increase in spin temperature which leads to 

demagnetization. In 1997, Zhang and Hübner argued that ultrafast demagnetization is an effect 

from exchange interaction and SOC [111] and then in 2000 they inferred that it is a collective 

effect of applied laser field and SOC of ferromagnetic layers [40]. Subsequently, various 

models have shown that the spin angular momentum of the excited electrons are modified by 

spin-flip scattering with other electrons [47], phonons [48], magnons [112], induction of direct 

laser [49] and the influence of relativistic effect [113]. In the Elliott-Yafet model [45], 

demagnetization occurs because, electron-phonon or electron-defect momentum-dependent 

scattering process changes the spin admixture. While according to Krauβ et al. [47], interband 

electron-electron Coulomb scattering is the driving force for demagnetization. Carpene et al. 

[44] claimed that hot electrons excite the magnons through a sudden reduction of 

magnetization. Further reports have suggested that demagnetization is a combined effect of 

electron-phonon scattering that transfers angular momentum from spin system to lattice and 

electron-magnon scattering which is responsible for disordering of magnetic system [114]. 
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On the other hand, in 2010, Battiato et al. [51] proposed a new model on optically induced 

super-diffusive transport of spin polarized electrons for ultrafast demagnetization where they 

assumed electrons are excited from quasi-localized d band to mobilized sp-like bands by 

absorption of photon and the larger mobility of the sp-like electrons generates spin angular 

momentum conserving SST. Malinowski et al. [50] first experimentally showed that interlayer 

spin angular momentum transfer can speed up the demagnetization process irrespective of spin 

angular momentum conservation in a single layer ferromagnet. Moreover, using s-d model of 

ferromagnetism based on the transverse spin diffusion [115] and spin transfer [116] at interface, 

Tveten et al. [90] theoretically showed that relaxation of the imbalanced spin accumulation 

among itinerant electrons can provide a major channel for spin angular momentum dissipation 

from the combined electronic system in NM/FM heterostructures. An alternative report [117] 

demonstrated that unpolarized hot electrons can demagnetize ferromagnets indicating 

unavoidable local spin-angular momentum dissipation over SST in heterostructure. Some 

reports [118,119] have shown the evidence of SST with the indication of transient 

magnetization enhancement (TME) in layered structures by exciting the FM with femtosecond 

laser pulses. However, weakly efficient SST led to the ultrafast demagnetization, whereas SST 

with stronger efficiency is responsible for TME. Schmidt et al. [24] proposed that stronger SST 

occurs from lower electrical conductivity material to higher electrical conductivity material. 

Another emergent mechanism in this regard is OISTR [52] effect which also generates pure 

spin current. But the OISTR process is significant when photon energy of ultrashort infrared 

femtosecond pump pulse can make resonant transition between elemental subsystems of an 

alloy. 

Efficient spin-based ultrafast devices demand a clear understanding of the involved 

mechanisms besides broad-range control over ultrafast demagnetization time (𝜏𝑚) which will 

be very helpful for future ultrahigh-speed spintronic devices such as tuning the switching time 

of AOS-based magnetic bits.  

Other than 𝜏𝑚, controlling the Gilbert damping constant (α) [120] is also an important and 

longstanding research interest in spintronics. Magnetic damping can have several intrinsic and 

extrinsic origins [22,34,121]. In 2005, Koopmans et al. [86] first derived an inverse relation 

between 𝜏𝑚 and α based on EY spin-flip scattering. Later Fähnle et al. [122,123] derived a 

directly proportional relationship between these two quantities based on the ‘breathing Fermi 

surface model’ with conductivity-like damping materials and an inversely proportional 

relationship based on the ‘bubbling Fermi surface model’ for resistivity-like damping.  
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Zhang et al. [91] first experimentally demonstrated that for multilayers and heterostructures a 

proportional relationship between 𝜏𝑚 and α represents the dominating behavior of local spin-

flip scattering mechanism behind the ultrafast demagnetization, whereas also a direct 

relationship between the variation of the ultrafast demagnetization rate, Δ (1/𝜏𝑚) and change 

in Gilbert damping Δα is caused by the spin currents [92] via interfacial spin chemical potential 

(𝜇𝑠). The deviation of mean free path of majority and minority hot electrons in ferromagnetic 

thin film generates super-diffusive spin currents on femtosecond time scale. Such spin currents 

dispersed at the interface of the heterostructure result in the non-equilibrium spin accumulation, 

i.e., spin chemical potential μs. On the other hand, flow of up and down spin electrons along 

opposite directions generates spin current which may lead to enhancement of α. Although the 

lifetime of femtosecond laser induced spin current is in the picosecond’s regime, whereas spin 

pumping induced spin current lasts for nanoseconds, their physical natures are alike. The 

femtosecond laser induced spin current causes a reduction of the demagnetization time, while 

spin pumping induced spin current leads to increase in damping. However, for NM/FM 

heterostructures if the NM is not a perfect spin sink material, the accumulated spins can create 

a spin-current backflow [22] which reduces the net spin current followed by the reduction of α 

and 1/𝜏𝑚. Thus, understanding the influence of the NM layer on damping and ultrafast 

demagnetization in the adjacent FM layer in an NM/FM heterostructure is an important 

problem in ultrafast spin dynamics.  

Creation of nonequilibrium spin polarized electrons at the interface due to interfacial spin-orbit 

effect in NM/FM heterostructure generates SOT which is an interesting topic, both for 

experimental [124] and theoretical [31] researchers. Since Ta has a strong SOC, this is a very 

potent material for energy-efficient memory and logic devices [125] as its magnetization can 

be efficiently controlled by SOT. Besides, Ta is a good spin sink material and very cost-

effective in contrast to widely-used NM material like Pt. On the other hand, Co20Fe60B20 

(CoFeB) is a technologically important FM material because of its high spin polarization 

property, low intrinsic Gilbert damping, large tunnelling magnetoresistance, where Boron helps 

to create a sharp interface. Here, we have studied the ultrafast demagnetization and damping 

in β-Ta/CoFeB/SiO2 thin film heterostructures by using all-optical TR-MOKE magnetometry. 

By systematic variation of the CoFeB and Ta layer thicknesses, we have established a direct 

relationship between Δ (1/𝜏𝑚) and Δα which indicates the prevailing role of pure spin current 

behind the ultrafast demagnetization and damping. We have also shown that the Ta thickness 

plays a significant role in the accumulation of spin at the interface whose value is found to be 
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1.8 times smaller for t ≥ 7 nm as opposed to that in t < 7 nm indicating spin-backflow current 

from NM to FM. While larger spin accumulation at the interface has slowed down the 

demagnetization process, lower spin accumulation has accelerated the demagnetization in these 

thin film heterostructures.  

4.2 Experimental details 

Sub/Ta(t)/CoFeB(d)/SiO2(2 nm) thin film heterostructures, with t = 0, 1, 2, 3, 4, 5, 6, 7, 10, 15, 

and 20 nm and d = 1, 2, 3, 4, 6, 10, and 13 nm, were deposited using radio frequency (RF)/direct 

current (DC) magnetron sputtering on Si (100) wafers coated with 100-nm-thick SiO2 

(thermally oxidized) with high quality in terms of chemical composition as well as surface 

morphology and interface. RF power supply was used for Ta, SiO2 deposition whether DC 

power supply was used for CoFeB deposition. The purpose of varying Ta thickness was to 

study two separate thickness regimes, i.e., above and below its spin diffusion length (λ). The 

deposition rate was kept at 2 Å/s at a base pressure of 4 × 10−7 Torr and Ar pressure of about 

1 mTorr. Choice of very slow deposition rate was crucial for obtaining uniform thickness over 

the sample area even for very low thickness values. CoFeB were grown using a DC voltage of 

380V while Ta and SiO2 were deposited with RF power of 40 and 60 W, respectively. RF 

sputtering reduces the race track erosion on the surface of the target material (Ta) which can be 

observed during DC magnetron sputtering especially where the surface of the target material 

gets etched into a circular pattern. However, the width and depth of the race track is much less 

in RF sputtering due to the alternating nature of the RF discharge with electrons causing less 

confinement by the magnetic field and hence, the plasma spreads out more, resulting in a wider, 

larger and shallower race track. This makes more uniform and efficient utilization of the target. 

These sputtered deposited films were not annealed to avoid the presence of any magnetic dead 

layer. All other conditions during deposition were kept the identical for all samples. 

We have used a TR-MOKE technique based on a two-color non-collinear pump-probe 

arrangement for measuring ultrafast spin dynamics in a polar Kerr geometry [34]. A large 

fraction of the fundamental laser beam (wavelength of 800 nm, pulse width of 40 fs, repetition 

rate of 1 kHz) from a femtosecond regenerative amplifier (Libra, Coherent Inc.) is passed 

through a second harmonic generator to produce the pump beam (wavelength of 400 nm, pulse 

width > 40 fs, repetition rate of 1 kHz) to excite the dynamics, while a small fraction of the 

remaining fundamental laser is used as a probe beam to measure the subsequent dynamics in 

femtosecond to nanosecond timescale. A time delay between the pump and the probe beam is 
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introduced by steering the probe beam through a motorized variable delay generator. The power 

of the pump beam was chosen to be much stronger (~ 10 mW) than the probe beam (~ 1 mW) 

during all measurements. An external magnetic field is applied at ~10o tilt from the sample 

plane to introduce a finite demagnetizing field along the direction of the pump pulse. The in-

plane component of this field is assigned to as the bias field (H). Modification of this field by 

the pump pulse launches a fast time-varying magnetic field inside the sample to trigger the 

precessional dynamics. The probe beam is focused to a spot diameter of ~ 100 µm and was 

incident normally on the sample plane. The pump beam is focused to a larger spot size of ~ 250 

µm and was incident at 45o angle on the sample plane. The probe spot was aligned precisely at 

the center of the pump spot to detect the dynamics from a uniformly excited volume of the 

sample. This eliminates additional complications due to propagation of energy out of the 

uniformly excited region of the sample.  

4.3 Results and discussions 

Static Characterization:  

  

Figure 4.1: (a) X-ray diffraction patterns measured for Sub/Ta (t)/CoFeB (3 nm)/SiO2 (2 nm) thin film 

heterostructures films with t = 0, 1, 2, 4, 6, 15, 20 nm. Peaks corresponding to β phase of Ta is marked in the plots. 

(b) Magnetic hysteresis loop from Sub/Ta (1 nm)/CoFeB (3 nm)/SiO2 (2 nm) thin film heterostructures film for 

two different azimuthal angles (φ = 0o and φ = 90o) obtained using static MOKE. (c) Angular dependence of Hc 
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for Sub/Ta (1 nm)/CoFeB (3 nm)/SiO2 (2 nm). (d) X-ray reflectivity spectra for Sub/Ta (t)/CoFeB (3 nm)/SiO2 (2 

nm) thin film heterostructures films with t = 3, 5, 7, 15 nm. 

The crystal structure of sputter-deposited Ta (t)/CoFeB (3 nm)/SiO2(2 nm) thin films were 

characterized by XRD technique using 40 kV X-Ray source (Rigaku: SmartLab). Figure 4.1(a) 

shows the XRD-spectra for different Ta-thicknesses. These plots reveal that a very intense β 

(200)-peak [126] at 2θ angle of 32.5º for t = 20 and 15 nm. Intensity modulation on the left and 

right side of main β-Ta peak is attributed to crystal size effect (Laue function), as CoFeB is 

amorphous and is not expected to produce any sharp diffraction peak. With the decrease of t, 

the intensity of β (200)-peak decreases and we can see that a broad diffused peak shifts towards 

higher 2θ angles which is attributed to the presence of an amorphous layer. The small shoulder 

peaks observed for samples with 1 and 2-nm-thick Ta may have appeared due to the presence 

of this amorphous layer. Within our Ta-thickness regime, we have not observed any α to β phase 

transition.  Therefore, we conclude that in all the studied samples Ta layer retains only the β 

phase without the appearance of any α phase of Ta.  

The in-plane magnetic hysteresis loop is measured using static MOKE technique. Figure 4.1(b) 

shows the hysteresis loops for two different azimuthal angles (φ = 0o and φ = 90o) of sample 

Sub/Ta (1 nm)/CoFeB (3 nm)/SiO2(2 nm) with coercive field (Hc) of ~135 Oe both for the two 

perpendicular orientations. We do not expect significant effect of interfacial perpendicular 

magnetic anisotropy in these samples due to the insignificant modification of in-plane 

hysteresis loops for different Ta and CoFeB thicknesses. Figure 4.1(c) shows Hc vs. φ plot 

which reveals completely isotropic nature of the sample. The XRR-spectra of Sub/Ta (t = 3, 5, 

7, 15 nm)/CoFeB (3 nm)/SiO2(2 nm) thin film heterostructures are shown in Figure 4.1(d), 

which show well defined oscillations up to the scattering vector of 0.7 Å-1 for all the thicknesses 

signifying their uniform deposition. The ‘Reflex’ software is utilized to analyze these spectra 

from where we have extracted the thickness, roughness and scattering length density (SLD) of 

all the layers. Here, SLD is proportional to the electron density of the material. The thicknesses 

of the layers obtained from the fits are found to be close to their nominal thickness values. The 

SLD and interfacial roughness values of Ta, CoFeB and SiO2 are also tabulated in Table 4.1, 

which confirm relatively small roughness and SLD values are independent of layer thickness 

and near to the reported values in the literature [127,128].   
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Table 4.1: Various parameters obtained from XRR analysis: 

 

 

Ta (3 nm)/CoFeB 

(3 nm) 

 

Layer Thickness (nm) Roughness (nm) SLD (10-5Å-2) 

SiO2 3.1 0.55 1.88 

CoFeB 3.7 0.28 5.10 

Ta 3.5 0.22 10.76 

SiO2 - 0.36 1.88 

 

 

Ta (5 nm)/CoFeB 

(3 nm) 

 

Layer Thickness (nm) Roughness (nm) SLD (10-5Å-2) 

SiO2 2.5 0.45 1.96 

CoFeB 4.3 0.33 5.55 

Ta 5.7 0.33 10.21 

SiO2 - 0.24 1.88 

 

 

Ta (7 nm)/CoFeB 

(3 nm) 

 

Layer Thickness (nm) Roughness (nm) SLD (10-5Å-2) 

SiO2 2.7 0.64 1.87 

CoFeB 4.3 0.34 5.40 

Ta 6.7 0.31 9.99 

SiO2 - 0.25 1.88 

 

 

Ta (15 

nm)/CoFeB (3 

nm) 

 

Layer Thickness (nm) Roughness (nm) SLD (10-5Å-2) 

SiO2 2.6 0.71 2.50 

CoFeB 4.2 0.32 5.85 

Ta 15.5 0.28 9.76 

SiO2 - 0.29 1.62 

 

TRMOKE Measurement of Laser-Induced Ultrafast Demagnetization and Gilbert 

Damping: We have performed the TR-MOKE measurements in polar Kerr geometry to obtain 

the ultrafast demagnetization time and Gilbert damping parameter. The schematic of TR-

MOKE measurement geometry is shown in Figure 4.2(a). When a femtosecond laser pulse is 

incident on a ferromagnetic sample in its saturated magnetic state, its magnetization is either 

fully or partially lost in sub-picosecond time scale. This phenomenon is known as ultrafast 

demagnetization [35]. This is accompanied with a fast recovery of the magnetization within a 

few picoseconds (ps) and a slow recovery within a few hundreds of ps, known as the fast and 
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the slow remagnetization process. The slow remagnetization is accompanied by a damped 

magnetization precession [129]. Figure 4.2(b) shows a typical TRMOKE trace for Sub/CoFeB 

(3 nm)/SiO2 (2 nm) hetero nanostructure revealing above three temporal regimes.  

 

Figure 4.2: (a) Schematic of the experimental geometry and (b) a typical TRMOKE trace from the Sub/CoFeB 

(3 nm)/SiO2 (2 nm) hetero nanostructure at H = 1.73 kOe. The three important temporal regimes are shown in the 

graph. 

 

The ultrafast demagnetization and fast remagnetization part of the data can be fitted using a 

phenomenological equation derived from the 3TM [50]:  

 
−∆M

M
= [{

𝐴1

(𝑡 𝜏0+1⁄ )
1
2

+
𝐴1𝜏𝑚−𝐴2𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑚⁄ +

𝐴2𝜏𝑒−𝐴1𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑒⁄ } 𝐻(𝑡) + 𝐴3𝛿(𝑡)] ⨂𝐺(𝑡)             (4.1) 

This is an approximate expression based on the assumption that the electron temperature 

increases instantaneously upon laser excitation to create hot electrons above the Fermi level. 

These electrons excite the spins by electron-magnon interaction resulting in a magnetization 

quenching [44]. Subsequently, the energy is distributed between three reservoirs: electron, 

lattice and spin due to which the quenched magnetization tries to reach its initial magnetization 

condition. In the above expression A1 represents the value of magnetization state after 

equilibrium between electron, lattice and spin, A2 is proportional to the initial maximum rise in 

electronic temperature and A3 represents the magnitude of the state filling effect during pump-

probe temporal overlap well established by a Dirac delta function (δ(t)). 𝜏0 represents the 

cooling time by heat diffusion during electron-phonon interactions. H(t) is the Heaviside step 

function and G(t) is Gaussian function. The time scale of magnetization dynamics of ultrafast 

demagnetization time (𝜏𝑚) is described by the first exponential term, while the second 



67 | P a g e  
 

exponential term dictates the electron-phonon interaction by fast relaxation time (𝜏𝑒). Figure 

4.3(a) shows the ultrafast demagnetization curve for various CoFeB layer thicknesses, where 

the NM layer thickness is kept constant at 4 nm. Figure 4.3(b) shows the same for varying Ta 

thicknesses by keeping the CoFeB thickness constant at 3 nm. All these experimental data are 

fitted using equation 4.1. 

 

Figure 4.3: Time-resolved Kerr rotation showing ultrafast demagnetization and fast relaxation in Sub/Ta 

(t)/CoFeB (d)/SiO2 (2 nm) thin film heterostructures with (a) varying CoFeB thickness at constant Ta thickness of 

t = 4 nm and (b) varying Ta thickness variation at constant CoFeB thickness of d = 3 nm. Here, the symbols are 

experimental data and solid lines are fits using equation 4.1. Evolution of demagnetization time (𝜏𝑚) with (c) (1/d) 

nm-1 and (d) t nm. Here, symbols are experimental results and solid lines are theoretical fits. (e) Variation of 𝜏𝑚 

with pump fluence in thin film heterostructures with 4-nm-thick Ta (filled circle) and without Ta (open triangle). 

 

Variation in 𝜏𝑚 for different CoFeB and Ta layer thicknesses are shown in Figure 4.3(c) and 

Figure 4.3(d), respectively. Clearly, 𝜏𝑚 increases with CoFeB layer thickness from 150 ± 20 fs 

for d = 1 nm to 380 ± 10 fs for d = 13 nm, while it decreases monotonically from 340 ± 15 fs 

for t = 0 to 210 ± 10 fs for t = 4 nm before nearly saturating for thicker Ta. A clear decreasing 

trend of magneto-optical quenching is observed for both cases on increasing thickness. This 

decrease in quenching with layer thickness can be ascribed to the increase in reflectivity and 

decrease in absorption of thicker metallic layer [130]. Figure 4.3(e) shows a clear decrement 

in 𝜏𝑚 (~ 62%) with the insertion of NM. In the absence of NM, the Elliot-Yafet like spin-flip 

scattering is believed to be primarily responsible for the rapid increment of spin temperature 
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and the ensuing demagnetization. Whereas the presence of NM also brings the effect of spin 

transport (ST) into the picture for the enhancement of demagnetization rate. A slight change of 

𝜏𝑚 is further observed with the laser fluence which can be caused by the enhancement of spin 

fluctuation at elevated temperatures [131]. The electrical conductivity of Ta (~ 0.004×106 Ω-

1cm-1) does not differ too much from that of CoFeB (~ 0.007×106 Ω-1cm-1) [132]. Thus, ST 

although present in these samples but not high enough to cause TME.  

To understand the microscopic mechanisms behind the ultrafast demagnetization better, we 

have also studied the precessional dynamics and damping of the same samples. Figure 4.4(a) 

shows the damped precessional oscillations for Sub/Ta (4 nm)/CoFeB (d)/SiO2 (2 nm) and 

Sub/Ta (t)/CoFeB (3 nm)/SiO2 (2 nm) thin film heterostructures. It is clear from the plots that 

the magnetization precession is significantly influenced by the thickness of the FM and NM 

layers. We have fitted the precessional data using a damped harmonic oscillation as below to 

extract the precessional decay time. 

𝑀(𝑡) = 𝑀(0)𝑒−(
𝑡

𝜏
)
sin(2𝜋𝑓𝑡 + 𝜙)                              (4.2) 

where τ is the precessional decay time, 𝜙 is the initial oscillation phase and 𝑓 is the precessional 

frequency.  

To extract the value of the effective magnetization (𝑀𝑒𝑓𝑓), the bias field dependent 𝑓 is fitted 

with the Kittle formula by neglecting the anisotropy energy, which is negligible in amorphous 

CoFeB (equation 4.3) [133].  

               𝑓 =
𝛾

2𝜋
(𝐻(𝐻 + 4𝜋𝑀𝑒𝑓𝑓))

1/2

                                            (4.3) 

Where 𝛾 = 𝑔µ𝐵 ћ⁄  and 𝑔 is the Landé g-factor. Subsequently, the extracted τ and 𝑀𝑒𝑓𝑓 values 

are used for finding the α using the following expression [134]:     

               𝛼 =
1

γτ(𝐻+2𝜋𝑀𝑒𝑓𝑓)
                                            (4.4) 

In addition to spin pumping several other extrinsic mechanisms such as two-magnon scattering, 

spin memory loss, interfacial band hybridization can also modulate the damping in NM/FM 

thin film heterostructures. These extrinsic mechanisms will be negligible in our case because 

as we have applied a strong enough external magnetic field to avoid them [135]. Therefore, the 

primary mechanism for the modulation of damping is identified as the spin current generation 
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by the spin pumping mechanism [12]. Recent studies have confirmed that spin pumping is the 

prevailing mechanism for modulation of 𝛼 in β-Ta/CoFeB thin film heterostructures [121]. 

  

Figure 4.4: (a) Time-resolved Kerr rotation showing magnetization precession of Sub/Ta (4 nm)/CoFeB (d)/SiO2 

(2 nm) and Sub/Ta (t)/CoFeB (3 nm)/SiO2 (2 nm) thin film heterostructures. The symbols are experimental data 

and the solid lines are fits with equation 4.2. (b)  Plot of 𝜏𝑚 as a function of 𝛼 for Sub/Ta (4 nm)/CoFeB (d)/SiO2 

(2 nm) thin film heterostructures. Variation of ultrafast demagnetization rate (Δ (1/𝜏𝑚)) in fs-1 as a function of 

modulation of damping (𝛥𝛼) for two different regimes of Sub/Ta (t nm)/CoFeB (3 nm)/SiO2 (2 nm) thin film 

heterostructures: (c) t less than three times of spin diffusion length (3λ) and (d) t greater than 3λ. The symbols are 

experimental results while the dotted lines are fits with equation 4.6. 

The modulation of damping due to spin pumping is given by [136]:  

𝛥𝛼 = 𝛼 − 𝛼0 =
𝐺↑↓(1−𝑒

−2𝑡
𝜆 )𝑔𝜇𝐵

4π𝑑𝑀𝑠
.                                         (4.5) 

Here 𝑀𝑠 is the saturation magnetization, λ is the spin diffusion length, d is the FM layer 

thickness, t is the NM thickness and 𝐺↑↓ is the intrinsic spin-mixing conductance. The spin-

mixing conductance quantifies the conductivity of spin angular momentum through NM/FM 

interface. The value of 𝐺↑↓ is found to be 7.2×1014 cm-2. 

Correlation between ultrafast demagnetization rate and Gilbert damping induced by spin 

pumping: The correlation between the ultrafast demagnetization time and damping has been 

used to identify their dominant underlying mechanisms for over a decade [86]. Based on the 

breathing Fermi-surface model [71] of damping, a proportional relationship [122] between 𝜏𝑚 

and 𝛼 indicates that the localized SFS mechanism dominates with conductivity-like damping, 
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while based on the bubbling Fermi-surface model [137] non-local spin current mechanism 

dominates for inversely proportional relationship with resistivity-like damping.  

Figure 4.4(a) shows the damped magnetization precessions for samples with different CoFeB 

and Ta thicknesses. Figure 4.4(b) shows the variation in 𝜏𝑚 with 𝛼 for different CoFeB 

thicknesses. Clearly, 𝜏𝑚 shows an inverse dependence on 𝛼. This is an indication that spin 

current transport is a dominant mechanism behind the damping and the demagnetization 

process. The damping can therefore be considered as a sum of the spin pumping effect and the 

intrinsic damping of the CoFeB layer itself.  

The injected spins due to magnetization precession from the CoFeB layer are accumulated at 

the interface of Ta/CoFeB, followed by diffusion associated with spin-flip scattering. This 

nonequilibrium spin accumulation is the difference between the chemical potential of up and 

down spins. When the Ta layer thickness is large enough then the spins can easily relax by spin 

flip processes, i.e., more spin current flows into the NM, causing faster demagnetization of 

CoFeB layer for higher Ta thickness. When injected spins cannot relax by spin-flip processes, 

small but finite spins accumulate at the interface [12].  

This motivates us to find out NM thickness-dependent spin accumulation at the interface. To 

get better insight into the effect of NM, we have fitted the demagnetization rate ( ∆
1

𝜏𝑚
=

1

𝜏𝑚
|𝑡 −

1

𝜏𝑚
|𝑡=0) vs. modulation of damping (Δα = α|t – α|t=0) induced by absorption and generation of 

spin current using equation 4.6. 

                                     ∆
1

𝜏𝑚
=

𝜇𝑠

ħ
𝛥𝛼                                                        (4.6) 

Where 𝜇𝑠 is the spin chemical potential which is proportional to the spin accumulation at the 

interface between different layers [92] (absence of spin accumulation in the FM is taken as 

reference) and ћ is the reduced Plank constant. This equation also gives further insight into the 

relationship between damping and demagnetization.  

Spin accumulation at the interface follows the equation (derived in Appendix I).   

                     𝝁𝒔(𝑥 = 0) = 4𝜋
𝜏𝑠𝑓 ℎ𝑁𝑆𝑡⁄

𝑡𝑎𝑛ℎ(𝑡 𝜆⁄ )
𝑰𝒔                                 (4.7) 

where  𝜏𝑠𝑓 is the spin-flip relaxation time, S is the area of the interface, N is the density of states 

in the film. This equation is showing that the spin chemical potential at the interface is NM 

thickness dependent. 
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We have divided the thickness regime into two parts t < 3λ and t ≥ 3λ. We have chosen 3λ as 

tanh(x) in equation 4.7 gets saturated at x ≈ 3. From equation 4.6 we have extracted that for t 

< 3λ spin accumulation is 0.436 eV, while for t > 3λ the value is 0.237 eV as shown in Figure 

4.4(c) and Figure 4.4(d). This shows that spin accumulation is thickness dependent. Besides, 

the resistivity also increases with the decreasing Ta layer thickness. Previous studies showed 

that it might affect spin pumping efficiency [138,139].  

Based on the breathing Fermi-surface model and Elliot-Yafet relation for Gilbert damping and 

spin-relaxation time respectively, 𝛼 and 𝜏𝑚 follow the relation [91]: 

𝜏𝑚  =  
𝑀

𝛾𝐹𝑒𝑙𝑝𝑏2 𝛼                          (4.8) 

Taking the values of 𝜏𝑚|t = 0 = 340 fs and 𝛼 = 0.006, α/𝜏𝑚 = 1.76 × 1010 s-1 is obtained. This 

value reasonably agrees with the calculated value for Ni by the breathing Fermi-surface model 

[122]. This indicates that the ultrafast demagnetization of bare CoFeB is primarily governed 

by the local spin-flip scattering process, while nonlocal spin current dissipated at the interface 

of CoFeB/Ta opens an additional channel to accelerate the ultrafast demagnetization and 

enhance the Gilbert damping.  

 

Figure 4.5: A schematic presenting the processes involved in ultrafast demagnetization and magnetic damping of 

NM/FM hetero nanostructure led by spin transport mechanisms. 

In our study we have shown that photons of a femtosecond laser are absorbed by the electrons 

of the FM material and creates a non-equilibrium distribution (shown in Figure 4.5) that 

thermalizes through various scattering processes, including electron-magnon scattering. The 

electron-magnon scattering induces spin-flips influencing the net magnetization of the sample. 

However, the contribution of these scattering processes is minor and identical for all samples 

of varying thicknesses. On the other hand, super-diffusive spin transport plays a major role for 

the demagnetization mechanism on femtosecond timescale. On the other hand, magnetization 

precession transfers angular momentum by generating spin current from FM to NM through 
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spin pumping that enhances the damping constant. In addition, the NM thickness also plays an 

important role for spin accumulation at the interface which is responsible for spin back-flow 

current. Thus, we can conclude that the demagnetization rate and damping both can be 

enhanced through spin transport in Ta/CoFeB bilayers system.  

To have a deeper insight into the ultrafast demagnetization process, we have used the 

phenomenological 3TM and reproduced the experimental ultrafast demagnetization results 

obtained from TR-MOKE experiment. The corresponding three coupled differential equations 

are written as: 

𝐶𝑒(𝑇𝑒)
𝑑𝑇𝑒

𝑑𝑡
 =  −𝐺𝑒𝑙(𝑇𝑒 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑒 − 𝑇𝑠) + 𝑃(𝑡)   (4.9a) 

𝐶𝑠(𝑇𝑠)
𝑑𝑇𝑠

𝑑𝑡
 =  −𝐺𝑠𝑙(𝑇𝑠 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑠 − 𝑇𝑒)     (4.9b) 

𝐶𝑙(𝑇𝑙)
𝑑𝑇𝑙

𝑑𝑡
 =  −𝐺𝑠𝑙(𝑇𝑙 − 𝑇𝑠) − 𝐺𝑒𝑙(𝑇𝑙 − 𝑇𝑒)     (4.9c) 

Where 𝑇𝑒, 𝑇𝑠 and 𝑇𝑙 are electron, spin and lattice temperature, respectively. 𝐶𝑒 is the electron 

specific heat and 𝐶𝑙, 𝐶𝑠 are the lattice and spin contribution to the specific heat. 𝐺𝑒𝑠, 𝐺𝑒𝑙 and 

𝐺𝑠𝑙 and the electron-spin, electron-lattice and spin-lattice coupling strength constants which 

correspond to energy transfer rate from electron to spin, lattice and spin to lattice system. As 

the initial excitation occurs in the electronic bath, the laser source term 𝑃(𝑡)  is added to 

equation 4.9a only.  

In this numerical simulation, the initial temperature of three baths is set at room temperature 

and electron specific heat is taken proportional to the electron temperature (𝐶𝑒  =  𝛾 𝑇𝑒, where 

𝛾 = 0.7×103 Jm-3K-2).  

 

Figure 4.6: (a) Ultrafast demagnetization data fitted with 3TM and (b) temporal evolution of electron, spin and 

lattice temperature for Sub/Ta (4 nm)/CoFeB (10 nm)/SiO2 (2 nm) thin film heterostructure.  
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Figure 4.6(a) shows the experimental ultrafast demagnetization results along with the results 

obtained from the 3TM and Figure 4.6(b) shows the temporal evolution of electron, spin and 

lattice temperatures for the Sub/Ta (4 nm)/CoFeB (10 nm)/SiO2 (2 nm) thin film 

heterostructure. On the other hand, Figure 4.7(a) shows the experimental ultrafast 

demagnetization result along with the results obtained from the 3TM and Figure 4.7(b) shows 

the temporal evolution of electron, spin and lattice temperatures for the Sub/Ta (10 nm)/CoFeB 

(3 nm)/SiO2 (2 nm) thin film heterostructure. 

 

Figure 4.7: (a) Ultrafast demagnetization data fitted with 3TM and (b) temporal evolution of electron, spin and 

lattice temperature for Sub/Ta (10 nm)/CoFeB (3 nm)/SiO2 (2 nm) thin film heterostructure.  
 

We have listed the influence of different parameters obtained from 3TM on ultrafast 

demagnetization in Table 4.2 (for the CoFeB thickness series) and Table 4.3 (for the Ta 

thickness series) below. 

Table 4.2: Parameters obtained from 3TM of ultrafast demagnetization results for samples with 

varying CoFeB thickness: 

d 

(nm) 

Cs 

(× 106 Jm-3K-1) 

Cl 

(× 106 Jm-3K-1) 

Ges 

(×1017 Wm-

3K-1) 

Gel 

(×1017 Wm-

3K-1) 

Gsl 

(×1017 Wm-

3K-1) 

1 7.39 85.1 32 250.5 0.7 

2 6.09 51.8 29 138 0.7 

3 5.99 36.2 28 103 7.7 

4 5.29 32.2 26 84 6.7 

6 5.29 32 24 53 4.7 

10 4.59 20 23 34 8.7 

13 4.49 14 22 26 7.7 
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Table 4.3: Parameters obtained from 3TM of ultrafast demagnetization results for samples with 

varying Ta thickness: 

t 

(nm) 

Cs 

(× 106 Jm-3K-1) 

Cl 

(× 106 Jm-3K-1) 

Ges 

(×1017 Wm-

3K-1) 

Gel 

(×1017 Wm-

3K-1) 

Gsl 

(×1017 Wm-

3K-1) 

0 4.79 29 23 92 1.7 

1 4.99 34 25 105 0.7 

2 5.59 33.5 26 89 1.7 

3 6.09 38 27 92 4.7 

4 5.99 38 28 101 5.7 

5 5.99 44 28 101 5.7 

6 5.99 45 28 105 6.7 

7 5.99 44 28 106 3.7 

10 5.99 57 28 112 3.7 

15 5.99 68 28 114 3.7 

20 5.99 39 28 105 5.9 

 

As expected, 𝐺𝑒𝑠 mainly determines the ultrafast demagnetization time followed by excitation 

of the spin population via electron-magnon interaction. The present results clearly corroborate 

that (Figure 4.8). The higher electron-spin coupling strength corresponds to enhancement of  

 

Figure 4.8: Variation of  𝜏𝑚 and 𝐺𝑒𝑠 with (a) CoFeB (d nm) and (b) Ta (t nm) thickness variation. 

the demagnetization rate. 𝐺𝑒𝑙 determines the decay of the electron temperature whereas 𝐺𝑠𝑙 the 

decay of spin temperature. 𝐶𝑠 should be proportional to 𝑇𝑠 and thus to 𝐺𝑒𝑠. The tabulated results 

clearly indicate these. The higher lattice specific heat 𝐶𝑙 at lower CoFeB thickness probably 
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stems from the high atomic vibration energies of the surface atoms. Time dependent density 

function theory from first principles calculation may give a better understanding but is beyond 

the scope of this article [140-142]. 

4.4 Conclusion 

In conclusion, we have experimentally measured the time-resolved spin dynamics to 

investigate ultrafast demagnetization and magnetization precession in β-Ta/CoFeB thin film 

thin film heterostructures. Our main aim is to find out the dominating mechanism behind the 

ultrafast demagnetization for such thin film heterostructures. Therefore, we have correlated the 

ultrafast demagnetization and damping in these samples for different CoFeB layer thicknesses. 

The proportional relationship between the demagnetization rate (∆
1

𝜏𝑚
) with the modulation of 

damping (𝛥𝛼) indicates that the spin transport effect is the dominating factor here. From this 

correlation we have obtained the spin chemical potential for two different Ta thickness regimes. 

We have found that spin accumulation is higher (𝜇𝑠 = 0.436 eV) for lower NM thickness (< 3λ) 

as they cannot diffuse completely through the Ta layer, whereas the spin accumulation is lower 

(𝜇𝑠 = 0.237 eV) for higher t values, i.e., t ≥ 3λ as in this regime Ta can act as a better spin sink 

material. Therefore, our study has enlightened the understanding of the underlying microscopic 

mechanisms behind ultrafast demagnetization and damping in technologically important β-

Ta/CoFeB thin film heterostructures which will help to design spin-based devices with higher 

energy efficiency and faster operating speed. 

Appendix  

If the normal metal is a perfect spin sink, then all the spins ejected by  𝑰𝒔
𝒑𝒖𝒎𝒑

 through precession 

from FM to NM relax through spin-flip processes and the total spin current across the interface 

is approximated as 𝑰𝒔 =  𝑰𝒔
𝒑𝒖𝒎𝒑

, assuming negligible spin back-flow current of spin minority 

electrons from the neighboring layer (𝑰𝒔
𝒃𝒂𝒄𝒌 ≈ 0). However, when the NM layer is not a perfect 

spin sink, then spin minority electrons due to lower velocity builds up at the interface at 

dynamic equilibrium. Then the spin accumulation driven current 𝑰𝒔
𝒃𝒂𝒄𝒌 contributes to 𝐼𝑠 as; 𝑰𝒔 =

 𝑰𝒔
𝒑𝒖𝒎𝒑

− 𝑰𝒔
𝒃𝒂𝒄𝒌 [12].  

Spin accumulation-driven spin back-flow current (𝑰𝒔
𝒃𝒂𝒄𝒌) through an interface can be expressed 

as: 
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𝑰𝒔
𝒃𝒂𝒄𝒌 =

1

8𝜋
[2𝑔𝑟

↑↓𝝁𝒔(𝑥 = 0) + 2𝑔𝑖
↑↓𝒎 × 𝝁𝒔 (𝑥 = 0) + (𝑔↑↑ + 𝑔↓↓ − 2𝑔𝑟

↑↓)[𝒎 ∙ 𝝁𝒔(𝑥 = 0)]𝒎  

(4.A1) 

Where m is the magnetization and 𝑔↑↓ = 𝑔𝑟
↑↓ + 𝑖𝑔𝑖

↑↓, where 𝑔↑↓ is the interfacial mixing 

conductance that governs the spin pumping through the NM-FM interface. 

The total spin current can be written as: 

𝑰𝒔 = 𝑰𝒔
𝒑𝒖𝒎𝒑

−  
𝛽

2
[2𝑔𝑟

↑↓𝑰𝒔 + 2𝑔𝑖
↑↓𝒎 × 𝑰𝒔 + (𝑔↑↑ + 𝑔↓↓ − 2𝑔𝑟

↑↓)[𝒎 ∙ 𝑰𝒔]𝒎]           (4.A2) 

where is the “backflow” factor β which governs returning spin current into the ferromagnet, 

𝛽 =
𝜏𝑆𝐹𝛿𝑆𝐷/ℎ

tanh (𝑡/𝜆)
                                                          (4.A3) 

τ
SF

-1 is the spin-flip rate, an energy level difference of the states participating in the SFS events, 

λ is the spin diffusion length δSD = (NSλ)-1
 for t >> λ and δSD = (NSt)-1

 for t << λ, t is the NM 

thickness and h is the Plank’s constant. 

From equations (4.A1) and (4.A2), 

𝝁𝒔(𝑥 = 0) = 4π𝛽𝑰𝒔 

or, 𝝁𝒔(𝑥 = 0) = 4π
𝜏𝑆𝐹𝛿𝑆𝐷/ℎ

tanh (𝑡/𝜆𝑆𝐷)
𝑰𝒔                                      (4.A4)                                                    
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CHAPTER 5 

Ultrafast Demagnetization and Gilbert Damping in 

Electrodeposited CoP Film 

5.1 Introduction 

High frequency nano-structured magnetic films are essential for cutting edge applications 

including the superior performance of high-frequency integrated micro-inductors, coupled 

inductors, micro-transformers having multi-nanomagnetic-layered cores, as part of on-chip 

power supply (DC-DC switch mode power conversion) for next generation microprocessors’ 

power delivery [143,144], energy efficient switching of MRAM bits [133,145] and future high-

speed spin-based devices. However, most of the high-frequency integrated magnetic devices 

suffer from eddy current losses, a common dissipation mechanism in magnetic materials, which 

transfers the excitation eventually into heat. To reduce eddy current losses (particularly in 

thicker magnetic materials to achieve reasonable power density), hysteresis losses and 

ferromagnetic resonance (FMR) losses for use in integrated inductors operating in the MHz-

GHz range, highly resistive magnetic materials are required with high saturation magnetization, 

low coercive field and moderate anisotropy field (HK) [146,147]. FMR loss is due to the spin 

motion, which arises due to the combination of direct relaxation to the lattice and indirect 

relaxation via excitation of non-uniform magnetization modes, i.e., spin waves [73]. Therefore, 

to develop a GHz-level integrated magnetic device working properly near the FMR frequency 

regime, one needs to design and model such devices particularly to study the spin dynamics 

and relaxation at that frequency regime [73,147].  

Previously, electroplated inductors have been developed with multi-nano-layered structures in 

CoP thin film, where, phosphorous (P) was added to increase the resistivity and simultaneously 

achieve amorphousness in materials for integrated circuits [148]. Relatively, thicker nano-

structured high-frequency magnetic materials are of paramount importance to achieve high 

power densities for use in cutting-edge applications. Additionally, the utilization of the 

electrodeposition technique for developing such films is of foremost importance as it is a low-

cost, high-yield process and lends itself around patterned complex nano-topologies [149]. 

Though thin films of Cobalt Phosphorus alloys (CoP) have been prepared by electrodeposition 

technique, and have been extensively studied by several groups [150-158] including its 
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dynamic property [155-157,159], the ultrafast magnetization dynamics of CoP thin film has 

never been reported so far. However, in addressing those aforementioned challenges and 

enhancing the performance of high-frequency integrated inductors, power delivery systems, 

energy efficient switching of MRAM bits and future high-speed spin-based devices, it is 

essential to study the ultrafast dynamics of magnetic materials, including their response to 

external stimuli and the relaxation processes of the magnetization, which provide a significant 

insight about their performance at high frequencies. 

Optical control of magnetization in ultrafast regime by femtosecond (fs) laser pulse gives two 

important magnetization dynamics, namely: the ultrafast demagnetization [35] and laser 

induced magnetization precession. The precessional dynamics allows to explore different 

anisotropic magnetic properties through the frequency of different dynamical modes such as, 

the uniform Kittel mode, the PSSW mode, other dispersive modes in a continuous thin-film as 

well as the damping of the magnetic material. Ultrafast spin dynamics is the key spin 

manipulation mechanisms relevant for high-speed storage of information. It occurs when a 

femtosecond laser pulse is incident on a magnetic material and causes transient perturbation of 

its electron, spin and lattice systems giving rise to an exciting research field called 

femtomagnetism [160]. The system responds through a rapid quenching of magnetization 

within sub to few hundreds of femtoseconds, called the ultrafast demagnetization. 

Subsequently, a fast relaxation occurs through the energy transfer from electron and spin to the 

lattice subsystem by the phenomenological 3TM. Different mechanisms such as electron-

magnon interaction [44], SFS [86], spin-photon interaction [49] and the role of SOC [40,111] 

were proposed to describe ultrafast demagnetization involving local dissipation of spin angular 

momentum. Later, a new mechanism based on SST was introduced to explain the enhanced 

quenching of magnetization in ferromagnetic/nonmagnetic (FM/NM) bilayer systems after 

laser irradiation [51]. More recently, a mechanism based on optical inter-site spin transfer has 

been proposed in multi-sub-lattice alloys and multi-layered systems [52]. Although the core 

mechanism behind ultrafast demagnetization has remained debatable, the co-existence of 

multiple mechanisms [92,161] has been demonstrated in different systems.  

An increase in the lattice temperature after the fast relaxation causes a rapid change in the 

magneto-crystalline anisotropy triggering the precession of magnetization around an effective 

magnetic field. The precessional dynamics allows to explore different anisotropic magnetic 

properties through the frequency of different dynamical modes such as, the uniform Kittel 

mode, the PSSW mode, and other dispersive modes in a continuous thin-film [129] as well as 
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the damping of the magnetic material [34]. Kittel mode is a coherent SW mode (wavevector, k 

= 0) that acts as the dominant coherent channel for magnetization relaxation in thin films. For 

relatively thicker samples (larger than optical penetration depth), SWs excited by a laser pulse 

propagate through the sample thickness and reflect back from the substrate to form PSSW 

modes. SWs act as one of the several channels to relax from a highly excited state to 

equilibrium [162]. The natural relaxation of the precession of magnetization is expressed by 

the Gilbert damping parameter (𝛼) according to the well-known LLG equation [54,163]. Origin 

of the intrinsic damping lies in the SOC and band-width of the d band of 3d ferromagnets [164]. 

Various other intrinsic and extrinsic mechanisms such as eddy current [62], phonon drag [63], 

capping [22] or doping [65] with another material, two-magnon scattering [165], spin current 

injection [136] can influence the damping. From an application point of view, lower damping 

is important for the propagation of spin waves over long distances and energy-efficient 

switching of MRAM bits [133], while higher damping is useful for the elimination of ringing 

after magnetic switching [166]. Therefore, the Gilbert damping constant is a very crucial 

parameter for spintronics applications. Design and control of this parameter are imperative for 

device engineering. Therefore, the investigation of ultrafast demagnetization as well as spin 

relaxation and precessional dynamics in soft magnetic materials is a subject of intense interest 

due to the inherent physical mechanism as well as their potential applications for the 

development of future high-speed spin-based devices.  

By understanding the ultrafast dynamics of magnetic materials, one can gain insights into the 

underlying mechanisms that affect their behaviour in high-frequency regimes, which can be 

leveraged to optimize the design and performance of aforementioned emerging technologies. 

For example, studying the spin dynamics and relaxation processes at ultrafast timescales can 

provide information on the behaviour of magnetic materials under rapid switching or dynamic 

conditions, which are prevalent in high-frequency operations. Such understanding can guide 

the selection of magnetic materials with properties such as high saturation magnetization, low 

coercive field, and moderate anisotropy field and steer the engineering design for following on 

highly miniaturized device topologies, which are desirable for minimizing losses at and 

achieving efficient performances at relatively higher operational frequencies. 

As in the relatively lower frequency (sub-MHz – MHz level), the operational frequency is not 

only limited by the eddy current losses or losses due to the domain wall (DW) 

movement/rotation but also by spin losses and a decrease of the permeability, as we reach 

higher frequencies, such as GHz level. Additionally, any inhomogeneities of the magnetic 
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ordering present in the material can result in the coexistence of the different dynamical 

processes, such as DW assisted dynamical responses and FMR assisted dynamical responses, 

independent of the orientation of the driving field. Moreover, from practical device applications 

point of view, study of the lifetime of the spin wave modes is also crucial because the presence 

of the eddy currents not only restricts the lifetime of the wave but also significantly alters its 

effective dispersion relation. Hence, to identify the exact nature of the dynamical processes for 

such highly miniaturized devices operating at ultrahigh frequencies, one needs to understand 

comprehensively the high-frequency dynamics for accurate evaluation of the spin losses of the 

system as well. 

Here, we have simultaneously measured ultrafast demagnetization and magnetization 

precession in a soft ferromagnetic CoP alloy by using an all-optical TR-MOKE magnetometry. 

By systematically varying the in-plane magnetization orientation (𝜑) with respect to an 

externally applied magnetic field we have found that the precessional frequency follows a 

dominant two-fold anisotropy superposed with a moderate four-fold anisotropy, while Gilbert 

damping coefficient shows a strong four-fold anisotropy. In contrast, ultrafast demagnetization 

is found to be almost invariant with 𝜑. Our results indicate that the anisotropic variation of 

precession frequency may stem from the variation of SOC with 𝜑, while the four-fold variation 

of damping with high value of it has been attributed to the dephasing of the Kittel-like 

precessional mode with the PSSW and other dissipative modes. For the highly nonequilibrium 

spin dynamics followed by the laser excitation, role of anisotropic SOC is negligible in its 

contribution to the ultrafast SFS process [167]. The higher damping is key to reduce the 

resonance response of power supplies and any associated noise, ringing or oscillations 

produced by them.     

5.2 Experimental details 

The following chemicals and reagents [155] are used for preparing smooth, shiny, amorphous 

CoP thin film utilizing the electrodeposition technique at room temperature (293K): 

Phosphorus acid (3.30), Phosphoric acid (5.90), Cobalt chloride hexahydrate (18.87), Cobalt 

carbonate (1.55), Glycine (1.15), Saccharine (1.51), naphthalene trisulfonic acid (NTA) (1.52); 

values in the parenthesis are amount of the chemicals in g/100 mL. The pH of the bath was ∼ 

0.72 – 0.86. Initial instability of the electrolytic bath causes somewhat stressed and rough films 

developed by the electrodeposition, with the other possibility being the high surface tension 

between the working electrode and the electrolyte. A surface tension-reducing agent, glycine, 
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stress-relieving additives, NTA and saccharine [168,169] have been added to the solution to 

stabilize the bath and to reduce the surface tension between the working electrode and the 

electrolyte. Consequently, stress-free, smooth, glossy films are developed. The 

electrodeposition of amorphous CoP film of 3.173 μm thickness using pulsed-reverse plating 

(PRP) on 2 × 2 cm2 Si-wafer with a top conducting seed layer of 20 nm titanium and 200 nm 

gold has been carried out utilizing CHI 660B potentiostat. Forward and reverse currents have 

been utilized to develop the sample with PRP.  

The elemental characterization and surface topography of the electrodeposited film are 

investigated using energy dispersive x-ray (SEM-EDX) spectroscopy and AFM. The 

crystallinity and amorphousness of this electrodeposited sample is characterized by the XRD 

technique. In-plane magnetic hysteresis loop measurements have been carried out using a 

hysteresis loop tracer (ShB Instruments, USA; Model: MESA 200). 

To study the ultrafast demagnetization and precessional magnetization dynamics of the sample, 

we have exploited the TR-MOKE technique in polar Kerr geometry based on a two-colour non-

colinear pump probe set-up. A part of the fundamental laser beam (wavelength = 800 nm, pulse 

width = 35 fs, repetition rate = 1 kHz) from a femtosecond regenerative amplifier (Libra, 

Coherent Inc.) is passed through a second harmonic generator to generate the pump beam 

(wavelength = 400 nm, pulse width > 35 fs, repetition rate = 1 kHz) for the excitation, while 

another small part of the fundamental laser beam is used as the probe beam to detect the 

magnetization dynamics. A time delay between the pump and probe beam is generated by 

passing the probe beam through a motorized variable delay stage. The fluence of the pump 

beam is kept much stronger (~ 10 mJ/cm2) than the probe beam (~ 1.5 mJ/cm2) during the 

measurements. An external magnetic field is applied at ~ 30° tilt (indicated as ξ in Figure 2(a)) 

to the sample plane which is suitable for this sample to introduce a finite demagnetizing field. 

This tilt of the magnetization is further modified by the pump pulse to launch the precessional 

dynamics in the sample. The probe beam is incident on the sample normally with a spot size of 

diameter ~ 100 μm, whereas the pump beam is slightly defocused with a spot diameter of ~ 

250 μm and incident obliquely at around ~ 45° angle to the sample plane keeping a proper 

spatial overlap with the probe spot. We have used an optical chopper to chop the pump beam 

at 373 Hz frequency and the dynamic signal in the probe beam is detected through the Si 

detector by using a lock-in amplifier in a phase-sensitive manner. In our experiment we have 

used 4 ps and 2 ns time windows (time window corresponds to the total duration of 
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measurement of the time-resolved signal), to probe the ultrafast demagnetization (temporal 

resolution = 25 fs) and damped precessional motion (temporal resolution = 5 ps), respectively. 

5.3 Results and discussions 

Static Characterization: 

In determining the crystallinity or the amorphousness of CoP thin film, phosphorous content 

plays a key role. Therefore, it is important to study the qualitative and quantitative analysis of 

phosphorous in the electrodeposited thin film. The energy dispersive x-ray (EDX) spectrum for 

the electrodeposited Si/Ti (20 nm)/Au (200 nm)/CoP (3.173 μm) sample as shown in Figure 

5.1(a) confirms different Co and P peaks. For example, the Co- Lα peak originates at 0.77 keV, 

Kα originates at 6.93 keV, and Kβ is at 7.64, while the 2.13 keV peak is for the P- Kβ peak. The 

EDX analysis confirms the presence of Co and P entities in the sample with ~ 87 % and ~ 13 

%, respectively. EDX’s premium software program, APEX is used for collecting and analysing 

energy dispersive spectroscopic data and the compositional characterization of the material. It 

uses ZAF-corrected (Z: atomic number, differences in deceleration of primary electrons; A: 

absorption, absorption of primary emitted characteristic x-rays; F: secondary fluorescence, 

generation of secondary x-ray fluorescence by characteristic radiation) spectral analysis for 

quantitative compositional information. Details of the EDX spectra are listed in Table 5.1. 

Table 5.1: Ratio obtained from EDX analysis: 

Element     Wt %         At %        K-Ratio         Z              A               F 

------------------------------------------------------------------------------------- 

  P-K          7.45         13.28         0.0423     1.1010      0.5148       1.0017 

  Co-K      92.55         86.72         0.9155     0.9910      0.9982       1.0000 

------------------------------------------------------------------------------------- 

Total        100.00       100.00 

 

The surface topography of the electrodeposited film is investigated using AFM as shown in 

Figure 5.1(b). From the AFM image, we have extracted the average roughness of the surface 

as ~ 6.56 nm. The surface roughness is slightly higher than typical films deposited by physical 

vapor deposition techniques, but it is substantially small relative to the film thickness (3.173 

μm) signifying the efficacy of the bath chemistry (proportion of stress relieving additives etc.) 

in the plating process. 
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The crystal structure of this electrodeposited sample is characterized by XRD technique using 

a 40 kV x-ray source (Rigaku: SmartLab) as shown in Figure 5.1(c). Four characteristic peaks 

can be observed at 2θ values of 38.2°, 44.6°, 61.7° and 69.1° which could be assigned to Au 

(111)[170], Co (111)[171], Si (004) [172] and Si (004) [173] plane, respectively. The very small 

standard diffraction peak of Co suggests mainly the face-centred cubic (fcc) structure of Co 

[171]. This peak is not sharp because of the amorphous nature of the material in the presence 

of P.  Therefore, the system could be considered as a nano-hetero-structured system where tiny 

nanocrystalline Co-fcc phases are embedded in the amorphous CoP phase. 

 

Figure 5.1: (a) Typical EDX spectrum of the sample at room temperature showing the presence of Co and P. (b) 

AFM image showing the surface topography of the sample. (c) X-ray diffraction pattern showing the amorphous 

property with nanocrystalline Co-fcc phase. (d) Typically measured static in-plane hysteresis loop at two different 

in-plane directions showing anisotropic nature of the sample, here, dir.-2 = dir.-1+90o. Inset: magnified hysteresis 

loop. 

TRMOKE Measurement of Ultrafast Spin Dynamics: 

The ultrafast spin dynamics of this electrodeposited film has been measured using an all-optical 

TR-MOKE magnetometry [34] in a non-collinear optical pump-probe geometry. The 

experimental measurement geometry in polar TR-MOKE configuration is shown in Figure 

5.2(a). The optical pump-probe technique uses femtosecond (fs) laser pulses (pump) to excite 

the sample and to probe the ensuing dynamics in terms of the polar Kerr rotation (𝜃𝑘) of the 

sample as a function of the time delay between the pump and probe pulses. In the polar Kerr 

geometry, 𝜃𝑘  is proportional to the change of the out-of-plane component of the magnetization. 
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Figure 5.2(b) shows a typical TR-MOKE trace from CoP containing three different temporal 

regimes. When a femtosecond laser is incident on a ferromagnetic sample placed in an external 

magnetic field, a rapid quenching of magnetization is observed just after the zero delay (i.e., 

when pump and probe beams are incident simultaneously on the sample). This phenomenon is 

known as ultrafast demagnetization. This is followed by a fast remagnetization within a few 

picoseconds (ps) due to spin-lattice relaxation. Change in the lattice temperature changes 

magneto-crystalline anisotropy which acts as a pulsed magnetic field and triggers the 

precession of magnetization of the sample. The heat diffusion from lattice to surroundings 

corresponds to longer relaxation within hundreds of ps time range. In this timescale the 

magnetization precession damps out. 

 

Figure 5.2: (a) Schematic of experimental geometry, sample is in x-y plane and x-z is the plane of the laser beam 

and (b) typical TR-MOKE data from Si/Ti (20 nm)/Au (200 nm)/CoP (3.173 μm) sample at an external bias 

magnetic field of 1.35 kOe. The three important temporal regimes at pump fluence of 17.5 mJ/cm2 are indicated 

in the graph. 

After subtraction of a bi-exponential background from the precessional oscillation in the Kerr 

rotation data, we obtain a damped oscillatory motion. Figure 5.3(a) shows the damped Kerr 

oscillation in the polar Kerr geometry at an external magnetic field of 1.35 kOe for three 

different in-plane angles of 15º, 60º and 135º w.r.t. the x-axis along the x-y sample plane in the 

clock-wise direction. The precessional oscillation is fitted to the equation, 

𝜃𝑘 =  ∑ 𝐴𝑖𝑒−𝑡 𝜏𝑖⁄ sin (2𝜋𝑓𝑖𝑡 + 𝛿𝑖)
𝑛
𝑖=1                                       (5.1) 

Where 𝑛 is the number of modes, and 𝐴𝑖, 𝜏𝑖, 𝑓𝑖  and 𝛿𝑖 are initial precessional amplitude, decay 

time, resonance frequency and initial phase shift of the ith mode. When there is more than one 

clear SW modes (1 ≤ n ≤ 3), this expression is used to fit the time-resolved magnetization 

curves. The frequency of precession can be extracted by performing the fast Fourier transform 

(FFT) of the Kerr rotation data. Figure 5.3(b) shows the FFT spectra containing the magnetic 



85 | P a g e  
 

modes corresponding to those three different in-plane angles. From these three angles we can 

see that there is a clear frequency shift in magnetic modes from one angle to another. This gives 

a signature of the existence of magnetic anisotropy in the system. Also, we observed that FFT 

spectrum for 15º and 60º orientation contain a single clear peak whereas the other angle (135º) 

contains two dominant peaks. 

 

Figure 5.3: (a) Background subtracted time-resolved Kerr rotation data for external magnetic field of 1.35 kOe 

applied along three different in-plane angles (15º, 60º and 135º, respectively w.r.t. the x-axis along x-y plane) at a 

fixed pump fluence of 10 mJ/cm2. The solid-coloured lines are fitted curves using the damped sine function. (b) 

FFT spectra corresponding to three different angles showing the magnetic modes. (c) In-plane angle dependent 

precessional frequency at the same external magnetic field of 1.35 kOe. The solid line is fitted the Kittel mode. 

i.e., equation 5.2. 

To investigate the anisotropic magnetic behaviour more precisely, we have investigated the 

magnetic modes by continuously rotating the in-plane bias-field angle (𝜑) at 15º interval at an 

external magnetic field of constant magnitude of 1.35 kOe at a pump fluence of 10 mJ/cm2. 

Figure 5.3(c) displays that the most dominated precessional mode shows a combination of two-

fold and four-fold anisotropy terms. Thus, we have fitted its frequency (𝑓) variation with 𝜑 

using the following equation [174]: 

𝑓 =  
𝛾

2𝜋
{[𝐻 +

2𝐾2

𝑀𝑠
cos 2𝜑 −

4𝐾4

𝑀𝑠
cos 4𝜑 +

2𝐴

𝑀𝑠
(

𝑛𝜋

𝑑
)

2

] × [𝐻 + 4𝜋𝑀𝑠 +
2𝐾2

𝑀𝑠
𝑐𝑜𝑠22𝜑 −

4𝐾4

𝑀𝑠
(3 + cos 4𝜑) +

2𝐴

𝑀𝑠
(

𝑛𝜋

𝑑
)

2

]}                                        (5.2) 
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Where 𝑓 is the precessional frequency, 𝛾 =
𝑔𝜇𝐵

ħ
=1.76 ×107 rad/(s.G) is the gyromagnetic ratio, 

𝐻 =1.35 kOe is the bias magnetic field and 𝑀𝑠 is the saturation magnetization. 𝐾2 and 𝐾4 

indicate the two-fold and four-fold anisotropy constants. A, d and n are exchange stiffness 

constant, thickness of the film and order of PSSW mode, respectively. Here, we have fixed 𝑛 =

0, since the most dominating mode here is the uniform Kittel mode. The estimated value of 𝑀𝑠 

is obtained as ~1350 emu/cc, which matches closely with the reported value for bulk Co [175]. 

We have cross checked this value from another independent measurement of the magnetic 

hysteresis loop measured along the hard axis of the sample and obtained the value of 𝑀𝑠 as 

~1129 emu/cc. The slightly lower value of 𝑀𝑠 obtained from the hysteresis loop tracer can be 

attributed to the errors in evaluating the sample volume. The value of uniaxial anisotropy 

constant is found to be 1.1×105 erg/cc superposed with a weaker four-fold anisotropy constant 

of 0.3×105 erg/cc. Subsequently, we have fitted the magnetic field dispersion of the precessional 

frequencies for three different values of 𝜑, i.e., 45°, 90° and 150° as shown in Figure 5.3(b) 

using the same equation, i.e., equation 5.2. In this case we have fitted 𝑓 as a function of 𝐻, 

keeping the in-plane angle 𝜑 fixed at particular value, i.e., 45°, 90° or 150°. We have kept the 

value of sample thickness, 𝑑 = 3.173×10-4 cm as constant parameter and 𝐾2, 𝐾4 are fixed at the 

obtained value from the fit as given above. Mode 1 is fitted with 𝑛 = 0 and by leaving 𝑔 and 

𝑀𝑠 as fitting parameters. While 𝑔 is found to be constant at 2.0 ± 0.1 and 𝑀𝑠 is ~1350 ± 50 

emu/cc for three different angles.  With the same 𝑀𝑠value for three different angles, mode 2 

can be fitted for 𝑛 = 1.  

Additionally, the value of uniaxial anisotropy, 𝐾2 can be calculated from the hard-axis 

hysteresis loop using the expression: 𝐾2 =
1

2
𝐻𝑠𝑀𝑠. Here the saturation field, 𝐻𝑠~ 200 Oe and 

saturation magnetization 𝑀𝑠~1129 emu/cc. The value of 𝐾2 is calculated to be ~ 1.13×105 

erg/cc, in good agreement with the value obtained from the fit. 

The magnitude of bias magnetic field is systematically varied to obtain field dispersion of the 

precessional frequencies for three different values of 𝜑, i.e., 45°, 90° and 150° at a fixed pump 

fluence of 10 mJ/cm2. The number of peaks varies with the magnitude and orientation of the 

bias field. The FFT power spectra of the time-resolved Kerr rotation traces for varying bias 

field at 𝜑 = 45° is shown in Figure 5.4(a). Two to three modes with reasonable power are 

observed in the spectra whose frequencies decrease with decreasing field. The evolution of 𝑓 

with bias field strength for three different values of 𝜑 are plotted in Figure 5.4(b) which are 

fitted using equation 5.2 while 𝑀𝑠, 𝐾2 and 𝐾4 are fixed at the values obtained from the fit. From 
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Figure 5.4: (a) FFT power spectra of time-resolved Kerr rotation traces at different strengths of the applied bias 

field at a fixed pump fluence of 10 mJ/cm2 for 𝜑 = 45°. (b) Bias magnetic field dependent frequency of 

precessional modes at 𝜑 = 45°, 90° and 150°, black and red solid lines are the fitted results with equation 5.2 for 

n = 0 and n = 1, respectively. (c) Bias field dependent Gilbert damping constant of the Kittel mode at 𝜑 = 45°, 90° 

and 150° reveals the suppression of extrinsic effects at higher field. 

the fit, we understand that mode 1, i.e., the most intense mode, is the uniform Kittel mode (n = 

0), while mode 2 is the first order PSSW mode (n = 1). The value of the exchange stiffness 

constant A is found to be 1.9×10-6 erg/cm from the fit of PSSW mode, which agrees reasonably 

well with the previously reported values of crystalline Co [176,177]. At some values of 𝜑, the 

dominant Kittel mode supresses other precessional modes. We have also observed a low 

frequency mode adjacent to the Kittel mode. The systematic variation of the mode frequencies 

with bias magnetic field confirms the magnetic origin of these modes. The magnetic field 

dispersion of the lowest frequency mode could not be fitted well with Kittel equation having 

reasonable magnetic parameters probably because of its origin in the magnetic inhomogeneity 

of the system. This magnetic inhomogeneity may lead to TMS [32] causing an enhancement of 

damping.  

We have extracted the effective Gilbert damping (𝛼) coefficient of the Kittel mode by using 

the expression: 

𝛼 =
1

γτ(𝐻+𝐻1+𝐻2)
                                                            (5.3) 

Where 𝐻1 =  
𝐾2

𝑀𝑠
cos 2𝜑 −

2𝐾4

𝑀𝑠
cos 4𝜑 and 𝐻2 = 2𝜋𝑀𝑠 +

𝐾2

𝑀𝑠
𝑐𝑜𝑠22𝜑 −

2𝐾4

𝑀𝑠
(3 + cos 4𝜑). Here 

τ is the decay time of the magnetization precession and other parameters have their usual 
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meaning. The effective damping consists of both intrinsic and extrinsic contributions. The 

damping as a function of H is plotted in Figure 5.4(c) for three different values of 𝜑. Effective 

𝛼 is found to decrease with increasing frequency and becomes nearly constant for H > 1.15 

kOe, as reported previously. This means a field above 1.15 kOe is high enough to supress all 

extrinsic effects contributing to the damping. At 𝜑 = 45° (Figure 5.5(a)), the higher frequency 

precessional mode is found to be supressed in the low field regime, and the lower frequency 

mode and the Kittel mode dominate. Thus, the enhancement of 𝛼 in the lower field regime can 

occur due to dominant TMS effect. For other two angles, the PSSW mode is present in the 

lower field regime too. However, we found it to be nontrivial to isolate different contributions 

to the damping, including TMS, in this study. 

 

Figure 5.5:  The variation of 𝛼 of Kittel modes (solid black scattered points) and PSSW modes (open red scattered 

points) with different in-plane angles at an external bias magnetic field of 1.35 kOe with the pump fluence of 10 

mJ/cm2. Black solid line is guide to eye.  

To investigate the anisotropic behaviour of damping, the angular dependence of effective 

damping was extracted, as shown in Figure 5.5 corresponding to the Kittel mode and the PSSW 

mode of Figure 5.3(c). Large in-plane four-fold anisotropic behaviour of damping is observed 

for the Kittel mode. Angular regimes with higher damping value are marked by black shade in 

Figure 5.5, those regimes are containing richer number of modes along with the Kittel mode 

(Figure 5.3(c)).  Enhancement of 𝛼 at some angles is found to be due to the mutual dephasing 

of PSSW and the low frequency mode with the Kittel mode (shown in Figure 5.6) which opens 

up additional energy dissipation channels [162]. The damping parameter corresponding to the 

PSSW mode (𝛼𝑃𝑆𝑆𝑊) wherever present is shown in Figure 5.5 with open circle symbol. The 

anisotropic behaviour of 𝛼 has been theoretically predicted previously based on breathing 

Fermi-surface model [178,179]. This has been shown experimentally not only in ferromagnetic 

metals [180], but also in alloys [74]. From the ratio of 𝐾2 and 𝐾4, it can be found that the 

electrodeposited CoP film shows ~80% two-fold and ~20% four-fold anisotropy in precession 
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frequency coupled with a four-fold anisotropic damping. Such anisotropic GHz-frequency 

precessional dynamics can be crucial for various high-frequency applications such as frequency 

selectivity can be achieved without replacing the magnetic film and only by rotating the film 

for any input information for radio frequency signals and spintronic resonators [181]. 

Moreover, anisotropy of damping will enable to design future spintronic devices. The higher 

damping of the CoP film will be useful for increasing the switching speed for high-speed 

magnetic recording devices and to reduce the noise in power supply devices. 

 

Figure 5.6: A schematic representing the formation of standing wave along the thickness of the sample and the 

mutual dephasing of PSSW and low frequency mode with the Kittel mode.  

To understand the faster dynamics, i.e., ultrafast demagnetization and its dependence on the in-

plane angle of bias magnetic field, we have explored the time-resolved Kerr rotation in the CoP 

film as a fixed pump fluence fixed of 10 mJ/cm2, bias field strength of 1.35 kOe and by rotating 

the sample at 15° interval w.r.t. the bias field orientation. A phenomenological expression 

obtained from the well-known 3TM [50] is used to fit the ultrafast demagnetization and the fast 

remagnetization in the time-resolved Kerr traces as given below: 

−∆M

M
= [{

𝐴1

(𝑡 𝜏0+1⁄ )
1
2

+
𝐴1𝜏𝑚−𝐴2𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑚⁄ +

𝐴2𝜏𝑒−𝐴1𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑒⁄ } 𝐻(𝑡) + 𝐴3𝛿(𝑡)] ⨂𝐺(𝑡)              (5.4) 

The assumption behind this expression is instantaneous increase of electron temperature upon 

laser excitation to generate hot electrons. By electron-magnon interaction hot electrons excite 

spins and quench the magnetization [44]. Following that, the quenched magnetization tries to 

recover its magnetization by distributing energy between three reservoirs, i.e., electron, spin 

and lattice subsystems. In the above expression A1 represents the value of recovered 

magnetization after fast remagnetization, A2 represents amount of magnetization quenching 

which is proportional to the initial rise in electron temperature and A3 represents the magnitude 
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of state filling effect during pump-probe overlap established by a Dirac delta function (δ(t)). 𝜏0 

is the cooling time by heat diffusion during the electron-phonon interactions. H(t) and G(t) are 

the Heaviside step function and Gaussian function. The first exponential term describes the 

time scale of ultrafast demagnetization time (𝜏𝑚) while the second exponential term indicates 

the electron-phonon interaction by fast remagnetization time (𝜏𝑒).  

As shown in Figure 5.7(a), 𝜏𝑚 is nearly invariant for all in-plane bias-field orientation 𝜑, 

revealing an isotropic behaviour. Conventionally, ultrafast demagnetization is described by EY 

type electron-phonon SFS led by spin-mixing due to SOC. Unlike the FM/NM heterostructures, 

here there is no interface and the ensuing difference in spin chemical potential [92], and hence 

super diffusive spin transport will not be responsible for ultrafast demagnetization [161]. 

Although the actual explanation behind isotropic ultrafast demagnetization is not well 

understood, the possible mechanism can be EY-like electron-electron coulomb scattering, 

proposed by Krauβ et al. [47] which is not (quasi)elastic scattering unlike electron-phonon or 

electron-defect scattering. This inelastic scattering diminishes the dependence of SF 

probabilities on the spin-mixing and anisotropic SOC, resulting isotropic ultrafast 

demagnetization. Moreover, recent photoemission spectroscopy in Ni [182,183] has revealed 

that highly non-equilibrium transient phase transition contributes a crucial role through 

sufficient energy transfer from optical excitation to the spin systems within a shorter timescale 

than ultrafast demagnetization. Over a longer time both experimental and theoretical works 

[184,185] have suggested that low energy magnon generation in femtosecond timescale by hot 

electrons provide a significant contribution in ultrafast SF processes, i.e., ultrafast 

demagnetization. Therefore, ultrafast demagnetization may have no dependence on the  

 

Figure 5.7: (a) Variation of 𝜏𝑚 with the in-plane angle 𝜑 of bias magnetic field at a fixed pump fluence of 10 

mJ/cm2 showing isotropic behaviour. (b) Time-resolved Kerr rotation traces containing ultrafast demagnetization 

and fast remagnetization. (c) Variation of 𝜏𝑚 with pump fluence. 
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anisotropic SOC of equilibrium state and shows nearly isotropic behaviour. Figure 5.7(b) 

shows the ultrafast demagnetization curve with varying pump fluence ranging from 5 mJ/cm2 

to 20 mJ/cm2, while the probe fluence is kept constant at 1 mJ/cm2. All the experimental data 

are fitted using equation 5.4. We observe that the demagnetization time increases linearly with 

fluence, as shown in Figure 5.7(c), due to the enhancement of spin fluctuation at elevated 

temperature [131].  

We have numerically solved the phenomenological 3TM and reproduced the experimental data 

at different pump fluences obtained from the TR-MOKE magnetometry to have further insights 

about the ultrafast demagnetization phenomenon. The three phenomenological coupled 

differential equations are written as: 

𝐶𝑒(𝑇𝑒)
𝑑𝑇𝑒

𝑑𝑡
 =  −𝐺𝑒𝑙(𝑇𝑒 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑒 − 𝑇𝑠) + 𝑃(𝑡)   (5.5a) 

𝐶𝑠(𝑇𝑠)
𝑑𝑇𝑠

𝑑𝑡
 =  −𝐺𝑠𝑙(𝑇𝑠 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑠 − 𝑇𝑒)     (5.5b) 

𝐶𝑙(𝑇𝑙)
𝑑𝑇𝑙

𝑑𝑡
 =  −𝐺𝑠𝑙(𝑇𝑙 − 𝑇𝑠) − 𝐺𝑒𝑙(𝑇𝑙 − 𝑇𝑒)     (5.5c) 

Where 𝑇𝑒, 𝑇𝑠 and 𝑇𝑙 are temperature of electron, spin and lattice bath, respectively. Initial 

temperatures are kept at room temperature, i.e., 300 K. 𝐶𝑒, 𝐶𝑙 and 𝐶𝑠 are the electron, lattice 

and spin contribution to the specific heat. Electronic specific heat is proportional to the electron 

temperature, i.e., 𝐶𝑒  =  𝛾 𝑇𝑒 , where 𝛾 = 0.7×103 Jm-3K-1. 𝐺𝑒𝑙, 𝐺𝑒𝑠 and 𝐺𝑠𝑙 are the electron-

lattice, electron-spin and spin-lattice coupling strength constant, which reciprocate energy 

transfer rate from electron to lattice, spin and spin to lattice system. Initial electronic excitation 

is expressed by adding the laser source term, 𝑃(𝑡) to equation 5.5a only. The spin temperature 

is then fed into the mean-field theory to reproduce the transient change in magnetization as 

obtained in the experiment. The modelled result and temporal evolution of three different baths 

at 7.5 mJ/cm2 fluence are shown in Figure 5.8(a) and Figure 5.8(b), respectively. 

We have enlisted different parameters obtained from 3TM in Table 5.2 below. 

Table 5.2: Parameters obtained from 3TM as a function of pump fluence: 

Fluence 

(mJcm-2) 

Cs 

(× 105 Jm-3K-1) 

Cl 

(× 106 Jm-3K-1) 

Gel 

(×1017 Wm-

3K-1) 

Ges 

(×1017 Wm-

3K-1) 

Gsl 

(×1017 Wm-

3K-1) 

5 2.1 1.5 5.5 8.4 0.65 
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7.5 1.8 1.3 4.6 8 0.4 

10 1.2 1.1 4.5 7.5 0.4 

12.5 1.15 1.1 4.4 6.6 0.4 

15 1 1.2 4.1 6.3 0.35 

17.5 0.9 0.95 4 5 0.5 

20 0.85 0.95 3.2 4.4 0.6 

 

The results clearly demonstrate that (Figure 5.8(c)) faster ultrafst demagnetization at low pump 

fluence corresponds to higher electron-spin coulping strength (𝐺𝑒𝑠). With the increase of 

fluence the electronic temperature increases which follows higher spin fluctuation, reducing 

the electron-spin coupling strength and demagnetization rate. 𝐺𝑒𝑙 and 𝐺𝑠𝑙 determine the decay 

of electron and spin temperature to the lattice.   

 

Figure 5.8: (a) Ultrafast demagnetization data fitted with 3TM and (b) temporal evolution of electron, spin and 

lattice temperature at 7.5 mJ/cm2 fluence for Si/Ti (20 nm)/Au (200 nm)/CoP (3.173 μm) film heterostructure. 

(b) Variation of  𝜏𝑚 and 𝐺𝑒𝑠 with pump fluence variation. 

5.4 Conclusion 

In conclusion, we have experimentally investigated the time-resolved spin dynamics in 

electrochemically deposited CoP alloy film using the all-optical TR-MOKE magnetometry to 

explore possible anisotropy in magnetization precession and damping as well as ultrafast 

demagnetization w.r.t. in-plane magnetization orientation of the sample. The magnetization 

precession frequency obeys a stronger two-fold anisotropy superposed with a weaker four-fold 

anisotropy, while the Gilbert damping follows a four-fold anisotropic nature. This typical 

anisotropic precession may stem from the variation of SOC at equilibrium. The strong four-

fold anisotropic Gilbert damping can be attributed to the additional dissipation channel due to 

the presence of the PSSW mode and another lower-frequency mode along with the Kittel mode, 

which causes mutual dephasing of precession. The ultrafast demagnetization time is found to 
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be nearly invariant with the in-plane magnetization orientation, indicating that the role of 

anisotropic SOC is negligible in a highly nonequilibrium state after laser excitation. Our work 

provides important experimental results regarding to ultrafast demagnetization and Gilbert 

damping in a new soft magnetic system for possible future applications and opening new 

avenues for further investigation.  
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CHAPTER 6 

Manipulating Ultrafast Magnetization Dynamics of 

Ferromagnets using the Odd-Even Layer of Two-

Dimensional Transition Metal Dichalcogenides  

6.1 Introduction 

Despite countless fascinating characteristics of graphene, the lack of intrinsic spin-orbit 

coupling in graphene has led to the discovery of two-dimensional (2D) TMDs MX2, where M 

is a transition metal and X is a chalcogen atom.  Different TMDs have rapidly emerged during 

the last decade due to their potential for a wide range of applications and rich physics. Among 

them, the group-VI TMDs (M = W, Mo and X = S, Se, Te) have shown unique electronic band 

structure properties depending on the layer number [186-189]. A monolayer (ML) of a TMD 

corresponds to half a unit cell of the bulk crystal, implying that the mirror inversion symmetry 

is broken in odd number of layers. The top of the valence band and the bottom of the conduction 

band consist of two inequivalent Q valleys in addition to the splitting at K and K΄ points of the 

hexagonal Brillouin zone [187] in TMDs. Due to the lack of inversion symmetry in odd number 

of layers, the charges on the M and X atoms generate local in-plane electric fields and cause 

spin-orbit interaction which is strong enough to orient the spins in the bands perpendicular to 

the ML. Thus, this effect imitates a perpendicular magnetic field causing a giant Zeeman 

splitting of valleys that become fully spin polarized [190]. Based on the possibility to 

manipulate this valley degree of freedom, the concept of valleytronics [191] has emerged 

providing alongside with the SOC due to the d orbitals of the heavy metal atom, a way for spin 

manipulation. These effects lead to spin and valley coupled physics (spin-valleytronics), such 

as the valley Hall effect accompanied by the spin Hall effect [192,193], suppression of spin 

and valley relaxation [194] etc. Rather than the widely used electrical [195,196] and magnetic 

[197] methods, joint theory-experiment reports have shown that the spin-valley polarization 

and intervalley coupling of excitonic states in different valleys can be accessible through 

optical excitations [198]. Several theoretical [194,199] and experimental [200] reports have 

drawn attention to the combination of 2D TMDs with strong SOC with a 3d FM to modify the 

magnetic properties of the FM layer and to promote layer number dependent properties of the 

heterostructure [161]. This layer number dependence is one of the unique characteristics of 
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TMDs, which is however not yet been fully explored. Thus, it is essential to carry out a 

comprehensive study of the magnetization dynamics (via optical excitation) at ultrafast 

timescales of the layered TMDs as a function of the layer number. Previous reports suggest that 

the strong SOC promotes transfer of spin angular momentum within the spin system and plays 

important role in manipulating the ultrafast demagnetization time (𝜏𝑚), spin switching and 

spin-wave propagation [35,50,92,161,201].  

An all-optical study of magnetization dynamics using a pump-probe technique based on TR-

MOKE microscopy is one of the best tools that can provide a detailed understanding of the role 

of TMD materials on a FM at the time scale of one billionth of a second [35] and magnetization 

precession associated with damping from picoseconds to sub-nanosecond timescale. Due to 

broken inversion symmetry [202] interband optical transitions will have a strong impact on 

magnetic damping [203] vis-à-vis ultrafast demagnetization. During the optical excitation in 

the TMDs, valley dependent charge [204] transfer is the mechanism underpinning AOS [205] 

and hence ultrafast demagnetization. However, the microscopic mechanism and the role of spin 

valley coupling has not been studied in detail for TMD based heterostructures.  

In this work, we report the fluence dependent ultrafast demagnetization (𝜏𝑚) and damping (𝛼) 

in WS2 (𝑛𝑀𝐿= 0, 1, 2, 3, 4, 5)/Co3FeB (6 nm)/Al (4 nm) thin film heterostructures by using the 

all-optical TR-MOKE technique. Compared to other TMDs, WS2 has high spin-orbit coupling, 

better thermal stability, high field effect mobility [206]. Their foremost stability with strong in-

plane bond and ability to form hybrid interfaces without any lattice matching make them 

potential 2D materials for magnetic information storage to atomically thin limit. From the 

modulation of damping with pump laser fluence for different WS2 layer number, it is observed 

that the broken inversion symmetry for odd number of layers leads to interband transitions, 

whereas even layers are governed by intraband transitions. We have extracted the dominant 

contributions for the ultrafast demagnetization by correlating  𝜏𝑚 and 𝛼. In case of 𝑛𝑀𝐿= 0 

(bare FM layer), both the ultrafast demagnetization and damping are governed by the SFS of 

the 3d itinerant electrons by impurities or quasiparticles. For odd number of layers, SFS 

dominates for the entire fluence range, while for even number of WS2 layers, spin pumping 

dominates at low fluences but with the increase of laser fluence SFS overshadows spin 

pumping. This study provides detailed understanding of the magnetization dynamics as well as 

enabling a non-volatile control of the ultrafast relaxation based on the layer number. 
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6.2 Experimental details 

Controlled WS2 layers were prepared by the combined process of ion beam sputtering and 

subsequent plasma sulphurization of W films on thermally oxidized Si substrates. A detailed 

sulphurization recipe can be found in other reports [207]. After growth of the WS2 films, the 

samples were transferred back to the ion beam sputtering chamber for growth of 6-nm-thick 

Co3FeB thin films at room temperature. The details related to the deposition of Co3FeB can be 

found in a previous report [203]. Following that a 4-nm-thick Al layer was deposited as a 

capping layer to prevent the surface from degradation. Thus, the heterostructure stacks consist 

of the following layers from bottom to top: Sub//WS2 (𝑛𝑀𝐿= 0,1,2,3,4,5)/Co3FeB (6 nm)/Al (4 

nm), where the nominal thicknesses are given in the parentheses. For simplicity, the 

heterostructures are described as WS2 (𝑛𝑀𝐿)/Co3FeB throughout the manuscript. The film 

thickness and roughness were obtained by XRR measurements and a ML of WS2 corresponds 

to ~ 9Å thickness and WS2 layer numbers are confirmed by Raman spectroscopy shown in 

Supplementary Information. 

The static magnetic properties (see Supplementary Information) of the samples were measured 

using a VSM, whereas the magnetization dynamics were investigated using a two colour non-

collinear pump-probe based TR-MOKE technique. The TR-MOKE set-up consists of a 

femtosecond regenerative amplified laser system with a central wavelength of 800 nm, pulse 

width of ~35 fs and repetition rate of 1 kHz. A part of this fundamental laser beam is passed 

through a second harmonic generator to double its frequency and generate the pump laser of 

wavelength 400 nm, pulse width of >35 fs with identical repetition rate. The magnetization 

dynamics is excited by an intense pump beam (fluence between 2.5 and 15 mJ/cm2) whereas a 

small part of the rest of the fundamental laser beam (fluence of 1 mJ/cm2) is used as a probe 

beam to measure the magnetization dynamics by detecting the transient Kerr rotation signal. In 

our TR-MOKE experiment, the pump beam is incident at 45° angle to the sample plane and 

focused to a spot having diameter of ~250 μm. The probe beam is tightly focused to a spot of 

diameter ~100 μm and is incident normally on the sample plane located at the centre of the 

pump spot to detect the dynamics only from a uniformly excited region of the sample. The 

probe beam is polarized and chopped at a frequency of 373 Hz using an optical chopper right 

before reaching the sample. The transient Kerr rotation is detected in the probe beam through 

an analyzer and a Si detector by using a lock-in amplifier in a phase sensitive manner. The 

output frequency from the optical chopper is used as the reference frequency for the lock-in 

amplifier. An external magnetic field (titled by ~10° out of the sample plane) is applied to 
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introduce a finite out-of-plane demagnetizing field, which is modulated by the pump beam to 

induce precessional dynamics in the samples.  

6.3 Results and discussions 

Static characterization 

 

Figure 6.1: (a) Static in-plane magnetic hysteresis loop, (b) x-ray reflectivity spectrum from WS2 (5 ML)/Co3FeB 

(6 nm) heterostructure and (c) Raman spectra of WS2 for 1 - 5 layers. Dotted lines indicate the peak shift with 

layer numbers. 

A room temperature IP magnetic hysteresis loop of the WS2 (5 ML)/Co3FeB heterostructure, 

measured using VSM (Quantum Design PPMS, Dynacool-9T system), is shown in Figure 

6.1(a). The small value of the saturation field is evidence of an IP magnetic easy axis with 

negligible OOP configuration. The small value of the coercive field, Hc ~ 1.4 Oe indicates the 

soft ferromagnetic nature of the heterostructure.  

Figure 6.1(b) shows the XRR spectrum of WS2 (5 ML)/Co3FeB heterostructure measured using 

a 1.54 Å Cu-Kα x-ray source. The XRR spectrum exhibits well defined oscillations up to a 

scattering vector of 0.5 Å-1 signifying uniform deposition. The ‘Reflex’ software was used to 

analyze the XRR spectra from where we have extracted the thickness, SLD and roughness of 

the different layers. The SLD is proportional to the electron density of the material. The values 

of the layer thicknesses obtained from the fits are found to be close to their nominal thickness 

values. The interfacial roughness and SLD obtained from the fits are tabulated in Table 6.1.  

Table 6.1: Parameters obtained from the XRR analysis of WS2 (nML)/Co3FeB heterostructures. 

Heterostructure Layer Thickness (nm) Roughness (nm) SLD (10-5Å-2) 

 

Co3FeB 

Al 5.5 1.1 2.635 

Co3FeB 6.3 0.5 8.087 

Sub - 0.17 2.067 

 

WS2(1ML)/Co3FeB 

Al 5.1 1.2 2.112 

Co3FeB 6.2 0.3 8.588 
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WS2 1 0.4 4.817 

Sub - 0.9 2.014 

 

WS2(2ML)/Co3FeB 

Al 4 0.4 2.112 

Co3FeB 8 0.4 8.588 

WS2 1.8 0.3 4.066 

Sub - 1.9 2.014 

 

WS2(3ML)/Co3FeB 

Al 4.6 0.9 2.379 

Co3FeB 8 0.4 8.85 

WS2 2.8 0.2 4.434 

Sub - 0.3 2.492 

 

WS2(4ML)/Co3FeB 

Al 4.3 0.38 2.635 

Co3FeB 4.7 0.1 8.088 

WS2 3.8 0.3 7.15 

Sub - 0.45 2.067 

 

WS2(5ML)/Co3FeB 

Al 4 1.12 2.635 

Co3FeB 4.2 0.3 6.869 

WS2 4.44 1.3 7.15 

Sub - 0.57 2.067 
 

Raman spectroscopy has been performed to accurately identify the number of WS2 layers using 

a solid-state laser based LABRAM HR Evolution instrument with 600 lines/mm spectral 

resolution. We used 532 nm laser excitations, keeping the laser power 1.15 mW at all times. 

A1g mode blueshifts with the increase of WS2 layer number (Figure 6.1(c)) that is consistent 

with the increase of restoring force caused by the interlayer van der Waals interactions. The 

low intensity peak at low wavenumber corresponds to the out-of-plane acoustic phonon mode. 

The blueshift of A1g and redshift of E2g are the proof of the formation of 1, 2, 3, 4, 5 ML. 

Observation of Raman peaks in all samples is indicative of the crystalline nature of WS2. 

TR-MOKE measurements: 

A schematic of the TR-MOKE set up is depicted in Figure 6.2(a) along with the sample stack 

shown in Figure 6.2(b). A typical laser induced time resolved magnetization dynamics is shown 

in Figure 6.2(c) for the WS2 (𝑛𝑀𝐿= 4)/Co3FeB sample measured with pump fluence of 10 

mJ/cm2 under an in-plane bias magnetic field of 1.56 kOe. The applied magnetic field is large 

enough to reach saturation magnetization (Figure 6.1(a)). The transient Kerr rotation drops 

within sub-picosecond timescale followed by a recovery process. The ultrafast demagnetization 

[35] and fast remagnetization follow the expression derived from the phenomenological 3TM 

[50], 

−∆𝑀𝑧

𝑀𝑧
= [{

𝐴1

(𝑡 𝜏0+1⁄ )
1
2

+
𝐴1𝜏𝑚−𝐴2𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑚⁄ +

𝐴2𝜏𝑒−𝐴1𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑒⁄ } 𝐻(𝑡) + 𝐴3𝛿(𝑡)] ⨂𝐺(𝑡).         (6.1) 



99 | P a g e  
 

The 3TM is a thermodynamic model describing the spin fluctuations based on the energy 

transfer between three different subsystems: spin, electron, and lattice. Upon laser excitation, 

instantaneously created hot electrons are thermalized by electron-electron interactions. Shortly 

after that, spins also thermalize by electron-magnon interaction followed by ultrafast 

demagnetization. Then electron and spin start to relax by exchanging their energy with lattice 

via electron-phonon interaction. This is called the fast remagnetization time (𝜏𝑒). Here, 𝐴1 

represents the restoring value of −∆𝑀𝑧/𝑀𝑧 after equilibration of the different subsystems. 𝐴2 

represents the rise of the initial electron temperature, while 𝐴3 represents the state filling effects 

due to pump-probe temporal overlap, described by a Dirac delta function (𝛿(𝑡)). 𝐻(𝑡) is the 

Heaviside step function and 𝐺(𝑡) is the Gaussian laser pulse. This model is useful to analyze 

the experimental data and extract quantitative information of timescales of ultrafast 

demagnetization and fast remagnetization. 

 

Figure 6.2: (a) TR-MOKE experimental setup. (b) Layer schematic of WS2/Co3FeB/Al heterostructure. (c) 

Recorded data on WS2 (𝑛𝑀𝐿= 4)/Co3FeB sample at an external bias magnetic field of 1.56 kOe and pump fluence 

of 10 mJ/cm2. The three important temporal regimes are indicated in the graph. The green solid lines are fit to 

equation 6.1 and 6.2.  

Fast remagnetization is followed by a slow remagnetization process occurs within few 

hundreds of ps timescale. In this timescale heat diffuses across the temperature gradient from 
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ferromagnet to substrate via the intermediate layer i.e., WS2, called the slow remagnetization 

time (𝜏1). Exponentially decaying slow remagnetization superimposed with magnetization 

precession and damping can be fitted with an exponentially damped sinusoidal function, 

𝑀𝑧(𝑡) = 𝑀𝑧(0) (𝐴𝑒
−(

𝑡

𝜏1
)

+ 𝐵𝑒−(
𝑡

𝜏
)
sin(2𝜋𝑓𝑡 + 𝜙))                         (6.2) 

The precession frequency 𝑓 is extracted from the FFT, while the decay time 𝜏 and the initial 

phase of the precession 𝜙 are fitting parameters.  

The slow remagnetization time is the time (𝜏1) to dissipate heat across the temperature gradient 

from ferromagnet to substrate via WS2. Variation of 𝜏1 on odd-even layer numbers of WS2 is 

shown in Figure 6.3 

 

Figure 6.3: Variation of 𝜏1 with pump fluence for different number of layers of WS2. 

Experimental and numerical studies have shown that thermal transport in TMDs is phonon 

mediated [208]. The lattice specific heat (𝐶𝑝) and thermal conductivity (𝜅) play dominant roles 

for thermal time constant in thermal dissipation. It is notable that both the IP and cross-plane 𝜅 

contribute for this kind of layered materials [209]. While the IP 𝜅 increases with WS2 layer 

number and helps for heat dissipation, cross-plane 𝜅 hinders the vertical heat flow due to the 

weak interlayer van der Waals interaction. Due to the balancing between IP and cross-plane 𝜅, 

we have not observed any layer dependence of slow remagnetization time. 

The effective magnetization (𝑀𝑒𝑓𝑓) can be extracted by fitting the bias field (𝐻) dependent 𝑓 

using Kittel’s formula neglecting the anisotropy energy in amorphous Co3FeB [133], 
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 𝑓 =
𝛾

2𝜋
(𝐻(𝐻 + 4𝜋𝑀𝑒𝑓𝑓))

1/2

,                                         (6.3) 

where 𝛾 = 𝑔µ𝐵 ћ⁄ ; 𝑔, µ𝐵 and ћ are the Landé g-factor, Bohr magneton and reduced Plank’s 

constant, respectively. The extracted values of 𝜏 and 𝑀𝑒𝑓𝑓 from equation 6.2 and 6.3 are used 

to find the effective damping parameter at a particular bias field using the expression [134], 

𝛼𝑒𝑓𝑓 =
1

γτ(𝐻+2𝜋𝑀𝑒𝑓𝑓)
.                (6.4) 

The magnetization precession in a magnetic field of 1.56 kOe field (Figure 6.4(a)) is fitted with 

equation 6.2 and 6.3 is used to fit 𝑓 vs. 𝐻 for different WS2 (𝑛𝑀𝐿)/Co3FeB samples at a pump 

fluence of 10 mJ/cm2; results are shown in Figure 6.4(b). The extracted 𝑀𝑒𝑓𝑓 values for 

different layer number of WS2 (Figure 6.4(c)) show a decreasing trend following previous 

results for TMD/FM heterostructures [203,207]. Here, the 5d electrons of W are strongly 

hybridized with the 3d electrons of Co/Fe at the interface reducing the magnetization at the 

interface. A finite pd hybridization between Co/Fe and S may also contribute in reducing the 

effective magnetization [207]. 

 

Figure 6.4: (a) Time resolved Kerr rotation showing the damped magnetization precession of WS2 (𝑛𝑀𝐿)/Co3FeB 

thin film heterostructures measured with a pump fluence of 10 mJ/cm2 at an external bias field of 1.56 kOe. The 

symbols are the experimental data points, and the solid lines are fits to equation 6.2. (b) Corresponding precession 
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frequency 𝑓 of WS2 (𝑛𝑀𝐿)/Co3FeB as a function of 𝐻. Solid lines are the Kittel fits.  (c) Dependence of 𝑀𝑒𝑓𝑓  on 

layer number of WS2 as extracted from Kittel fits. 

Using equation 6.4, the effective damping parameter is calculated for the field range of ~ 840 

Oe to ~ 2480 Oe (Figure 6.5(a)). The magnetic damping includes both intrinsic and extrinsic 

contributions. Extrinsic contributions arise from magnetic inhomogeneities and TMS 

[210,211]. Inhomogeneities in Co3FeB thin film may induce variation of spin orientation via 

local magnetic anisotropy fields giving rise to a dephasing effect and an enhancement of the 

damping parameter when the applied field is not strong enough to align all spins [212]. TMS 

occurs when two spin waves interact at an impurity or discontinuity site (𝑘  0) in such a way 

that they transfer energy between the two spin waves and dissipates some of their energy at the 

site of the impurity. The scattering strength depends on the interfacial roughness that gives rise 

to interfacial magnetic anisotropy fluctuating field leading to TMS. Thus, a strong enough 

applied field can suppress the extrinsic contributions [135]. For all the layers of WS2, the 

effective damping (𝛼𝑒𝑓𝑓) decreases gradually and reaches a nearly saturated value at higher 𝐻 

indicating that the inhomogeneous magnetic distribution is suppressed at large external 

magnetic fields. The experimental data is fitted with an exponentially decaying function, 

𝛼𝑒𝑓𝑓  =  𝛼 +  𝛼𝑒𝑥𝑒𝑥𝑝(−𝐻/𝐻0), where 𝛼 corresponds to the intrinsic damping parameter and 

𝛼𝑒𝑥𝑒𝑥𝑝(−𝐻/𝐻0) is the extrinsic part of the damping [92,213]. The variation of intrinsic 

damping 𝛼 (as high field suppresses the extrinsic contributions) with pump fluence for WS2 

(Figure 6.5(b)) shows two opposite characteristics for odd and even number of WS2 layers. The 

gradual enhancement of the background possibly emerges from the interlayer scattering for 

more than 2ML however the layer number dependence is remarkable in all samples [214]. 

The pump fluence increases the electronic temperature (𝑇𝑒) up to thousands of Kelvins [215], 

which can be related to the absorbed laser energy per unit volume (𝐸𝑎) according to the 

following relation, 

𝐸𝑎 =  𝐶𝑒(𝑇𝑒
2 − 𝑇0

2)/2,                                                   (6.5) 

where 𝐶𝑒 is the electronic specific heat of the sample, 𝑇0is the initial electronic temperature 

(room temperature) and 𝐸𝑎 depends on the pump fluence as, 

𝐸𝑎 =  𝐹(1 − 𝑒
−𝑑

𝜓⁄
)(1 − 𝑅)/𝑑,                                        (6.6) 

where 𝐹 is the applied pump fluence, 𝑑 is the ferromagnet thickness, 𝜓 is the optical penetration 

depth and 𝑅 is the reflectivity of the sample. The calculated 𝐸𝑎 and 𝑇𝑒 are estimated in the 

Table 6.2. 
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In the absence of WS2, the damping parameter is nearly constant with pump fluence for bare 

Co3FeB. This is to some extent consistent with a previous study, where the damping parameter 

was found to be temperature independent [216]. A temperature dependent damping parameter 

has been reported for several FM Heusler compounds [217,218], where the temperature 

dependence is explained by inter- and intraband scattering of electrons. The interband 

scattering contribution enhances the damping with increasing temperature known as resistivity 

like damping, while intraband scattering shows opposite behaviour, referred to as conductivity 

like damping [71]. It should be noted that the temperature dependence of the intrinsic damping 

is still being debated; a theoretical model [219] claims that the Gilbert damping should be 

independent of temperature. Thus, in a single Co3FeB layer, we have not seen any signatures 

of the inter- and intraband electron scattering mechanisms. However, there is significant 

evidence of inter- and intraband electron scattering in the damping for the WS2 (𝑛𝑀𝐿= 1, 2, 3, 

4, 5)/Co3FeB thin film heterostructures. The damping parameter increases with the increase of 

pump fluence for odd numbers of WS2 layers (𝑛𝑀𝐿 = 1, 3 and 5), indicative of interband 

electron scattering or resistivity like damping, while for even number of WS2 monolayers (𝑛𝑀𝐿 

= 2, 4), intraband electron scattering dominates [203]. According to Kambersky’s SFS 

mechanism, 𝛼 depends on the SOC [220]. Further, Park et al. have shown that for 2D materials, 

the SOC strength is a function of temperature and the spin-orbit splitting factor (SOC =
ħ2𝑘0𝜂

𝑚∗ , 

where 𝜂 is the temperature dependent spin-splitting parameter) [221]. Moreover, inversion 

symmetry breaks for 2D TMD materials with an odd number of TMD layers generating 

additional spin splitting. These features will provide important implementation in spin-

valleytronic devices. The layers showing higher damping would be useful for magnetic 

switching application to suppress the ringing effect, while the layers with lower damping would 

be useful to reduce write current in STT-MRAM/SOT-MRAM devices and magnonic devices 

where longer propagation of spin waves is desirable. In addition to that temperature dependent 

damping will provide another route to modulate damping by externally tuning the temperature 

of the system in place of heterostructure replacement. So, these heterostructures will be very 

useful to miniaturize electronic devices where temperature plays an important role. 

Several mechanisms such as cooperative effects of SOC and exchange interaction [111], SOC 

and applied laser field [40], phonon mediated spin-flip scattering [48,86,114], electron-magnon 

scattering [44], electron-electron scattering [47] have been suggested to explain the ultrafast 

demagnetization. In 2008, Malinowski et al. first showed that the laser induced spin transport 

can speed up the ultrafast demagnetization process and increase magnetic quenching in 
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NM/FM heterostructures [50]. Local spin-flip scattering and nonlocal spin current transport are 

the two key mechanisms to explain ultrafast demagnetization [130,222]. An elegant method to 

extract the dominant contribution to ultrafast demagnetization is the simultaneous investigation 

and correlation of both the ultrafast demagnetization time (𝜏𝑚) and damping parameter (𝛼) 

[91,92]. 

The normalized ultrafast demagnetization for WS2 (𝑛𝑀𝐿)/Co3FeB thin film heterostructures is 

shown in Figure 6.5(c); the experimental results were analysed by fitting to equation 6.1. Here 

it appears that even numbers of WS2 (𝑛𝑀𝐿= 2, 4) layers reduce the demagnetization time (𝜏𝑚), 

indicating a spin-pumping mechanism, while odd numbers of layers enhance 𝜏𝑚. This can be 

attributed to the broken inversion symmetry causing an extra spin-splitting in valleys for odd 

number of layers contributing to relaxation of the spins and/or due to the uncompensated spins 

in the odd layer. However, a monolayer of WS2 shows a different behaviour than the other odd  

 

Figure 6.5: (a) Dependence of the effective damping parameter 𝛼𝑒𝑓𝑓  on the magnetic field 𝐻 for WS2 

(𝑛𝑀𝐿)/Co3FeB at a fixed pump fluence (10 mJ/cm2). Dotted lines correspond to fits to  exponentially decaying 

functions. (b) Variation of 𝛼 with 𝑛𝑀𝐿 at various pump fluences (2.5-15 mJ/cm2) at an external bias field of 1.56 

kOe. Coloured arrows indicate the increment of fluence. (c) Ultrafast demagnetization curves of WS2 

(𝑛𝑀𝐿)/Co3FeB. Inset shows the time-resolved Kerr rotation over longer time scale. Solid lines are fits to equation 

6.1. (d) Variation of 𝜏𝑚 with 𝑛𝑀𝐿 at different pump fluences (2.5-15 mJ/cm2). Coloured arrows indicate the 

increment of fluence.  
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numbers of layers, i.e., a lower 𝜏𝑚 value than for the bare Co3FeB layer. This is probably due 

to the absence of spin splitting in the electronic band structure in monolayer WS2 (ref. [203]). 

The 𝜏𝑚 as a function of WS2 layer number for different pump fluences ranging from 2.5 mJ/cm2 

to 15 mJ/cm2 is shown in Figure 6.5(d). Unlike 𝛼, for all samples, 𝜏𝑚 is increasing with pump 

fluence due to larger spin fluctuations at elevated temperature [131].  

Variation of 𝛼 and 𝜏𝑚 with pump fluence are shown in Figure 6.6.  

 

Figure 6.6: Variation of (a) 𝛼 and (b) 𝜏𝑚 with pump fluences in absence of WS2, and for odd and even number 

of layers of WS2. 

 

We have modelled the experimental ultrafast demagnetization data of Co3FeB (6 nm) thin film 

obtained from TR-MOKE magnetometry at different pump fluences using 3TM [35]. The three 

coupled differentail equations can be written as: 

𝐶𝑒(𝑇𝑒)
𝑑𝑇𝑒

𝑑𝑡
 =  −𝐺𝑒𝑙(𝑇𝑒 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑒 − 𝑇𝑠) + 𝑃(𝑡)   (6.7a) 

𝐶𝑠(𝑇𝑠)
𝑑𝑇𝑠

𝑑𝑡
 =  −𝐺𝑠𝑙(𝑇𝑠 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑠 − 𝑇𝑒)     (6.7b) 

𝐶𝑙(𝑇𝑙)
𝑑𝑇𝑙

𝑑𝑡
 =  −𝐺𝑠𝑙(𝑇𝑙 − 𝑇𝑠) − 𝐺𝑒𝑙(𝑇𝑙 − 𝑇𝑒)     (6.7c) 

Where 𝐶𝑒, 𝐶𝑠 and 𝐶𝑙 are the electron, spin and lattice specific heats. Electronic specific heat is 

proportional to the electron temperature, i.e., 𝐶𝑒  =  𝛾 𝑇𝑒 , where 𝛾 = 0.7×103 Jm-3K-1.  𝑇𝑒, 𝑇𝑠 

and 𝑇𝑙 are temperature of electron, spin and lattice bath, respectively. Initial temperatures are 

kept at room temperature, i.e., 300 K. 𝐺𝑒𝑙, 𝐺𝑒𝑠 and 𝐺𝑠𝑙 are the electron-lattice, electron-spin 

and spin-lattice coupling strength constant. Initial electronic excitation is expressed by adding 

the laser source term, 𝑃(𝑡) to equation 6.7a only. The temporal evolution of the spin 
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temperature is then fed into the mean field theory to reproduce the similar change in 

magnetization that is observed in the experiment. Curie temperature (Tc) of Co3FeB is ~1313 

K [223]. 

We have enlisted the value of absorbed energy (𝐸𝑎) and rise of electronic temperatures (𝑇𝑒) 

using equation 6.6 and 6.7 of the manuscript and different parameters obtained from 3TM at 

different pump fluences for Co3FeB (6 nm) thin film in Table 6.2 below. 

Table 6.2: Estimation of different parameters obtained from equation 6.6, 6.7 and 3TM for 

Co3FeB (6 nm) film. 

F 

(mJ/cm2) 

Ea 

(mJ/cc) 

Te (K) Cl (× 106 

Jm-3K-1) 

Cs (× 106 

Jm-3K-1) 

Gel (×1017 

Wm-3K-1) 

Ges (×1017 

Wm-3K-1) 

Gsl (×1017 

Wm-3K-1) 

2.5 0.67×106 1416 3.8 2.3 7 29.2 8 

5 1.34×106 1979 4.2 3.5 6 29 13 

7.5 2.01×106 2415 4.5 3.68 6 28.5 14 

10 2.67×106 2778 5.3 3.8 11 28 10 

12.5 3.34×106 3104 5.5 3.95 11 27 12.5 

15 4.01×106 3398 7 4.05 14 26 9 

 

We have observed an increase in both 𝐶𝑙 and 𝐶𝑠 with pump fluence that corresponds to the rise 

of their respective bath temperatures. 𝐺𝑒𝑠 is showing a decreasing trend with fluence indicating 

that the higher fluence weakens the strength of coupling between electron and spin followed 

by an increase in 𝜏𝑚.  

 

Figure 6.7: (a) Temporal evolution of electron temperature (𝑇𝑒), spin temperature (𝑇𝑠) and lattice temperature (𝑇𝑙) 

at 15 mJ/cm2 fluence and (b) variation of 𝑇𝑠 as a function of time delay at different pump fluence for Co3FeB (6 

nm) thin film. 

Relationship between ultrafast demagnetization time and damping parameter: Non-

volatile control 

The relationship between the ultrafast demagnetization time and the effective damping 

parameter can be used to extract the dominant microscopic mechanism behind these 
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phenomena. The theoretical model by Koopmans et al. [86] predict an inverse proportionality 

between 𝜏𝑚 and 𝛼 based on EY-type spin-flip scattering. Later, based on the ‘breathing Fermi 

surface model’ and the ‘bubbling Fermi surface model’, Fähnle et al. [122,123] derived both 

inverse and direct proportionalities between 𝜏𝑚 and 𝛼 associated with resistivity-like and 

conductivity-like damping, respectively. More recently Zhang et al. proposed a model by 

incorporating spin transport through the interface of a FM/NM heterostructure [91,92] giving 

rise to a direct proportionality between 𝜏𝑚 and 𝛼 when the dominating mechanism is local spin-

filp scattering and an inverse proportionality when interface spin transport dominates.  

The correlation between 𝜏𝑚 and 𝛼 is depicted in Figure 6.8. In case of odd 𝑛𝑀𝐿 (Figure 6.8(a) 

and (b)) at the lowest and highest pump fluence used in our experiments the results indicate a 

linear relationship between 𝜏𝑚 and 𝛼 as prescribed by the breathing Fermi surface model and 

the EY relation [122],  

𝜏𝑚  =  
𝑀

𝛾𝑝𝑏2𝐹𝑒𝑙
𝛼 ,                                                      (6.8) 

where 𝑀 is the magnetization, 𝐹𝑒𝑙 contains the derivatives of the single-electron energies with 

respect to the orientation of the magnetization 𝑀, 𝑝 is a material specific parameter and 𝑏2 is 

the EY spin-mixing parameter. The values 𝛼/𝜏𝑚 = 4.55 × 1010 s-1 and 9.24 × 1010 s-1
 are 

obtained for odd numbers of layers at the lowest and highest pump fluence, respectively. At the 

highest fluence, even 𝑛𝑀𝐿 also indicates a linear relationship (Figure 6.8(d)) and the obtained 

value of 𝛼/𝜏𝑚 is 0.56 × 1010 s-1. These values agree well with the previous reported values 

[92,123,161] indicating that the main governing mechanism behind the ultrafast 

demagnetization is the local spin-flip scattering. On the other hand, for even 𝑛𝑀𝐿 at the lowest 

pump fluence (Figure 6.8(c)) an inverse correlation occurs  

τ𝑚 =
𝐹̃𝑒𝑙

𝑝𝑏2

1

α
 ,                                                         (6.9) 

where 𝐹̃𝑒𝑙 is also determined from the electronic states but it is different from the 𝐹𝑒𝑙. 𝐹̃𝑒𝑙 can 

be expressed by the matrix elements formed by the two different electronic wave functions 

whereas 𝐹𝑒𝑙 contains matrix elements formed by the same electronic wavefunctions. This 

indicates the dominance of spin current transport. In even 𝑛𝑀𝐿, the absence of broken inversion 

symmetry causes WS2 (𝑛𝑀𝐿= 2, 4)/Co3FeB to act like a normal NM/FM heterostructure. Due 

to the high SOC of WS2, it absorbs the spin angular momentum from Co3FeB and enhances the 

demagnetization rate through spin-pumping [22]. The demagnetization rate (∆
1

𝜏𝑚
=

1

𝜏𝑚
|𝑡 −
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1

𝜏𝑚
|𝑡=0) versus modulation of damping (∆ 𝛼 =  𝛼|𝑡 −  𝛼|𝑡=0) at lowest fluence for even 𝑛𝑀𝐿 

has been used to find out the spin chemical potential using the relation [92],  

                                     ∆
1

𝜏𝑚
=

𝜇𝑠

ħ
𝛥𝛼.                                                     (6.10) 

Here, the spin chemical potential (𝜇𝑠) quantifies the spin accumulation at the WS2/Co3FeB  

interface, which generates a spin backflow current and reduces the spin pumping. We have 

extracted 𝜇𝑠 to be 0.53 eV for even 𝑛𝑀𝐿 at low fluence, which enhances the demagnetization 

rate and the damping factor. This value is reasonable for a 2D material/FM heterostrcuture as 

it is in close proximity with the reported values for graphene/CoFeB heterostructure 

[128,224,225]. This implies that with an increase of pump laser fluence, spin-flip scattering 

dominates over the spin pumping contribution for even number of layers. Unlike for NM/FM 

heterostructures,  the direct proportionality observed for odd 𝑛𝑀𝐿 is due to the interpaly between 

the SOC and the spin-valley splitting caused by the broken inversion symmetry, which 

interrupts the generation and transport of spin current via interband transitions (Figure 6.8(e)). 

In reciprocal space, valley seperation is so large that the valley index is robust against the 

scattering of phonons and deformation [226]. So the effect of valley splitting on magnetization 

dynamics will make TMD/FM heterostructures as a promising candidate for next generation 

spintronic devices with high storage density and low power consumption. 

 

Figure 6.8: Variation of 𝜏𝑚 as a function of 𝛼 for (a),(c) lowest pump fluence and (b),(d) highest pump fluence 

for odd nML and even nML, respectively. Lines in (a),(c),(d) are fits to the equation 6.8, while in (b) the line is a fit 

to equation 6.9. (e), Cartoon of laser pulse interaction resulting in inter- and intraband transitions in WS2.  
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6.4 Conclusion 

In summary, we have systematically investigated the magnetization dynamics from 

femtosecond to nanosecond timescales in WS2(𝑛𝑀𝐿)/Co3FeB thin film heterostructures using 

time-resolved magneto-optical Kerr effect magnetometry. An odd-even WS2 layer number 

(𝑛𝑀𝐿) dependence is evidenced from measurements of the damping parameter (𝛼). The 𝛼 

exhibits a laser fluence dependent character due to interband electron scattering because of 

broken inversion symmetry, while in heterostructures with even nML intraband electron 

scattering explains the fluence dependence. In contrarst, 𝜏𝑚 does not show any odd-even layer 

dependence with fluence, confirming that electron scattering plays no significant role on 

femtosecond timescales. Moreover, by correlating 𝜏𝑚 and 𝛼, the microscopic mechanisms 

involved in ultrafast demagnetization have been revealed. We have found that spin current 

transport is generally responsible for ultrafast demagnetization at temperatures near room 

temperature in heterostructures with even nML. However, with an increase of pump fluence, the 

SFS starts playing a dominating role. On the other hand, in heterostructures with odd nML the 

ultrafast demagnetization is dominated by the SFS mechanism for all fluences used in this 

study. The understanding of how the spin-valley coupling governs the odd-even layer 

dependence in two-dimentional materials is an important milestone for future fundamental 

research and applications.  
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CHAPTER 7 

Role of Spin Transport on Ultrafast Spin Dynamics in 

Magnetic Weyl Semimetal (Co2MnGa)/Pt 

Heterostructures with High Spin-Mixing Conductance 

7.1 Introduction 

Weyl semimetals (WSMs) [227-238] have stimulated the scientific curiosity as a new frontier 

of materials science due to the presence of Weyl fermions, which are spin-
1

2
 massless 

quasiparticles described by a simplified Dirac relativistic wave equation, omitting the mass 

term [239] . The scientific interest in WSMs is not only due to their unique electronic dispersion 

relation and Fermi-arc type surface states [228,229], but also because of their technologically 

attractive magneto-transport properties, such as nonlocal transport [240,241], high mobility 

[242], large magnetoresistance [243], chiral anomaly effect [244-246], anomalous Hall effect 

(AHE) [247,248], and anomalous Nernst effect (ANE) [249,250]. 

In WSMs, the valence and conduction bands cross linearly in three-dimensional (3D) 

momentum space via Weyl points, the emergent Berry flux between a pair of Weyl points with 

opposite chiralities, which act as source and sink of the Berry curvature [251]. In WSM which 

break time-reversal symmetry, the intrinsic part of the  proximity of the Weyl points to the 

Fermi level govern the intrinsic part of  the AHE [247] and yield the intrinsic SHE [252]. 

Among all Weyl semimetals, Co-based ferromagnetic Weyl full Heusler compounds are of 

particular interest in part due to their high spin polarization and topologically protected band 

crossings at high symmetry points of the Brillouin zone, making them potentially relevant for 

a wide variety of electronic device applications. According to recent literature, WSM Co2MnSi-

based MTJs show high tunnel magnetoresistance at low temperatures [253], with Co2FeSi and 

Co2FeAl MTJs utilized for tunnel magneto-Seebeck effect [254,255] for their high spin-

Seebeck coefficient. Furthermore, theoretical investigations imply that these novel class of 

quantum materials with topologically non-trivial band structures have the potential to 

demonstrate rapid spin-to-charge interconversion and faster magnetization switching[108], 

making them suitable for spin-orbit torque-based devices [256,257]. Belopolski et al. first 

elucidated, by means of angle-resolved photoemission spectroscopy, the electronic band 

structure of Co2MnGa (CMG) and confirmed that it exhibits both nodal line band-crossings 
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and Weyl crossings at distinct points in momentum space, which leads to exotic electronic 

properties such as chiral fermions and topological surface states [258]. Later, CMG was the 

subject of numerous studies, which revealed that it exhibited substantial ANE [250,259,260] 

and a thickness-dependent AHE [261-264] from the bulk to thin film limit, originating from a 

sizeable intrinsic reciprocal-space Berry curvature, and displayed a strong potential for use as 

spintronics terahertz emitters [265-267] . For spintronic applications, a basic understanding of 

magnetization dynamics [268], as well as the microscopic mechanisms behind femtosecond to 

nanosecond spin phenomena, is necessary to enable a next-generation switchable device. In 

particular, understanding the underlying phenomena of femtosecond processes such as ultrafast 

demagnetization (a key mechanism responsible for all-optical switching) and the nanosecond 

spin-dissipation and spin transport process, which are characterized by the Gilbert damping 

parameter (analogous to the Rayleigh energy dissipation function) is crucial. Despite the 

uniqueness of Weyl semimetals, the processes involved in ultrafast demagnetization and spin 

transport across (magnetic) Weyl-based heterostructures are still largely unknown and require 

further exploration. 

In this work, we present an all-optical investigation of femtosecond to nanosecond spin 

dynamics in cubic CMG thin films and subsequent spin transport across CMG/Pt interfaces. 

TR-MOKE [129] magnetometry is used to excite and detect the magnetization dynamics over 

a broad timescale [269] where the ultrafast demagnetization time (𝜏𝑚) and damping constant 

corresponding to the uniform Kittel mode (𝛼) and perpendicular standing spin wave (PSSW) 

mode (𝛼𝑃𝑆𝑆𝑊) [270] as a function of Pt thickness (t) are extracted. By correlating the 

demagnetization rate (∆
1

𝜏𝑚
) with the modulation of damping (∆𝛼), we have inferred the 

dominant role of spin transport phenomenon [51,128,161] as a microscopic mechanism behind 

ultrafast demagnetization and extracted the spin chemical potential (𝜇𝑠) at the interface during 

spin transport [92]. We conducted a thorough investigation of spin pumping in CMG/Pt 

heterostructures, in which the precessional motion of magnetization within the CMG layer 

results in a finite electrochemical potential at the CMG/Pt interface due to the asymmetric 

accumulation of majority spins. This non-equilibrium spin build-up works as a reservoir for 

spin current, which diffuses into the Pt layer and increases the damping of the composite 

system. The efficiency of this spin pumping mechanism is primarily determined by the spin-

mixing conductance and interfacial spin transparency. Using the ballistic spin transport model 

[271,272], we have extracted an ultrahigh spin-mixing conductance and interfacial spin 

transparency for the CMG/Pt interface, indicative of an efficient spin transport across this 



112 | P a g e  
 

interface. Additionally, to isolate the other possible interfacial effects, if present in the 

modulation of damping, a control experiment has been performed by inserting a thin copper 

(Cu) spacer layer between CMG and Pt which confirmed that spin pumping is playing the 

dominating role in the modulation of damping in our system. Overall, this thorough study of 

femtosecond to nanosecond magnetization dynamics identifies this magnetic Weyl semimetal 

as a promising candidate for future directions in both spin-electronics and ultrafast 

optoelectronics.  

7.2 Experimental details 

Sample fabrication  

Co2MnGa films, with a thickness of 42 nm, were grown epitaxially on (001)-oriented MgO 

single-crystal substrates by employing a BESTEC UHV magnetron sputtering system. 

Magnetron sources (mounted with 5.08 cm in diameter targets) of Co, and Mn50Ga50, as well 

as Mn (to achieve the desired stoichiometric Co2MnGa compound), were used in confocal 

geometry during the sputtering deposition, with DC power of 34 W, 20 W and 6 W, 

respectively. The target-to-substrate distance was maintained at 20 cm to ensure optimal 

sputtering conditions. Before initiating the deposition process, the chamber was evacuated to a 

base pressure less than 5 × 10-9 mbar, whereas the process gas (Ar 5 N) pressure was set to 3.0 

× 10-3 mbar. The substrate was rotated at 20 rpm to promote spatial uniformity of the resulting 

film. The films were grown at a temperature of 640 °C and subsequently subject to in situ post-

annealing for an additional 30 min to enhance the chemical ordering. Subsequently, the 

nonmagnetic Pt layer of varying thicknesses (t = 2, 4, 6, and 8 nm) were grown on top of the 

Co2MnGa at room temperature by applying a DC power of 40 W to a Pt source. In the reference 

sample (without the Pt layer), a protective Si capping layer was deposited at 60 W RF power 

to protect the Co2MnGa film from oxidation. In another set of samples, a thin 2-nm-thick Cu 

spacer layer was inserted between the Co2MnGa and Pt layers. This Cu spacer layer was 

deposited at room temperature using a DC power of 30 W. The conditions for deposition were 

meticulously optimized and maintained at nominally identical levels across all samples. 

Structural, electrical and magnetic characterizations 

Symmetric and asymmetric XRD scans were carried out using a Panalytical XPert3 XRD 

diffractometer with Cu Kα1 radiation (λ = 1.5406 Å). The interface roughness and thickness of 

different layers were determined by XRR measurements. Surface topography was studied using 

AFM with an MFP-3D origin microscope from Asylum Research (Oxford Instruments). For 
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longitudinal resistivity measurement, we employed a PPMS Quantum Design cryostat with a 

low frequency AC excitation and a lock-in detection method of the corresponding voltage drop. 

We resorted to contacting the corners of the square samples by ultrasonically bonded 

aluminium wires, in the van der Pauw geometry. Magnetometry measurements were conducted 

utilizing a Quantum Design (MPMS SQUID-VSM) magnetometer. 

Time-resolved Magneto-optical Kerr effect 

The measurement of magnetization dynamics was performed using a custom-built TR-MOKE 

magnetometer [34] in a two-colour optical pump-probe geometry with an 800 nm probe beam 

and a 400 nm pump beam with a pump-probe cross-correlation width of ~100 fs. An amplified 

laser system (Libra, Coherent Inc.) with a chirped-pulse regenerative amplification technique 

creates 35 fs laser pulses. The fundamental laser beam of 800 nm from the amplifier is split 

into two beams using a beam splitter and one part is frequency doubled using a second 

harmonic generator to create the pump beam (wavelength = 400 nm, pulse width > 35 fs and 

repetition rate ~ 1kHz), for excitation of the sample. The other part (wavelength = 800 nm, 

pulse width = 35 fs and repetition rate ~ 1kHz) is time-delayed using a motorized delay stage 

with a retroreflector to probe the ensuing magnetization dynamics due to excitation by the 

pump beam. A noncollinear pump-probe geometry is utilized in which the pump beam is 

obliquely incident with a spot diameter of ~300 μm on the sample surface and the probe beam 

is normally incident with a spot diameter of ~100 μm carefully aligned at the centre of the 

pump spot to detect the change in the polar Kerr rotation locally. For the entire measurement, 

the pump fluence was set to 10 mJ.cm-2
 and the probe fluence was set to 1 mJ.cm-2

 . One Glan-

Thompson polarizer is used in the probe path for having high degree of polarization before 

being incident on the sample, while another is used to analyze the polar Kerr rotation of the 

reflected probe beam from the sample. The detection is made by two Si-photodetectors which 

are connected to lock-in amplifiers (Stanford research system, Model: SR830) for measuring 

the total reflectivity and Kerr rotation. The pump beam is periodically chopped at 373 Hz 

frequency by an optical chopper (Thorlabs, Model: MC2000B with 10 slots chopper blade) 

which provides the reference frequency to the lock-in amplifiers. An external magnetic field of 

290 mT is applied at ~10° tilt from the sample plane to trigger the magnetization precession. 

An external magnetic field of is applied at a small title angle of ~10° from the sample plane. 

This tilt creates a finite demagnetizing field along the direction of the pump pulse, which shifts 

the equilibrium orientation of the magnetization and induces precession around this new 

equilibrium position [57]. The in-plane component of the magnetic field is referred to as the 

bias magnetic field (H). 
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7.3 Results and discussions 

Thin film fabrication and characterization 

The CMG thin films were grown epitaxialy on (001)-oriented MgO single-crystal, at elevated 

temperatures, by magnetron sputtering, following the procedure detailed in the Methods 

section, while the Pt overlayers were sputtered in vacuo, at room temperature. We have 

conducted systematic X-ray diffraction measurements, including 2θ-ω scan, rocking curve (ω-

scan), and azimuthal (ϕ) scan in order to characterize the films’ structure, crystallinity, and 

heteroepitaxial relation with the substrate. Figure 7.1(a) depicts the crystal structure of the L21-

ordered cubic full Heusler CMG. In Figure 7.1(b), the XRD spectra of CMG films in the 

presence and absence of a Pt overlayer are displayed. Alongside the (002) reflection of the 

MgO substrate, the samples display only the (002) and (004) reflections of the cubic CMG, 

which signifies the presence of (001)-oriented single-crystalline films. In the presence of Pt, 

we additionally observe a pronounced diffraction peak at 2θ = 44.3° and a faint one at 2θ ≈ 

107.2°, corresponding to the (002) and (004) reflections of a (001)-textured Pt film.  

The temperature-dependent measurements of the longitudinal resistivity were conducted on 

42-nm-thick CMG and 6-nm-thick Pt film, respectively, of nominally identical thickness to 

those used in the CMG/Pt heterostructure. Figure 7.1(c) depicts the temperature-dependent 

longitudinal resistivity at zero field for the CMG and Pt thin films. Both films display a metallic 

behaviour, characterized by a continuous decrease in longitudinal resistivity as the temperature 

is lowered, with a residual resistivity of 220 μm.cm and 17 μm.cm at 10 K for CMG and Pt, 

respectively. We note an upturn of longitudinal resistivity for the CMG film below 35 K, which 

is attributable to a particle-hole electron-electron interaction mechanism [273].  

In order to gain insight into the surface topography of our CMG films, we resorted to AFM. 

The topographical map was acquired on a nominally identical 42-nm-thick CMG film, but 

without any capping layer. In Figure 7.1(d), the AFM topography of 42-nm-thick CMG reveals 

an average topographical (root mean square) roughness of 3.85 nm. However, there are no 

indications of non-uniformity, discontinuity, or dislocations in our films.  

This high topographical roughness can be due to initial oxidation of these uncapped films. The 

interfacial roughness obtained from XRR in the presence of the Pt layer is approximately 0.43 

nm, while in its absence, it is around 1.40 nm. This indicates that the interfacial roughness of 
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Co₂MnGa/Pt thin films are small and closely follows the Co₂MnGa surface topography, even 

at the ultrathin Pt thicknesses used in this study. 

 

Figure 7.1: (a) Schematic of L21-ordered cubic crystal structure of Co2MnGa. (b) XRD pattern of the Co2MnGa 

(CMG) thin films in the presence and absence of Pt overlayer. Bragg diffraction peaks of the films are labelled by 

their Miller indices, and those corresponding to the MgO (001) substrate are marked by asterisks. (c) Longitudinal 

resistivity as a function of temperature for CMG (42 nm) and Pt (6 nm) films. (d) AFM image of uncapped CMG 

film showing the surface topography with relatively low roughness. 

Figure 7.2(a) illustrates the ϕ-scan patterns of the {202} planes for both the CMG film and the 

MgO substrate. The CMG reflections exhibit a four-fold symmetry at 90° intervals, indicating 

the presence of single crystalline epilayers with a well-defined in-plane orientation. A 

comparison between the diffractions of the film and the substrate reveals a 45° in-plane rotation 

of the CMG unit cell in relation to the MgO substrate. The crystal quality of the CMG films 

was assessed by examining the full width at half maximum (FWHM) values of rocking curves 

measured around the (004) reflection. The obtained small FWHM of 0.47° [Figure 7.2(b)] 

indicates that our films have state-of-the-art high crystalline quality with low mosaicity, 

comparable to our previous work [263]. 

The characteristics of Heusler compounds are significantly influenced by the occupation of 

crystallographic sites. To ascertain the degree of chemical ordering of the films in the ordered 

full Heusler L21-type structure, the identification of superstructure (111) or (113) reflections, 

otherwise forbidden in chemically disordered compounds, is crucial. In Figure 7.2(c), 2θ-ω 
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scans of the asymmetric (113) Bragg reflection for CMG thin films are presented. A 

quantitative analysis of the integrated intensities for all Bragg reflections, for similarly grown 

Co2MnGa epitaxial films has set an upper bound of 10% on the B2-type disorder [263]. The 

clear (113) peak reported in our films reveal that they crystallize with almost fully chemically 

L21-ordered Heulser phase, in line with previous works [260,263].  

 

Figure 7.2: (a) ϕ-scan patterns of the {202} planes from the 42-nm-thick CMG film and the MgO substrate. (b) 
Rocking curve (ω-scan) of (004) reflection from 42-nm-thick CMG film. (c) (113) Bragg peak measured in 

symmetric non-coplanar geometry. (d) X-ray reflectivity pattern of the 42-nm-thick CMG film in the presence 

and absence of Pt layer, where the solid line represents the least-squares fit to the data. 

Figure 7.2(d) depicts the XRR pattern of the CMG film capped by a Si protective layer and Pt 

spin sink layer. The emergence of thickness oscillations beyond the critical angle, extending up 

to 1° and beyond, signifies well-defined films and precise interfaces. Through a comparison of 

the experimental data (filled symbols) with the model curve derived using a modified Parratt 

formalism (solid line), we extract key structural parameters, including thickness, roughness, 

and density of the different layers. The obtained thickness and density exhibit a remarkable 

agreement, deviating by no more than 2% from the nominal values. Additionally, the 

determined roughness values for the substrate/film and film/capping layer interfaces are found 

to be 3.2 Å and 2.4 Å, respectively. We have also included tables (Tables 7.1 and 7.2) showing 

parameters obtained from the least-squares fitting of the XRR data for samples with and 
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without Pt. The interfacial roughness in the presence of the Pt layer is approximately 0.43 nm, 

while in its absence, it is around 1.40 nm. Both values are significantly lower than the AFM-

measured topographical roughness of the uncapped films. This indicates that the interfacial 

roughness of Co₂MnGa/Pt thin films are low and closely follows the Co₂MnGa surface 

topography, even at the ultrathin Pt thicknesses used in this study. 

Table 7.1. The parameter values obtained from fitting XRR spectra for MgO Sub/Co2MnGa/Pt thin films. 

 

 

 

 

 

Table 7.2. The parameter values obtained from fitting XRR spectra for MgO Sub/Co2MnGa/Si thin films. 

 

 

 

 

In Figure 7.3(a), we show typical in-plane and out-of-plane magnetization hysteresis loops for 

the 42-nm-thick CMG film measured at 300 K. The Co2MnGa film is a soft magnet with an in-

plane magnetic easy axis. The saturation magnetization and coercivity are found to be 803 ± 

15 kA/m and 2.4 ± 0.6 mT, respectively. The Curie temperature is measured using SQUID 

magnetometry with an oven option where the magnetization is recorded with a constant in-

plane field of 20 mT while warming up the sample, as shown in the Figure 7.3(b). The extracted 

Curie temperature is 720 ± 5 K, which is slightly higher than the bulk value indicating a small 

amount of disorder and/or off-stoichiometry in our films.  

 

Figure 7.3: (a) In-plane (IP) and out-of-plane (OOP) hysteresis loops of CMG (42 nm) film. (b) The temperature 

dependence of magnetization for the same film. 
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Magnetization dynamics 

A schematic of the MgO/Co2MnGa (42 nm)/Pt (t nm) sample stack (CMG/Pt (t) hereafter) with 

the TR-MOKE measurement geometry is depicted in Figure 7.4(a). When a femtosecond (fs) 

laser pulse is incident on an ordered magnetic material, due to the excitation of electrons 

carrying spin angular momenta, the magnetization of the material is partially or fully lost within 

the sub-picosecond (sub-ps) timescale [35,274]. This phenomenon in the sub-ps timescale is 

called the ultrafast demagnetization [35]. Subsequently, electrons and spins start to relax. This 

relaxation occurs in two different timescales: the first one occurs in a few ps timescale when 

electrons and spins exchange their energy with lattice, called fast remagnetization, and the 

second one occurs in hundreds of ps timescale, known as slow relaxation, that corresponds to 

the energy transfer to the substrate or the surroundings. After fast relaxation, the lattice 

temperature changes, leading to a change in the magnetocrystalline/shape anisotropy of the 

system that acts as an effective field to trigger the damped precessional motion of the 

magnetization. Laser-induced time-resolved magnetization dynamics of CMG/Pt (t = 6 nm) 

heterostructure at pump fluence of 10 mJ/cm2
 and in-plane external magnetic field (H) of 290 

mT is shown in Figure 7.4(b). 

 

Figure 7.4: (a) Schematic of the sample structure and the experimental geometry. (b) Representative TR-MOKE 

trace for CMG/Pt(6 nm) sample at an in-plane bias magnetic field (H) of 290 mT and pump fluence of 10 mJ/cm2 

showing three temporal regimes. 

Figure 7.5(a) shows the typical TR-MOKE signals at short delay time measured in CMG/Pt (1 nm) 

heterostructure at a pump fluence of 10 mJ/cm2. The Kerr rotation signals show different behaviour 

with opposite signs when reversing the magnetic field. A small amount of nonmagnetic contribution in 

the transient Kerr rotation signals induces an antisymmetric difference between the reversed 

magnetization curves. The true ultrafast demagnetization curve is extracted by subtracting the Kerr 

rotation signals measured at opposite magnetic fields with equal magnitude (± 290 mT). Figure 7.5(b) 
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shows the transient reflectivity and Kerr rotation signals at + 290 mT measured simultaneously in 

CMG/Pt (4 nm) at the same pump fluence. It is clear from the data that the Kerr rotation signal is much 

stronger than the transient reflectivity signal, implying negligible contribution of the nonmagnetic 

signal in the transient Kerr rotation signal. Nevertheless, even this negligible non-magnetic contribution 

is eliminated by subtracting the Kerr signals measured at opposite magnetic fields.        

 

Figure 7.5: (a) Time-resolved Kerr rotation signals measured under opposite magnetic fields (green and red) of 

±290 mT and the subtracted signal showing the true ultrafast demagnetization and fast remagnetization (black). 

(b) Time-resolved reflectivity and Kerr rotation signals under positive field (+290 mT) of CMG/Pt (1 nm) 

heterostructure at pump fluence of 10 mJ/cm2. 

The ultrafast demagnetization and fast remagnetization of CMG/Pt(t) heterostructures are 

shown in Figure 7.6(a). These traces correspond to subtracted time-resolved Kerr signals 

measured for magnetic fields of same strength but opposite sign in order to filter out 

nonmagnetic contributions, if present, in the Kerr signal. The following expression derived 

from the phenomenological three-temperature model (3TM) [50] is used to fit the experimental 

data and to further extract the ultrafast demagnetization time (𝜏𝑚) and the fast remagnetization 

time (𝜏𝑒): 

−∆𝑀𝑧

𝑀𝑧
= [{

𝐴1

(𝑡 𝜏0+1⁄ )
1
2

+
𝐴1𝜏𝑚−𝐴2𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑚⁄ +

𝐴2𝜏𝑒−𝐴1𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑒⁄ } 𝐻(𝑡) + 𝐴3𝛿(𝑡)] ⨂𝐺(𝑡).           (7.1) 

Here, 𝐴1 represents the value of the normalized magnetization after equilibrium between 

electron, spin and lattice systems has been re-established following the demagnetization; 𝐴2 

relates to the initial electron temperature rise and to the maximum magnetization quenching 

during ultrafast demagnetization; 𝐴3 represents the magnitude of the state-filling effect during 

pump-probe temporal overlap, associated with a Dirac-delta function (𝛿(𝑡)). 𝜏0 is the timescale 

of heat diffusion. 𝐻(𝑡) and 𝐺(𝑡) are the Heaviside step function and Gaussian function, 

respectively. The change in Kerr rotation (∆𝜃𝑘) for all samples is normalized by the total Kerr 

rotation (𝜃𝑘) and fitted with equation 7.1. Variation of the extracted 𝜏𝑚 and 𝜏𝑒 are shown in 
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Figure 7.6(b) and 7.6(c). The ultrafast demagnetization time 𝜏𝑚 is found to decrease 

monotonically from 471 ± 34 fs to 354 ± 14 fs with the increase of Pt thickness. A clear 

decreasing trend in the magnetization quenching is observed with increasing t that can be 

ascribed to the decrease in absorption of laser energy by the magnetic CMG film below the Pt 

overlayer. The variation of magnetic quenching is quantified by 𝐴2 and the fast remagnetization 

state at equilibrium by 𝐴1, both shown in Figure 7.6(d).  

 

Figure 7.6: (a) Time-resolved Kerr rotation showing ultrafast demagnetization and fast remagnetization of 

CMG/Pt(t) heterostructures. Variation of (b) the ultrafast demagnetization time 𝜏𝑚, (c) the remagnetization time 

𝜏𝑒, (d) −𝐴1(left axis) and −𝐴2 (right axis) with Pt thickness (t). 

There are two predominant microscopic mechanisms responsible for the ultrafast 

demagnetization of magnetic materials. One is the SFS that includes Elliot-Yafet-like electron-

phonon or electron defect scattering [48], Coulomb scattering [47], electron-magnon scattering 

[112], relativistic spin-flip scattering [49] etc. The second mechanism is based upon spin 

transport [51] due to laser-excited hot electrons. In the presence of good spin absorptive (or 

spin sink) material, here Pt, adjacent to CMG, and in combination with a spin-transparent 

CMG/Pt interface, a spin current generation from CMG to Pt is expected, thereby enhancing 

the ultrafast demagnetization rate of Pt, in accordance with our experimental observations.  

Subsequently, we have studied the precessional dynamics including the damping and its 

variation with Pt thickness, as shown in Figure 7.7(a). Due to the relatively high thickness of 

CMG (higher than the optical penetration depth), excited spin-waves (SWs) propagate through 

the sample thickness, hence yielding perpendicular standing SW (PSSW) modes in addition to 

the uniform Kittel mode. To extract the effective Gilbert damping, it is necessary to find out 

the decay times of different dynamical modes of the precession and the effective magnetization. 

After eliminating the exponential background of slow relaxation, the precessional Kerr 

oscillation is fitted with the following expression to extract the decay times: 
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𝜃𝑘 =  𝐴𝑒−𝑡 𝜏⁄ sin(2𝜋𝑓𝑡 + 𝛿) + 𝐴PSSW𝑒−𝑡 𝜏𝑃𝑆𝑆𝑊⁄ sin (2𝜋𝑓PSSW𝑡 + 𝛿PSSW)      (7.2)  

Where 𝜏 and 𝜏PSSW are the decay times of uniform Kittel and PSSW modes with frequencies 

𝑓, 𝑓PSSW and amplitudes 𝐴, 𝐴PSSW, respectively. Precessional dynamics for all samples are 

measured at different bias magnetic fields (H) ranging from 140 to 290 mT and the 

corresponding frequency values calculated from the FFT power spectra are plotted as a function 

of the applied bias magnetic field (𝐻) (as shown in Figure 7.7(b) for t = 0, 1 and 6 nm). This 

allows to extract the effective magnetization (𝑀𝑒𝑓𝑓), Landé g-factor and the exchange stiffness 

constant (𝐴ex) using the theoretical expression given by [174]: 

𝑓 =
𝛾

2𝜋
√(𝐻 +

2𝐴ex

𝑀𝑒𝑓𝑓
(

𝑛𝜋

𝑑
)

2
) (𝐻 + 𝑀𝑒𝑓𝑓 +

2𝐴ex

𝑀𝑒𝑓𝑓
(

𝑛𝜋

𝑑
)

2
)                        (7.3) 

where 𝛾 =𝑔𝜇𝐵/ħ is the gyromagnetic ratio (ħ =
ℎ

2𝜋
, the reduced Planck constant), 𝑛 is the order 

of PSSW mode and d is the thickness of the CMG film.  

  

Figure 7.7: (a) Background subtracted time-resolved Kerr rotation showing the damped magnetization precession 

of CMG/Pt (t) heterostructures at a pump fluence of 10 mJ/cm2 at an in-plane external bias magnetic field (H) of 

290 mT. Symbols represent experimental data and solid lines represent theoretical fits using equation 7.2. (b) 

Precessional frequency (f) as a function of external magnetic field (H) for t = 0, 1, and 6 nm. Symbols represent 

extracted f from the FFT power spectra at different H values and solid lines represent fits using equation 7.3. (c) 

Variation of 𝑀𝑒𝑓𝑓  with t.   
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The uniform Kittel mode corresponds to 𝑛 = 0, while 𝑛 = 1 stands for the 1st order PSSW 

mode. The extracted 𝑀𝑒𝑓𝑓 as a function of t is shown in Figure 7.7(c). For almost all the film 

stacks,  𝑀𝑒𝑓𝑓 is found to be close to the saturation magnetization 𝑀s, which indicates that the 

dead layer and the interface anisotropy are negligible in these heterostructures. A marginal 

enhancement in the g-factor (~ 2.02) for the CMG/Pt heterostructures is observed with respect 

to the bare CMG layer (1.95) [275]. Previous reports have demonstrated similar enhancement 

of the g-factor in ferromagnet/nonmagnet (FM/NM) heterostructures, attributed to a charge 

transfer mechanism from 5d to 3d electrons upon formation of the FM/NM interface, and a 

corresponding change of magnetic moment [276]. The value of 𝐴ex is determined to be 10.4 ± 

0.3 pJ/m from the fit of the PSSW mode, comparable to the exchange stiffness value obtained 

from FMR measurements on an 80-nm-thick CMG film [275].  

Next, we have estimated both the effective damping coefficients α and 𝛼PSSW corresponding 

to the Kittel and the PSSW mode using the following expression [134]: 

𝛼 =
1

γτ(𝐻+𝑀eff/2)
                                     (7.4) 

In a standard FM/NM heterostructure, there are two dominant contributions to this effective 

magnetic damping. One is the inevitable local spin-flip scattering that causes energy dissipation 

within the FM itself [164],  while another one is the energy dissipation from the FM to the 

adjacent NM layer, which is nonlocal (e.g., due to so-called spin pumping) and controllable 

(via the NM thickness). The coherent magnetization precession of the FM results in an out-of-

equilibrium spin accumulation at the FM/NM interface, which then dissipates gradually in the 

adjacent NM by generating a pure spin current, thereby enhancing the effective damping in the 

heterostructure. This mechanism is known as spin pumping [22]. The extracted damping 

coefficients corresponding to the Kittel mode (𝛼) and the PSSW mode (𝛼PSSW) for different 

values of Pt thickness (t) are shown in Figure 7.8(a). In the presence of Pt, both 𝛼 and 𝛼𝑃𝑆𝑆𝑊 

are lower than for the bare CMG film. This may be due to the local modification of the spin-

orbit interaction near the interface [277], and/or to spin polarization from the CMG/Pt 

interfacial density of states. However, enhancements in 𝛼 and 𝛼𝑃𝑆𝑆𝑊 values are observed with 

the increase in Pt thickness (shown in blue and black shaded regions of Figure 7.8(a)), which 

supports the generation of pure spin currents through the CMG/Pt interface.  

The flow of spin current through the interface is characterized by the intrinsic and effective 

spin-mixing conductance. The intrinsic spin-mixing conductance (𝐺↑↓) is the electronic 
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conductance properties of the spin channels, when the NM thickness is much higher than the 

spin-diffusion length (𝜆). The effective spin-mixing conductance (𝐺𝑒𝑓𝑓) considers the spin 

backflow factor and it approaches asymptotically the intrinsic spin-mixing conductance (𝐺↑↓) 

with the increasing the NM layer’s thickness beyond 𝜆. Due to the significantly lower resistivity 

of Pt compared to Co2MnGa, we applied the ballistic spin transport model, neglecting the 

resistivity of NM. In contrast to the ballistic method, which implies fast spin current transfer 

for 𝑡 ≪ 𝜆𝑚𝑓𝑝 where 𝜆𝑚𝑓𝑝 represents the mean free path of Pt, the resistivity of Pt is taken into 

the calculation of 𝐺↑↓ using the diffusion model, resulting in a higher estimation of spin-mixing 

conductance. So, in the ballistic spin-transport model, the damping is related to the intrinsic 

spin-mixing conductance as follows [271,272]: 

𝛼 =  𝛼0 +
𝐺↑↓(1−𝑒

−
2𝑡
𝜆 )𝑔𝜇𝐵

4𝜋𝑑𝑀eff
                                                  (7.5) 

Here, 𝛼0 denotes the intrinsic Gilbert damping parameter in the absence of any NM, 𝑑 is the 

FM thickness. In the presence of Pt, we have fitted 𝛼 as a function of t using equation 7.6, as 

shown in Figure 7.8(c), while keeping 𝛼0, 𝐺↑↓ and 𝜆 as the fitting parameters. We found 𝛼0 = 

0.0100 ± 0.0004, 𝐺↑↓ = (1.73 ± 0.02) × 1016 cm-2 and 𝜆 = 2.9 ± 0.2 nm. Noteworthily, this value 

of 𝐺↑↓ is found to be the highest known among the reported values for any FM/NM 

heterostructure.  

Despite various anterior theoretical models [86], Zhang et al. first introduced the role of spin 

transport to the ultrafast demagnetization process in terms of the relation between 

demagnetization time (𝜏𝑚) and Gilbert damping (𝛼). They demonstrated that for 

heterostructures and multilayers: a relationship of proportionality between  𝜏𝑚 and 𝛼 indicates 

the dominant role of spin-flip scattering behind ultrafast demagnetization [91,278], while a 

proportional relationship between the ultrafast demagnetization rate, i.e. ∆(1/𝜏𝑚) =

(1/𝜏𝑚)|𝑡 − (1/𝜏𝑚)|𝑡=0) and modulation in Gilbert damping  (∆𝛼 = 𝛼−𝛼0; where 𝛼 represents 

the Gilbert damping parameter in the presence of non-local effects such as spin pumping, and 

𝛼0 is the intrinsic Gilbert damping of the ferromagnetic system, free from extrinsic effects. α0 

is found to be 0.0100 ± 0.0004 from the fit of 𝛼 vs. t using equation 7.5, as shown in Figure 

7.8(b))  highlights the dominating role of spin currents via interfacial spin-chemical potential 

(𝜇𝑠) which is itself proportional to the spin accumulation at the interface [92]. Figure 7.8(c) 

clearly shows that Δ(1/𝜏𝑚) vs. Δ𝛼 for different t follows a proportional relationship, thus 
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revealing the dominant role of interfacial spin transport in our system. This allows us to find 

the value of 𝜇𝑠 through the following expression [92]:  

 ∆
1

𝜏𝑚
=

𝜇𝑠

ħ
Δ𝛼,                                                            (7.6) 

where ħ is the reduced Planck constant. In turn, the interfacial spin-chemical potential 𝜇𝑠 is 

found to be 60 ± 7 meV at the CMG/Pt interface. 

 

Figure 7.8: (a) Variation of damping coefficient (𝛼) of Kittel mode (solid circular symbols) and PSSW mode 

(solid star symbols) with the Pt thickness, t. The in-plane external bias magnetic field (H) is 290 mT, and the pump 

fluence equal to 10 mJ/cm2. Dashed lines are a guide to the eye. (b) Dependence of 𝛼 as a function of Pt thickness, 

t. The solid line is a fit to equation 7.5. (c) Variation of the ultrafast demagnetization rate Δ(1/𝜏𝑚) in fs-1 as a 

function of the modulation of effective Gilbert damping (Δ𝛼) for CMG/Pt(t) heterostructures. (d) Variation of 

back-flow factor (𝛽) and net spin current (𝐼𝑠) with t. 

The generated net spin current 𝐼𝑠 consists of a pumped spin current 𝐼𝑠
pump

 from FM to NM and 

a spin backflow current 𝐼𝑠
back which returns into the FM after reflecting back from the outer 

surface of the NM [22,121]. The flow of spin angular momentum across the NM/FM interface 

is determined by the interplay between the Is
pump and Is

back. This spin backflow can be quantified 

by the spin backflow factor 𝛽: 

𝛽 = (2𝜋𝐺↑↓√
𝜀

3
𝑡𝑎𝑛ℎ (

𝑡

𝜆
))

−1

                                            (7.7) 
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Here, 𝜀 (=
𝒁𝑷𝒕𝒆𝟐

ћ𝒄
) is the spin-flip probability. For Pt, 𝜀 takes the value of 0.105 [279]. The 

dependence of the magnitude of net spin current, 𝐼𝑠, on 𝛽 and interfacial 𝜇𝑠 follows [161]: 

𝐼𝑠 = 𝜇𝑠/4π𝛽.                                                         (7.8) 

The variations of 𝛽 and 𝐼𝑠 as a function of t are shown in Figure 7.8(d). The enhancement of t 

decreases the backflow probability, thus resulting in an enhanced net spin current.  

According to the spin Hall magnetoresistance model [280], the pumped-out spin current from 

the FM is not fully transferred to the NM layer. This can be parameterized as the interfacial 

spin transparency (𝑇) which is correlated with the magnitude of 𝐺↑↓ by the following 

expression:  

𝑇 =  
𝐺↑↓𝑡𝑎𝑛ℎ(

𝑡

2𝜆
)

𝐺↑↓𝑐𝑜𝑡ℎ(
𝑡

2𝜆
)+

ℎ

2𝜆𝑒2𝜌

                                                  (7.9) 

Where 𝜌 is the resistivity of the NM at room temperature. Taking our experimental value of 𝜌 

= 39.5 μΩ.cm for Pt, we obtain a sizeable value for the spin transparency 𝑇 = 0.83 ± 0.01 using 

equation 7.9, comparable with Co2Fe0.4Mn0.6Si/Pt interfaces [279].  

The effective spin-mixing conductance (𝐺𝑒𝑓𝑓) takes care of the spin-backflow factor, thus 

depends on the Pt thickness (t) as follows: 

𝐺𝑒𝑓𝑓 = 𝐺↑↓ (1 − 𝑒−
2𝑡

𝜆 )                                             (7.10) 

As t increases 𝐺𝑒𝑓𝑓 approaches the intrinsic spin-mixing conductance (𝐺↑↓) asymptotically in 

the regime of the negligible spin backflow current, as shown in Figure 7.9(a). 

Finally, to directly examine any other possible interfacial effects that are affecting the damping 

in these heterostructures, we have introduced a Cu spacer layer between the CMG and Pt layers 

[281] to decouple the CMG/Pt interface and the ensuing effects like spin-memory loss and two-

magnon scattering. Having very small SOC strength and spin-flip scattering probability, Cu 

exhibits a very long spin-diffusion length. Thus, the insertion of a thin Cu layer between CMG 

and Pt does not influence the spin-pumping-induced damping of CMG, while if other 

interfacial effects are present that will be noticeable in the modulation of damping. Therefore, 

to examine other interfacial effects, a Cu spacer layer of 2 nm thickness is introduced between 

CMG(42 nm) and Pt(8 nm) layers and magnetization precession is measured as shown in 

Figure 7.9(b). The corresponding 𝛼 is found to be 0.017 which is approximately the same as 
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that of CMG/Pt (8 nm) heterostructure. The invariance of 𝛼 with the insertion of Cu spacer 

confirms that the CMG/Cu interface is transparent for spin-pumping and other possible 

interfacial effects for damping are negligible.  

 

Figure 7.9: (a) Variation of the effective spin-mixing conductance (𝑮𝒆𝒇𝒇) as a function of Pt thickness (t). (b) 

Background subtracted time-resolved Kerr rotation showing the damped magnetization precession of CMG/Cu(2 

nm)/Pt(8 nm) heterostructures with a pump fluence of 10 mJ/cm2 at an external bias magnetic field of 290 mT. 

Symbols represent experimental data points and the solid line represents fit using equation 7.2. 

Below, and following our detailed investigation of the magnetization dynamics over time scales 

which cover several orders of magnitude, we put forward a schematic three stages process. 

After the laser excitation, both the majority and minority electrons are excited from d bands to 

sp-like conduction bands above the Fermi level. It is worth noting that a large difference in 

velocities or lifetimes of majority and minority spins affects the transport properties of the 

laser-induced hot electrons.  Having a very short lifespan, minority spins are slowed down and 

within 100 fs decay to nonmobile d bands almost at the same position at which they were 

excited (Figure 7.10(a)). Conversely, the majority spins having higher velocities, along with 

longer lifetimes, leave the excited region immediately (after excitation with ~ 1 nm/fs velocity), 

resulting in the part of quenching of the net magnetization. Another part of quenching occurs 

due to the back flux of minority spins from NM. The electrons that escaped from the FM 

experience inelastic scattering in the NM and excite electrons that have a random velocity 

direction. A portion of these electrons forms a flux from NM to FM (Figure 7.10(b)).  Majority 

spins continue to diffuse within FM while minority spins experience a significant deterioration 

in their interfacial transport. Consequently, the minority spins become trapped after reaching 
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the interface, and contribute to the built-in interfacial spin accumulation; which one eventually 

relaxes over the electronic spin-relaxation time.  

 

Figure 7.10: (a) Excitation of majority and minority spins within CMG after laser excitation. (b) Transmitted 

majority spins from CMG to Pt experience inelastic scattering and excite electrons in Pt that have a random 

velocity direction. (c) Following the ultrafast demagnetization process (with time constant 𝜏𝑚), a fraction of 

electrons forms a back flux of spin polarized current from Pt to CMG where majority-spin electrons diffuse 

whereas minority-spin electrons face a decay in transmission and accumulate at the interface. 

7.4 Conclusion  

In summary, we have investigated the magnetization dynamics in magnetic Weyl semimetal, 

Co2MnGa/Pt heterostructures using time-resolved magneto-optical Kerr effect magnetometry. 

Our observations show that the demagnetization time decreases and the damping coefficient 

increases exponentially with increasing Pt thickness, indicating the dominant role of spin 

transport. Employing a ballistic spin-transport model, we determined an ultrahigh intrinsic 

spin-mixing conductance in the Co2MnGa/Pt heterostructure of (1.73 ± 0.02) × 1016 cm-2. 

Additionally, we demonstrated the variation of the spin backflow factor and net spin current 

with Pt thickness, estimating the interface spin transparency to be 0.83 ± 0.01. Overall, this 

study is a comprehensive investigation of the role of spin transport on femtosecond to 

nanosecond magnetization dynamics in a magnetic Weyl semimetal, establishing these 

materials as viable candidates for future spintronics devices. The use of materials, or more 

significantly of combinations of materials, in engineered heterostructures that efficiently 

generate and transfer spin current are crucial for improving magnetic data storage devices. 

From the femtosecond laser-induced spin dynamics, we observed high spin-mixing 
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conductance and interfacial spin transparency in Co2MnGa/Pt, along with the tuneable spin-

transport-induced Gilbert damping and ultrafast demagnetization time of Co2MnGa, make it 

an advantageous material for pure spin current-based devices and spintronics-photonic circuits. 

The spin-mixing conductance and interfacial spin transparency at the Co2MnGa/Pt interface 

are significantly higher than those in widely used FM/NM heterostructures [136], facilitating 

efficient spin information transfer and proving Co2MnGa to be an excellent pure spin current 

source with a robust spin pumping effect. The thickness-dependence of the Gilbert damping 

and ultrafast demagnetization time provide essential guidelines for selecting suitable external 

conditions for specific device applications. However, for spin-based device applications, these 

parameters can be further tuned by selecting NM materials with higher effective spin Hall 

angles, adjusting the fluence and irradiation time of laser pulses, and modifying the thickness 

of Co2MnGa, indicating that this system does not represent the fundamental limit for tuning 

and optimization of these critical parameters. In contrast to previous studies that focused on 

the role of Weyl points on the ultrafast spin dynamics overlooking super-diffusive spin 

transport [282,283], our research underscores its significant impact on ultrafast spin dynamics, 

potentially opening avenues for spin-orbitronics devices based on super-diffusive spin transport 

in Weyl semimetals. Additionally, strategies such as applying electric fields, strain, or doping 

to induce diverse interfacial spin-orbit coupling effects may enable precise control over critical 

spin-transport parameters and ultrafast magnetization quenching in magnetic Weyl semimetal 

thin films. 
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CHAPTER 8 

Magnetic Anisotropy Controlled Ultrafast 

Demagnetization in Heavy Metal/CoFeB 

Heterostructures with Varying CoFeB Thickness  

8.1 Introduction 

Ultrafast demagnetization [35], a sub-hundreds of femtosecond (fs) phenomena is a key in AOS 

that plays a crucial role in spintronics devices. A powerful optical laser pulse has the ability to 

disrupt the magnetic alignment within a magnetic substance in a fraction of a second. This 

phenomenon is called the ultrafast demagnetization. During this process, the magnetization of 

the magnetic material can be partially or completely extinguished, which is referred as the 

magnetic quenching, followed by its partial restoration upon cooling down from the temporary 

excited state. After the first experimental observation of ultrafast demagnetization by 

Beaurepaire et al. [35] in 1996, the scientific community continues to engage in intense debates 

regarding the actual microscopic mechanism responsible for this magnetization quenching. 

Based on the phenomenological 3TM by Beaurepaire et al., the excitation of the magnetic 

materials by a femtosecond laser pulse creates hot electrons and these hot electrons transfer 

energy to interconnected systems like spins and lattice, resulting in a rapid rise in spin 

temperature that causes demagnetization. In 1997, Hübner and Zhang [39] proposed that 

ultrafast demagnetization is a consequence of exchange interaction and SOC. Later, in 2000, 

they suggested that it is a collective effect arising from the interaction of the applied laser field 

and SOC in FM [40]. Subsequently, various models have demonstrated that the change in spin 

angular momentum is responsible for different types of SFS [47-49,112,113]. It is widely 

believed that the SOC strength determines the spin angular momentum transfer rate [48,131], 

speeding up the demagnetization rate. In contrast, in 2010, Battiato et al. [51] introduced a 

novel framework for optically induced SST and Malinowski et al. [50] first demonstrated 

experimentally that transfer of interlayer spin-angular momentum can accelerate the 

demagnetization process. Recent studies [161,284] have shown that not only the SOC of FM, 

the SOC of NM also significantly influences the demagnetization time (𝜏𝑚) in 

nonmagnet/ferromagnet (NM/FM) heterostructures. The presence of NM heavy metals 

creating an interface with transition metal FM alters the interfacial orbital angular momentum 
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of the transition metal FM, resulting in an enhanced spin-orbit interaction, thereby increasing 

the PMA [285]. PMA is also present at the interfaces of transition metal FMs and nonmagnetic 

oxides such as MgO and AlOx. This is due to the unique bonding interactions between the metal 

and oxygen ions at the interface. Notably, significant interface PMA has been reported in 

HM/CoFeB/MgO structures, which are fundamental to MTJs [286]. With the reduction in 

CoFeB thickness, the orientation of the magnetic easy axis shifts from IP to OOP [287]. 

Experimental evidence indicates that the adjacent NM underlayer on the opposite side of the 

CoFeB layer is crucial in influencing the strength of PMA [288,289]. Ta is still regarded as the 

best option for implementing high PMA in CoFeB/MgO structures. Although various studies 

[161,290] have been done on ultrafast demagnetization separately for PMA and in-plane 

magnetic anisotropy (IMA) samples, however there is a noticeable gap in the study of magnetic 

anisotropy dependent ultrafast demagnetization. 

In this article, we have studied the ultrafast demagnetization of Ta (10 nm)/Co20Fe60B20 

(t)/MgO (2 nm)/Al2O3 (10 nm) by varying CoFeB thickness (t) to control the tic anisotropy 

from t = 1.3 - 3 nm with a transition thickness of 1.5 nm where the magnetization easy axis 

changes from OOP to IP orientation and studied the magnetic anisotropy controlled ultrafast 

demagnetization. A significant increase in magnetic quenching has been observed in the 

ultrafast demagnetization for OOP oriented samples compared to IP samples. This finding has 

been validated through measurements conducted on a different set of samples where Ta (5 

nm)/Ru (20 nm)/Ta (5 nm) is used as a NM. In the latter case, OOP to IP transition thickness 

is changed to 1.7 nm because of the high surface quality. For both cases, the demagnetization 

time (𝜏𝑚) increases with the increase of CoFeB thickness. Different magnetization quenching 

and 𝜏𝑚 for different underlayer is due to the different bulk SOC of the NM. Therefore, one can 

optimize 𝜏𝑚 and magnetic quenching solely through the manipulation of the interfacial SOC, 

without altering the NM layer. This research will provide valuable insights for developing 

ultrafast operation of MTJs, STT-MRAM devices. 

8.2 Experimental details 

Sample Preparation: 

The heterostructure stacks of Ta (10 nm)/Co20Fe60B20 (t = 1.3, 1.4, 1.5, 1.8, 2, 3 nm)/MgO (2 

nm)/Al2O3 (10 nm) and Ta (5 nm)/Ru (20 nm)/Ta (5 nm)/Co20Fe60B20 (t = 1.2, 1.7, 3 nm)/MgO 

(2 nm)/Al2O3 (10 nm) for this study were deposited on top of Si/SiO2 (700 nm) substrate using 

RF magnetron sputtering at a base pressure of ~10-8 Torr at room temperature. Here, Al2O3 is 
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a capping layer that prevents the MgO and CoFeB layers from degradation with time. After 

deposition, the heterostructures were subjected to annealing at a temperature of 280°C under a 

perpendicular magnetic field of 600 mT in vacuum for an hour to ensure smooth interface with 

consistent distribution of magnetic properties [291]. For clarity, the heterostructures were 

described as Ta/CoFeB (t) and TRT/CoFeB (t) respectively throughout the manuscript. 

Characterization: 

The static magnetic hysteresis loops of the samples were measured using VSM associated with 

the PPMS system to ensure the CoFeB thickness dependent magnetic anisotropy. The layer 

thicknesses, interfacial roughness and SLD were investigated by XRR measurements. 

The magnetization dynamics were studied using a TR-MOKE magnetometer based on a two-

colour non-collinear pump-probe technique [34]. The TR-MOKE consists of a femtosecond 

amplified laser with a wavelength of 800 nm, having a pulse width of ~ 35 fs and a repetition 

rate of 1 kHz. A beam splitter is used to split the laser beam into two parts. One part of the 

fundamental laser beam is fed into the SHG and after frequency doubling (λ = 400 nm) we 

obtain the pump beam corresponding to a photon energy of 3.1 eV which is used to excite the 

sample. Another part of the fundamental beam (λ = 800 nm) of 1.55 eV photon energy is heavily 

attenuated which is used as the probe beam to detect the transient Kerr rotation. The pump 

beam is obliquely incident on the sample (~ 45° surface normal) and focused to a spot size of 

300 μm. The probe beam is incident normally on the sample and focused to a spot size of 100 

μm. The probe spot is carefully placed at the centre of the pump spot to probe the dynamics 

from a uniformly excited volume. The pump beam is chopped at a frequency of 373 Hz using 

an optical chopper and the back-reflected probe beam is collected in a dual photodetector 

assembly using a polarized beam splitter that captured the reflectivity and Kerr rotation signal 

separately and simultaneously as a function of the delay time between pump and probe beams. 

During the course of the measurement, the pump and probe fluence were kept constant at 10 

mJ/cm2 and 1 mJ/cm2, respectively, and a significant external magnetic field of 3 kOe is applied 

almost parallel to the sample plane. The data points from the experiment are collected at a time 

interval of 25 fs, guaranteeing accurate determination of 𝜏𝑚. The experiments are carried out 

in ambient conditions and at room temperature. 
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8.3 Results and discussions 

Static Characterization: 

We conducted measurements of the IP hysteresis loop utilizing VSM at ambient temperature 

for Ta/CoFeB (t) and TRT/CoFeB (t), and the results of Ta/CoFeB (t) are shown in Figure 

8.1(a). It is evident from the figure that an increase in the CoFeB thickness results in an 

increment in the squareness of the hysteresis loop, with the transition thickness from OOP to 

IP magnetization being 1.5 nm for Ta/CoFeB (t) samples. 

 

Figure 8.1: (a) In-plane magnetic hysteresis loops and (b) XRR spectra from Ta/CoFeB (t) heterostructures. In 

(b) coloured symbols represent the experimental data points and the solid lines are the theoretical fits. The 

thickness of CoFeB is shown next to each spectrum.  

Figure 8.1(b) shows the XRR spectra of Ta/CoFeB (t) heterostructures measured using a 1.54 

Å Cu-Kα x-ray source. The XRR spectra display distinct oscillations up to a scattering vector 

of 0.7 Å-1, indicating uniform deposition of the films. The ‘Reflex’ software is used to analyze 

the XRR spectra from where the thickness, roughness and SLD of the different layers have 

been extracted. The SLD is directly related to the electron density of the material. The layer 

thickness values derived from the fits are observed to be in close proximity to their nominal 

thickness values. The values of interfacial roughness and SLD derived from the fits are 

presented in Table 8.1.  
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Table 8.1: Parameters obtained from the XRR analysis of Ta/CoFeB (t)/MgO heterostructures. 

Heterostructure Layer Thickness (nm) Roughness (nm) SLD (10-5Å-2) 

 

Ta/CoFeB (1.3 

nm)/MgO 

MgO 2.05 0.9 3.08 

CoFeB 1.3 0.2 4.84 

Ta 8.4 0.35 10.3 

Sub - 0.27 1.82 

 

Ta/CoFeB (1.4 

nm)/MgO 

MgO 2.04 0.6 3.4 

CoFeB 1.4 0.2 4.65 

Ta 8.4 0.35 10.29 

Sub - 0.27 1.82 

 

Ta/CoFeB (1.5 

nm)/MgO 

MgO 2 0.4 2.48 

CoFeB 1.5 0.3 5.11 

Ta 9.9 0.7 7.14 

Sub - 0.5 1.89 

 

Ta/CoFeB (1.8 

nm)/MgO 

MgO 2.05 0.32 3.4 

CoFeB 1.8 0.45 5.87 

Ta 84.5 0.4 10.59 

Sub - 0.7 1.82 

 

Ta/CoFeB (2 

nm)/MgO 

MgO 2.05 0.8 3.08 

CoFeB 2 0.45 5.04 

Ta 8.14 0.37 9.46 

Sub - 0.3 3.22 

 

Ta/CoFeB (3 

nm)/MgO 

MgO 2.04 0.8 3.08 

CoFeB 2.98 0.45 5.66 

Ta 8.44 0.35 10.3 

Sub - 0.27 1.82 

 

In-plane magnetic hysteresis loops of TRT/CoFeB (t)/MgO for three CoFeB thicknesses are 

shown in Figure 8.2: one with high PMA (t = 1.2 nm), one at the transition thickness (t = 1.7 

nm) and another one with an IP easy axis (t = 3 nm). 

 

Figure 8.2: In-plane magnetic hysteresis loop for Sub/Ta (5 nm)/Ru (20 nm)/Ta (5 nm)/CoFeB (t)/MgO (2 

nm)/AlO (10 nm) heterostructures. The thickness of CoFeB is shown in each graph. 
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Laser-induced ultrafast demagnetization: 

Figure 8.3(a) depicts the schematic representation of the sample structure and the experimental 

geometry used in TR-MOKE measurements. Figure 8.3(b) shows the typical TR-MOKE signal 

at ultrafast timescale measured in Ta/CoFeB (1.3 nm) with the applied IP magnetic field of 3 

kOe by reversing the magnetization direction (green and red symbols in Figure 8.3(b)) at a 

fixed pump fluence of 10 mJ/cm2. The strength of the applied magnetic field is strong enough 

to align the magnetization of all samples along the x-direction. However, a minor nonmagnetic 

contribution blends into the transient MOKE signals, causing a slight asymmetric variation in 

the reversed TR-MOKE traces. The true ultrafast demagnetization signal (black symbols in 

Figure 8.3(b)) is obtained by taking half of the subtracted the time-resolved Kerr rotation 

signals recorded at opposite magnetic fields with equal strength. 

 

Figure 8.3: (a) Schematic of the TR-MOKE experiment. A pump pulse of 400 nm wavelength excites the 

heterostructure film, magnetized along the x-axis. The subsequent time evolution of magnetization is monitored 

by a time-delayed probe pulse by detecting the Kerr rotation of the reflected beam from the sample. (b) Time-

resolved Kerr rotation signals measured under opposite magnetic fields (green and red symbols) of ± 3 kOe and 

half of the subtracted signal showing the true ultrafast demagnetization and fast remagnetization (black symbol) 

of Ta/CoFeB (1.3 nm) heterostructure at a pump fluence of 10 mJ/cm2 is shown. 

Figure 8.4(a) shows the time-resolved reflectivity data for Ta/CoFeB (t) at a fixed pump fluence 

of 10 mJ/cm2. There has been minimal variation in the reflectivity amplitude of the samples 

with the variation of the CoFeB thickness. This indicates the similar absorption of photon 

energy for all samples. Figure 8.4(b) shows the laser induced ultrafast demagnetization and fast 

remagnetization process for the Ta/CoFeB (t nm) heterostructures measured under an IP 

magnetic field of 3 kOe and at a fixed pump fluence of 10 mJ/cm2. The expression obtained 

from the phenomenological 3TM [50]. describes well the ultrafast demagnetization and the fast 

remagnetization process as follows: 

−∆𝜃𝑘

𝜃𝑘
= [{

𝐴1

(𝑡 𝜏0+1⁄ )
1
2

+
𝐴1𝜏𝑚−𝐴2𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑚⁄ +

𝐴2𝜏𝑒−𝐴1𝜏𝑒

𝜏𝑒−𝜏𝑚
𝑒−𝑡 𝜏𝑒⁄ } 𝐻(𝑡) + 𝐴3𝛿(𝑡)] ⨂𝐺(𝑡).         (8.1) 
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The above expression is derived from the concept that a magnetic system consists of three 

interconnected subsystems: electron, spin and lattice. According to the 3TM, when the system 

is excited by a femtosecond laser, the temperature of the electronic system rapidly rises, causing 

the hot electrons to occupy energy levels above the Fermi level. These hot electrons then 

stimulate the spin degrees of freedom through electron-magnon interaction, leading to an 

immediate decrease in the magnetization. Over time, the energy distribution among the three 

subsystems facilitates a quick recovery of the diminished magnetization. In equation 8.1, 𝐴1 

represents the post equilibrium magnetization value after equilibration of different subsystems: 

spin, electron and lattice. 𝐴2 signifies the maximum magnetization quenching during ultrafast 

demagnetization and 𝐴3 denotes the state filling from the temporal overlap of pump-probe, 

expressed by a Dirac delta function (𝛿(𝑡)). 𝜏0 represents the cooling time of heat diffusion. 

𝐻(𝑡) and 𝐺(𝑡) are the Heaviside step function and Gaussian laser pulse, respectively. The 

ultrafast demagnetization time is represented by 𝜏𝑚 and the fast remagnetization time is 

described by 𝜏𝑒 illustrating the timescale of electron-phonon interaction. The temporal 

modification of the Kerr rotation (∆𝜃𝑘) for all the measurements is normalized against the total 

Kerr rotation (𝜃𝑘) and then fitted with equation 8.1.  

The factors influencing fs magnetization dynamics of a FM can be categorized into two groups: 

intrinsic factors which are dependent on the materials used and extrinsic factors which are 

dependent on experimental conditions like external magnetic field strength, field orientation 

and pump fluence. In our case, extrinsic factors remain constant throughout the study, exerting 

no influence on the dynamics. So only the intrinsic factors are responsible for the modulation 

in dynamics. Intrinsic factors encompass two distinct contributions. The first contribution is 

solely reliant on the FM material, which exhibits varying scattering probabilities and SOC 

strength depending on the material and thickness. The second contribution arises from the SST, 

which occurs due to the presence of a NM layer adjacent to the FM, facilitating the transfer of 

spin-angular momentum from the FM to the NM. The SOC strength of the NM materials, along 

with the spin accumulation at the interface, is crucial for the demagnetization of these 

heterostructures. One of our earlier studies showed that the spin accumulation at the interface 

is dependent upon the thickness of the NM layer [161]. The uniform thickness of Ta across all 

samples assures identical transport of spin current in a direction perpendicular to the interface. 

In the IMA thickness regime (𝑡 ≥ 1.5 nm), an increase in the thickness of CoFeB may lead to 

a rise in Elliott-Yafet-like SFS events due to the increase in number of atoms. This phenomenon 
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results in a prolonged duration for the local dissipation of spin angular momentum, along with 

the transport of spin from the CoFeB to the Ta. 

 

Figure 8.4: Time-resolved (a) reflectivity and (b) Kerr rotation showing ultrafast demagnetization and fast 

relaxation, in Ta/CoFeB (t) heterostructures. (c) Maximum magnetic quenching (-𝐴2) in PMA samples (red 

symbols) and IMA samples (black symbols) as a function of t. Maximum quenching is two times more in PMA 

samples as opposed to IMA samples. (d) Evolution of demagnetization time (𝜏𝑚) with CoFeB thickness (t nm). 

Red symbols and black symbols represent PMA and IMA samples, respectively.   

Through both experimental methods and the first principles density-functional-theory 

calculations, Okabayashi et al. [285] have demonstrated that the interfacial orbital magnetic 

moments of FM in FM/NM structures exhibit anisotropy which promotes the PMA for thinner 

samples. The perpendicular component of the orbital moment (𝑚𝑜𝑟𝑏
⊥ ) is greater than the in-

plane component (𝑚𝑜𝑟𝑏
∥ ). Conversely, these moments are isotropic in thicker IMA samples. 

The atomic sites of the FM demonstrate an overall positive energy, thereby validating the PMA 

driven by orbital momentum. The PMA energy can be expressed as [292-294]: 

∆𝐸𝑃𝑀𝐴 =
𝐺

𝐻
 

𝜉

4𝜇𝐵
(𝑚𝑜𝑟𝑏

⊥ − 𝑚𝑜𝑟𝑏
∥ )                                           (8.2) 

Where 𝐺/𝐻are the band structure coefficients and 𝜉is the spin-orbit coupling parameter. 

On the other hand, Boeglin et al. [295] have shown by distinguishing the orbital and spin 

moments in ultrafast dynamics that the reduction of the orbital momentum occurs more rapidly 

than the reduction of spin momentum. Furthermore, the attenuation of the orbital moment is 

greater than that of the spin moment. The above observation may explain our observation of 
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significant quenching of magnetization in PMA samples (t < 1.5 nm), quantifiable by the fitting 

parameter 𝐴2, as shown in Figure 8.4(c). Additionally, it highlights the accelerated ultrafast 

demagnetization time, as depicted in Figure 8.4(d), observed in PMA samples as opposed to 

the IMA samples. 

Another set of heterostructures, TRT/CoFeB (t nm) is measured to verify the observation and 

ascertain whether the high quenching and faster demagnetization are salient characteristics of 

PMA samples or not. In this heterostructure, PMA to IMA transition thickness of CoFeB is 1.7 

nm because of high surface quality. Three samples were analyzed: one with high PMA (t = 1.2 

nm), one at the transition thickness (t = 1.7 nm) and another one with IMA (t = 3 nm). The 

time-resolved Kerr rotation signals showing the ultrafast demagnetization with fast 

remagnetization for TRT/CoFeB (t nm) fitted with equation 8.1 is shown in Figure 8.5(a).  

 
Figure 8.5: (a) Time-resolved Kerr rotation showing ultrafast demagnetization and fast relaxation in TRT/CoFeB 

(t) heterostructures. (b) Variation of demagnetization time (𝜏𝑚) with CoFeB thickness (t nm) in TRT/CoFeB and 

Ta/CoFeB (t) heterostructures. Red symbols and black symbols represent PMA and IMA samples, respectively. 

(c) Maximum magnetic quenching (-𝐴2) as a function of t for Ta/CoFeB (t) (square symbols, where red and black 

symbols indicate PMA and IMA samples, respectively) and TRT/CoFeB (t) (circular symbols, where orange and 

green symbols indicate PMA and IMA samples, respectively). 

The consistent findings validate the origin of the higher quenching and faster demagnetization 

in PMA samples. In Figure 8.5(b),  𝜏𝑚 of these three heterostructures is plotted against t (nm), 

keeping Ta/CoFeB (t nm) as a reference for proper comparison. Maximum magnetic quenching 

is also illustrated in Figure 8.5(c) for comparative analysis of TRT/CoFeB (t) and Ta/CoFeB 

(t). The increase in 𝜏𝑚 by ~158% and decrease in magnetic quenching by one orders of 
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magnitude for TRT/CoFeB as opposed to Ta/CoFeB (t) can be attributed to the comparatively 

weaker SOC strengths of TRT in comparison with Ta [284]. 

8.4 Conclusion 

In summary, we have conducted a thorough investigation into the ultrafast demagnetization 

process by manipulating the magnetic anisotropy in Ta/CoFeB (t)/MgO and TRT/CoFeB 

(t)/MgO thin film heterostructures. Our approach involved the utilization of all-optical time-

resolved magneto-optical Kerr effect magnetometry. We observed a significant magnetization 

quenching with faster demagnetization in heterostructures exhibiting PMA. Remarkably, for 

PMA samples the magnetization quenching is twice as that for IMA samples with slightly 

accelerated demagnetization. This additional quenching is shown to be not a result of difference 

in absorption of energy as validated through the time-resolved reflectivity data. The observed 

increase in magnetization quenching in PMA samples may be attributed to the anisotropic 

orbital magnetic moments in CoFeB responsible for PMA combined with the spin transport 

mechanism, which is a common mechanism in NM/FM heterostructures. In IMA samples, the 

longer demagnetization time with the increase of CoFeB thickness can be attributed to the local 

dissipation of spin-angular momentum by spin-flip scattering in conjunction with spin 

transport. Furthermore, a much slower demagnetization by about ~ 158% and drastic decrease 

in magnetization quenching by an order of magnitude in TRT/CoFeB (t) as opposed to 

Ta/CoFeB (t) can be attributed to much weaker bulk SOC strength of TRT than Ta. The results 

presented here will be useful for future PMR, MTJs, STT MARM devices.        
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CHAPTER 9 

Summary and future perspective 

9.1 Summary 

In summary, we have explored the dynamics of magnetization across various spintronic 

materials, spanning timescales from femtoseconds to nanoseconds. Our investigation 

encompassed a range of phenomena, including ultrafast demagnetization, fast relaxation, and 

slow relaxation accompanied by magnetization precession and damping, within FM thin films, 

FM alloys, HM/FM heterostructures, and TMDs/FM heterostructures. The samples utilized in 

this research were fabricated using RF/DC magnetron sputtering, ion beam sputtering, and the 

pulsed reverse electrodeposition technique. Initial characterizations of these samples were 

conducted through XRD, XRR, AFM, and Raman spectroscopy. The static magnetic properties 

were assessed using static-MOKE and VSM. Additionally, we employed a custom-designed 

noncollinear time-resolved MOKE magnetometer to investigate the magnetization dynamics 

over the femtosecond to nanosecond timescale. 

In this thesis, we investigated the ultrafast demagnetization and damping in β-Ta/CoFeB thin 

film heterostructures by using all-optical TR-MOKE magnetometry. The study involved 

systematically varying the thicknesses of both Ta and CoFeB. Our experimental results 

revealed a direct correlation between the ultrafast demagnetization rate and the modulation of 

damping, with interface spin transport identified as the prevailing mechanism for both 

processes. Notably, at higher thicknesses of β-Ta (t ≥ 7 nm), the spin accumulation coefficient 

was found to be ~ 0.24 eV, approximately 1.8 times less than its value in the lower thickness 

regime (t < 7 nm). These findings have significant implications for the development of ultra-

high-speed spin-orbitronic devices. 

Soft magnetic materials with higher resistivity and moderate anisotropy field are potential core 

materials for high-frequency integrated magnetic passives, making them suitable for on-chip 

power supply devices. We have investigated the ultrafast magnetization dynamics of 

electrodeposited cobalt phosphorus (CoP) alloy, focusing on the in-plane magnetic orientation 

( 𝜑) dependence. The precession frequency analysis reveals a dominant two-fold anisotropy 

along with a moderate four-fold anisotropy, while the Gilbert damping coefficient exhibits a 

four-fold anisotropy with respect to 𝜑. Interestingly, the ultrafast demagnetization is observed 
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to be nearly isotropic across different values of 𝜑. It is hypothesized that the SOC significantly 

influences these anisotropic precessional dynamics, although the role of anisotropic SOC in 

ultrafast spin-flip scattering processes under highly non-equilibrium conditions appears to be 

negligible. 

TMDs have attracted significant attention due to their strong SOC and the distinct layer number 

dependence in relation to spin–valley coupling. This presents the potential to manipulate the 

spin degree of freedom of the FM in thin film heterostructures and could be of interest for 

future spin-based devices. In this study, we have experimentally shown the odd–even layer 

dependence of WS2 nanolayers through measurements of ultrafast magnetization dynamics in 

WS2/Co3FeB thin film heterostructures conducted through time-resolved Kerr magnetometry. 

The fluence dependent magnetic damping (𝛼) indicates the presence of broken symmetry and 

the prevalence of intra- and interband scattering for even and odd layers of WS2, respectively. 

The longer demagnetization time, 𝜏𝑚, in 3 and 5 layers of WS2 suggests an interplay between 

spin–orbit and spin-valley coupling arise as a result of broken symmetry. Conversely, the 

shorter  𝜏𝑚 in even layers in relation to the bare FM layer implies the existence of spin transport. 

By analyzing  𝜏𝑚 and 𝛼, we have identified the primary mechanisms of ultrafast 

demagnetization, which transition from spin transport to spin-flip scattering for even layers of 

WS2 with increasing fluence. A comprehension of the two-dimensional material and its 

dependence on odd–even layer at ultrashort time scales offers valuable insights for the 

development of spin-based devices for the next-generation. 

Magnetic Weyl semimetals are gaining recognition as a novel category of material systems for 

spintronics, attributed to their fundamental topological characteristics and the significant 

interaction between topology and magnetism. This interaction leads to the emergence of unique 

electronic states and spin-orbital effects. We have examined the ultrafast magnetization 

dynamics of the Weyl semimetal Heusler ferromagnet Co2MnGa. The research focuses on 

ultrafast demagnetization and precessional dynamics associated with the Kittel and PSSW 

modes of Co2MnGa, in conjunction with platinum (Pt) thin films of varying thicknesses. We 

ascertain the exchange stiffness constant of Co2MnGa and provide comprehensive insights into 

spin transport at the Co2MnGa/Pt interface. By analyzing the modulation of Gilbert damping 

in Co2MnGa as a function of Pt thickness, we derive a remarkably high intrinsic spin-mixing 

conductance, G↑↓ =1.73 × 1016 cm-2 for the interface, and determine the spin diffusion length 

of Pt to be 2.9 ± 0.2 nm. The interfacial spin transparency is observed to achieve a significant 

value of ~ 83% in the ideal spin-sink regime, indicating the substantial potential of this 
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heterostructure for applications in spin-orbitronics and devices that depend on ultrafast 

magnetization dynamics. 

The impact of magnetic anisotropy on laser-induced ultrafast demagnetization is investigated 

in Ta/CoFeB (t)/MgO heterostructures. A decrease in CoFeB thickness results in a change in 

the magnetic easy axis from IP to OOP, leading to a doubling of magnetic quenching. It is 

observed that demagnetization occurs more rapidly in OOP-oriented samples compared to 

those at the transition thickness from OOP to IP and the IP samples. This phenomenon is 

attributed to the anisotropic interfacial orbital magnetic moment of CoFeB driven PMA in OOP 

samples combined with the super-diffusive spin transport through NM/FM interface. In in- 

IMA samples, the observed increase in demagnetization time with greater CoFeB thickness can 

be explained by the local dissipation of spin-angular momentum, which occurs due to spin-flip 

scattering alongside spin transport mechanisms. Similar measurements in TRT/CoFeB (t)/MgO 

heterostructures confirm these results. The significantly increased quenching rate by a factor 

of 10 and approximately 158% faster ultrafast demagnetization in Ta/CoFeB (t)/MgO in 

comparison to TRT/CoFeB (t)/MgO may be attributed to the higher SOC of the heavy metal, 

Ta, relative to TRT. These findings provide valuable insights for the advancement of 

perpendicular magnetic recording, magnetic random-access memory, and future spintronics 

devices. 

9.2 Future perspective 

The impact of spintronics is increasing significantly day by day. With conventional 

semiconductor devices reaching their limits of a few nm, there is a growing need for faster and 

more efficient devices in smaller sizes at a lower cost. Researchers and device designers have 

no choice but to turn to spin-based devices to meet these demands. Enhancing current 

technology and developing new technologies are essential to meet the demands of the device 

market. Progress in materials science, lithography, device miniaturization, and device 

manufacturing are crucial to keep up with the pace of innovation. Hence, a comprehensive 

scientific comprehension of ultrafast spin dynamics and manipulation of various spin-related 

phenomena in ferromagnetic thin films is a key component of contemporary magnetism 

studies. Ultrafast demagnetization stands out as a fundamental process in ultrafast spin 

dynamics. Despite numerous attempts to elucidate the mechanisms driving this phenomenon, 

several inquiries still linger. Both spin-flip scattering and spin current transport have been 

identified as factors influencing the demagnetization of a magnetic material. Our recent 



142 | P a g e  
 

research, along with other literature, indicates that in thin film heterostructures of potentially 

significant NM/FM or TMD/FM (with an even number of TMD layers), spin current transport 

plays a crucial role in ultrafast demagnetization. Conversely, in TMD/FM thin film 

heterostructures with an odd number of TMD layers, SFS is shown to be the dominant factor. 

However, further extensive experimental and theoretical studies on various materials are 

necessary to explore the coexistence and quantitative contribution of these mechanisms to the 

demagnetization process. 

In this doctoral thesis, we have established a correlation between ultrafast demagnetization 

time and the Gilbert damping parameter to elucidate the primary microscopic mechanism 

driving the ultrafast demagnetization phenomenon. This integration of phenomena across a 

wide temporal spectrum can also be applied to various materials, facilitating a comprehensive 

understanding of ultrafast magnetization dynamics. A significant emerging subfield within 

spintronics, known as spin-orbitronics, has arisen, concentrating on the effective generation, 

transport, and application of pure spin current. This subfield has significantly influenced the 

advancement of next-generation memory and storage technologies. In this research, we have 

employed the spin pumping effect to produce pure spin current in non-magnetic/ferromagnetic 

thin film heterostructures and have elucidated the importance of the interface in the efficient 

transfer of pure spin current for device applications. The efficiency of spin current transport is 

characterized by interfacial spin transparency, which is influenced by both intrinsic and 

extrinsic factors, including electronic band structure mismatches and interfacial defects. 

Furthermore, we have demonstrated that the spin-chemical potential at the interface is 

contingent upon the thickness of the non-magnetic layer. Nevertheless, numerous other 

heterostructure combinations remain unexplored regarding their interfacial spin transparency, 

spin-mixing conductance, and spin-chemical potential values. Additionally, the impact of 

various deposition conditions, such as annealing temperature, argon pressure, and material 

doping, on interfacial spin transparency, spin-mixing conductance, and spin-chemical potential 

is still underrepresented in the literature, representing vital areas for future research. 

Research in magnetic memory and storage devices has been ignited by the laser-induced 

modification of magnetic thin films and heterostructures. This technique enables the 

manipulation and reversal of both static and dynamic magnetic parameters by means of rapid 

heating and cooling processes. The TR-MOKE technique is capable of examining 

magnetocaloric effects, ultrafast demagnetization time, fast remagnetization time, and Gilbert 

damping parameter at ambient temperature. Furthermore, dynamic parameters in various thin 
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film heterostructures can be investigated by adjusting penetration depth using different laser 

wavelengths. The study explores the impact of the PMA on the ultrafast demagnetization of 

NM/FM heterostructures. The control of ultrafast spin dynamics can be achieved through the 

application of strain or electric field at the NM/FM interface, potentially leading to the 

development of electric field or strain-controlled ultrafast memory devices through material 

engineering. 
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